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Temperature Dependence of Cholinesterase and Lactate
Dehydrogenase in the Guinea-pig, Hedgehog and Codfish
By

BenaT W Jonansson

Recened 19 January 1968

Abstract

Jonansson B W Temperature dependence of cholinesterase end lactate dehydro-

genase wn the gmnea prg, hedgehog and ¢odfush Acta physiol scand 1969 77
1—6

I'he of lactate_dehyd: (LDH) i bram_heart a1d sheletal
muscle and of acetylcholinesterase { ACHE) m bram tusue was investieated 1n a homeothermic
smimal (the guinea pig) a poikiothernic_ammal {the codfih) and a ibernator (the
hedeehog) The temperature of maxmal LDH actnty was luber 1 the tiscues from the
guinca pig than the other ammals (Table 1) Sumilar and more pronoun-ed rosults were
ol tained for ACLE (Table IV )

The coordinated physiological actisity of a homeothermic animal 1s restncted to a
comparatisely small temperature range around 37° C although an organ such as
the heart can funcuon at a lower temperature The heart of a guinca-prg for ex-
unple jsolated and perfused with the Langendorff technique heeps beating down
o a temperature of 15 —20 C The heart of a porkilothermic ammal such as the
tlounder fuh buats at a lower temperature but the upper temperature hmst s not as
high s for a h hernmc heart A hib <uch as the hedgehog shews a wider
temperature range from just above zero to 353°—10°C (Bidrck and Johanwon
1935  The rewons for thes~ differences in temperature resistance are not shown
but differences 1n the temperature charactensiics of vanous enzymes have been
suggested as a factor of inportance (Huttunen and Johansson 1963) To invesugate
this the trmperature dependence cunes of Ictate dehvdrogenase? and acenlcholin
eterae® were studied in svertebrates with different temperature regulation a
homeuthermic ammal a hibernator 1nd a path'othermic anmmal

Matenal and methods
Gumea pies were used to repreeens the homeothertie ammals hedeehory  Ernacews euro-
pacus non hubernatng and h bernating the hibemnators and codfich the paikilothermic ammals.
10 3 11 and 10 animals respectinely swere used for determunations of the Iactate de-

€ 11128 Diactate NAD ovdoredustase
€ 3117 \cetskcholine hvdrolase
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h {LDH) depend The « numbers for acet:
esterase (AChE} were 10,2 10 and 10 ammals Heart, bram and sheletal muscle \vecrec )ulsce,:;ﬂf]:r
the LDH studtes but bran enly for the AChE seudies

The guinea pigs and the non ht hedgeh were h d with Nembutal (60
and 45 mg per kg bw respectinely) The hibernating hedechogs and the codfish were not
anesthetized before the removal of the heart, bran and skeletal muscle These nssues were
rnsed 1n salne and then kept at 0° C for 30 min unul they were homogenized at room
temperature for ten mn and 1 a 09 % KCl solution using a homogenizer of the Potter
Elvehpemn type The amount of wet tissue per ml 09 % KCi were for ACHE 200 mg bramn
tissue 11 all species whule the corresponding amount of wet tissue n the 1 DH analyses were
for heart tissue hedgehog 25 mg guinea pig 25 mg codfish 0625 mg for skeletal muscle
tissue hedgehog 5 mg, guinea pig 25 mg codfish 25 mg and for brain tissue 10 mg 1n all
3 speries The homogenate was stored 1n a refrigerator at +4° C and used within 2 hrs The
LDH actnity was determuned as described by Chefurka (1954) at 5°, 10 15°, 20°, 25°%,
30°, 35°, 40°, 45°, 50° 55° and 60° C in @ Beckman DB spectrophotometer The activity at
a certain temperature was determmed as the difference 1n metabolized substrate 1n pmoles
(values expressed on wet tissue weight} between the 6 and 0 min values after the addition of
the pynnate solution In b from 5 non hib hedgehogs pH was chaneed
with a phosphate buffer according to Sorensen from 52 1o 88 and the actnaty was measured
at 10°, 207 and 37° C AChL activity was observed only n the bram st was determuned ac
cording to the method described by Meyer and Wilbrandt (1954) A shght modification
was ntroduced acetylthiocholine 1odide being used instead of butunylthiochohne sodsde Re
sults were recorded as the difference in metabolized substrate 1n umoles (values expressed on
wet tissue wesght) obtamed 1G and 5 mun as well as 30 and 25 mun after the addition of
acetyJthiocholine todide

The t test was used for the cal of

Results

Lactate dehydrogenase (LDH) The temperature of maximal LDH actiaty for the
brain, heart and skeletal muscle was determined in each species The results are
sented 1n Table I In the case of the hearts the temperature of maximal LDH
‘vity was higher for th= guinea pig than for the mbernating hedgehog and the

dfish It was also significantly higher for maximal bran LDH actinity n the
wmnea pig than 1n the hibernating hedgehog while the skeletal muscle from the
hibernating hedgehog shawed higher salues than both the gumea pig and the cod
fish

The difference between the masumal LDH actiiuty and the actinity obtamed at
50 C was calculated as an esumation of the shape of the cunve a high valu= indicat
ng a peaked cune and a low ralue a shallow curve The result 1s gnen i Table 1T
The codfish tissues showed low alues indicating a small difference between the
masimum acuuty and the aconity obtarn=d at 5°C The heart and skeletal muscle
from gumea p1g and hibernating hedgehog showed higher values while the guinea
pig bramn cune was rather shallow The lower values obtaned for the non
hibernating hedgehog: pared with the hub ammals was an unexpected
finding The acuvities of the hedgehog heart and skeletal muscle were largely un
affected by changes in pH from 52 to 76 while a fall in activaty was cbzer\ed at
pH 80 and higher (Table 11T} The changes were more pronounced at 37° than at
10°C The hedgehog bramn ussue showed a amilar pattern but the fall m activity
started at pH 76 Fewer obsenations were made on gunea pig tissue but the re
ults seemed consistent with those found m the hedgehogs
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Tasee 1 Temperature sa degrees centigrade for maxrmal Jactate dehydregenase (LDHJ actnsty
1@ the heagt, skeletal muscle and brain from guinea pig non hibernating and hibernaung
hedgebog and codfish

¥, mean », number of observauons SD, standard deviation The P aalues for the
hfferences between the sanous species are absa grien Sec further the text

Guinea pig “an Hibernating Codfish
tibernaung hedgehog
hedgehog
At n Sp ht n SD M n SD N n sp
Heart B0 10 24 Hoe 3 42 427 U 26 405 o s
Skeletat
muscle 320 10 3] 330 > 57 3935 M 42 34> 10 20
Bramn 420 10 35 320 2 435 330 w0 2 380 10 75
D fisence
Guinea pig — hibernating Guinea pig — codfish Hibernaung hedgehog
fedgrhog — codfish
Heart o0y P-0O1 00:>P>001 P 00
Skeletal
muscle 00 P 001 P>00a LR
Brawn P 000l P-002 P 00

Taste 11 Difference between mavimal vatoe and vajue oblatned at > C for lactate dehydrogenase
LDR actissty in the heart skeletal muscle and bramn from guinea pig non hibern
aung bedeehog and codfih Sce Gurther table § for legend

Guinea pig Non hibernatng M bernanng bedge  Codfish
hedgehog hog
A n SD M n SD At n sb A n SD

Hean 00y 8 0009 002 4 0007 000 10 000 Q04 10 Q003
Sheletal
muwle 0053 8 0007 0035 3 DB DOB 0 Oue 003 0 0007
Bran 003 8 0018 0037 § @00, OO0 10 0018 0O 10 00D
Diferrace

Gumea pig hibernat Gumea g codCsh H bernanrg

g hedgehog tedgehag

oxdlsh

Heart 0ol P ool aa P oao P o0y
Srbrta
musie P ov Pt nat r-0001
Bean om P 000 P oo, o001 P oot
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Taece HT Lactate dehydrogenase (LDH) activity in the heart, skeletal muscle and bramn at 10 C,

PH 52 56
A s SD N n  SD
wCc o028 4 0019 0036 4 00125
Heart 20 ¢ 0020 5 00113 00269 5 00127
37¢C 00376 5 00129 00371 5 00086
wec  oemn 4 00135 0029+ ¢ 00148
Skeletal muscle 20cC 00313 5 00149 00310 5 00151
37 ¢ 00393 5 0009 00392 5 00077
we  omn 4 00083 00IBf 4 00086
Brain 20C  oese 5 00133 0060 5 00137
37 C 0039 4 00148 00371 4 o033
pH 72 76
\ a SD Y] n  SD

0w Cc 00287 4 00104 00236 4 0009
Heart 20C 00303 5 00063 00303 5 00079
e o8 5 Q0lss 00338 5 ool
10C g0z 4 008 00241 4 00089
Sleletal muscle 20 ¢ 00367 5 0040 00318 5 00167
~ 37 ¢ 00376 5 00133 00260 5 00108
) 100C 00169 4 00063 00138 4 00038
ahn 20 C o8 ¢ 0009 00222 5 00066
37 ¢ o032 4 0018 00205 4 00084

Acetylcholine esterase (ACKE) Maxymal AChE actinity was obtained at a higher
emperature 1n brain tssue from gul pgs than in corresponding tissue from cod
wsh, while the hibernating hedgehogs showed intermediate values (Table IV) This
\as <o both for the 10—5 and for the 30—20 mtn values

The shape of the curve was calculated m the same way as for LDH as the dif
erence between the maximal AChE actiity and the actnity obtained at 5° C No
ifference was found between guinea pigs and hibernating hedgchogs {Tab'e V}
shile the codiish differente was smaller

Discussion
One reason for the varying temperature sensifivits 4n homeothernme and poskilo-
{hermuc ammals may be differences 1 physico-ch 1 properties rep i for

example bv the different melting points of fats This 1s supported by the studies of
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20 C and 37° . from a non hibernating hedgehog See further table 1 for legend and the text

60 64 68

N n sD M n sD AV n sD
00233 1 00127 00230 4 0012 00224 4 00039
00265 5 ool17 00261 3 00107 00313 5 00169
00399 5 00154 00400 5 00141 00163 5 00111
00280 4 00145 00286 + 00133 00294 4 0013t
00337 5 00166 00347 EY 00162 00371 5 06161
00121 5 00139 00460 2 00133 00167 3 00102
oo 4 00083 ooi8t 4 00082 00182 4 00069
00277 5 00144 0029 5 00149 00307 3 00145
0039 4 0019> 00424 + 00213 00407 4 00153
80 84 88

M n sD M n SD \ n sD
00220 + 000:9 00171 + 00009 00143 + 00027
00267 3 0o108 00193 5 00067 00148 4 0 006+
0022 3 00154 00111 5 00082 000531 4 00081
00243 4 00073 00193 1 00013 00116 + 00062
00315 3 00139 Q0223 2 00094 oQt2? 4 00081
00§48 5 00061 006074 E 00014 00029 4 00022
oon7 + 0003> 0006t + 00024 00032 + 00023
00188 5 00084 00087 5 00022 000,7 4 00025
0 o008t + 0003 00030 + 00034 00003 3 00003

Yancett and Lyman  1921) and Huttunen and Johanssan (19631 Anether factor
might be differen-es in the properties of ennvimes This 15 supported b the findings
mn the present paper Other lactors ate probably al o invohed There were differ-
inees found 1n the tewperature for maumal VChE aconity higher values beine
«bruned 1n bram from gumea-pig than from codfih and ntermediate values in the
tub~mating hedgchog This fits 1n well with the data presented in the ntroduction

The changes m 1 DH acman were net as convistent as for AChE 1t 1s reavimable
that this temperature dependence would be more pronaunced m the evotutionarily

voung ensvmes LDH s preumably a comparitnely old  ennare frem an cvolu-
tionan paint of view

Tty study was supported Us 2 €rant from Resernat onans agec { 1 frampande av cerad erade

lerkares setenshapica ve kaamber (o Huldas \lnroths o frelw and from Hierta Retsin
forsbminesfond

The valaalle tecd =ical assstarce of Moo Ba bro FRlun) w gra #1lh ackrowledeed
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Taste IV Temperature in degrees cenugrade for mavimal aeetylehaline esterase {AChE) actity
mn the bran from gumea prg, hibernating hedgehog and codfish The table gives the
differences between the actvity after 10 and 5 muinutes and after 30 and 25 minutes

Y, mean, 7 pumber of observatons, SD standard deviation The P salues for the
differences between the vanous species are also given

Guinea pig Hibernating hedgehog Codfish

A n SD M n SD M n SD
10--5 minutes 460 10 40 395 lo 71 318 10 47
30—25 minutes 438 10 80 413 1o 54 338 1o 36
Iifference

Gunea pig ~— hibernaung Guinea pig — codfish Hibernating

hedgehog hedgehog — codfish
10--5 menutes 005>P>001 P <0001 00> P>001
30--25 runutes P>005 001> P~ 0001 001>P>0001

Tase \ Difference between maxumal actwvity and actnaty at 5 C for acetylcholine esterase
(AChE) in brain tssue ohtamned from guinez pig hibernxtng hedgehog and cod
fish

See further table IV for legend and the text

Guinea pig Hibernatng hedgehog Godfish
M n §D M n SD M n sD
rainutes 09t 10 022 095 1o 023 068 10 qu
=25 minutes 069 10 025 1i0 10 062 044 10 are
Difference
Guinea pig — hibernating Guinea pig — codfish Hibernaung hedge
hedgehog hog—codfish
[0—5 runutes P>00> 001.-P 0o0! 001>P>0001
30—25 nunutes  P>002 005 P 001 0o1>p Qo001
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From the Department of Aviauon Mediane, Faculty of Medicine Karolinska Institutet Stockholm,

Pulmonary Function and G-Stress
during Inhalation of 100°, Oxygen
B

P-O Birg,] Brisusr and G RosexnaMer

Recenved 9 September 1968

Abstract

Bary, P-O, J Briswar and G RosesnavMewr, Pulmonary function and G-stress during
nhalation of 100 ), oygen Acta physiol scand 1969 77 7—16
The effect of 3 min exposuse 16 5 G actingin the head to seat direction on arterial oxygen saturation
(S1,) and pH nspuratory minute volume (V1) end tdal Peo, and heart ratc was studicd 1n 8
healthy subjects breathing 100 ©, oxygen and wearing ant G suits Duning the frst min Syg, remain
cd unchanged Thereafter it fell at sarying rates ;n different subjects the average reduction at the
end of the exposure bemng b °5 {range 0—17 2,) Aean Vg showed a rapid wmitial increase by 3 liters
min remaned thereafter essentially unchanged for approximately one min and ncreased contin
uausly during the last two un (average final increase 7 hters/min) There were considerable inds
@ Al oo —Vem w2 P i it

1t s well known, that increased gravitattonal stress may produce gross shunting of
blood 1n dependent parts of the lungs, leading to insuflicient oxigenaton of the
artenalized blood (Barr, Bjurstedt and Coleridge 1959 Barr 1962 Wood et al
1963) Ina previous investigation from thus laboratory, Barr {1963) studied the effects
of exposing human subjects breathing air to a foree of 5 G caused by headward
acceleration (effective force acting in the head 10 seat direction; A 4 fold increase of
the akeolar artenal O, difference was found and 1n spite of concomtant hvper-
ventilation, an average reduction occurred in the artenal oxigen saturauon by 88
pes cent These alteravons started almost immedamely after the nnset of aceelerauion,
90 per cent of the final changes being auaimed within iess than one min

The effects of oxvgen nhalation on the artenal oxygen s sturation during exposures
to transverse accelerations effectine G force acung transsensely 1o the long axs of
the body) have been studied by seneral mvestgats Wood /8 a* 1963, Hoppin
Sever and Hitcheock 1962, Banchero ef of 1967

However, corresponding =it

———
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during headward acceleration, with the eirculatory system exposed to much larger
hvdrostatic pressure differences, are largely lacking

“The present imvesugation was therefore undertaken to study, 1n human subjeers,
the effect of the breathing of 108 9 oxygen at normal atmospherse pressure on the
pulmonary gas exchange dunng headward acceleration For thus purpose, the sub-
Jects were exposed 10 a force of 3 G acting 10 the head to seat direction while pul
monary enulation, end udal Peo, and artenal oxigen saturation and pH were
<o Iy and ] hy recorded

Methods

Eaght healthy fighter ircraft nas1g2tors seys ed as test subjects Al were famshiar with the procedures
and with the subjectit ¢ sensation expenenced in centrifugr exprnments Age and other indng
widual dara are giien an Table |
All subjects were studied 1 1he seated position 10 the caban of a human centrifuge (for description
of 1he centrfuge, sce Gotzhinger and Helung 1945, Bunstedt 1957) They were supported by a
backrest inchined 13 from the vertical On starting the centnifuge, the cabin swings out freely s
that, when constant spred has been atiamed the fesultant force has the same dircetion 1 relation
10 the bods axn 2 the normal force of grauty with the centrifuge standing sull 1n the present
expenirnents the subiects were exposed at upchanged bodv posttion, (o a force of five nmes that
exerted bn normal graviny (beadward accelesation of 5 G, often denoted as~5 Gy} The duration
of tbe exposute was 3 mun which mcluded some 12—135 see used for the increase of the magnitude
of the G firce from | G icentnfuge stationan 105G
Duripg and for 21 Jeast 10 mun befose the expesure, sartaally 100 24 oxygen was supphied 0 the
arways via a modified ught £10ng avatr ¢ oxvgen mask, and a demand regulatos The subjects
awremavcally 1nflated ants-G s
Through sut the exprment 2rienal pH and oxigen saturation tota) ventidayon end ndal
Pro, and beart rzie were recorded continuously A Teflon catheter was iatroduced percutancouwly
1mto the subyect s 169t radial artery at the wrst Bary 1961 and bl y0d was drawn continuouwsly
through the senung Units at 3 comtant rate of 80 ml min by means of 2 roller pump 150 mg.
Sfepann Lnrum was pnen intrasenowly 10 preven cloing of the blovd.
~ Detarls of recordingd and laboratory methods has ¢ been deseribed 1o a previous seport. Barr 19 3)
- Ted minute \olume was recorded frum 2 6n rotan gas meter anserted briween the demand
a-2or and a respiratory salse connected to the aviator s mask (external dead space =30 ml}
2d-t1da) Peo, was automaticalls Obtaned tn empl Amg o breath by breath” gas-sampling deviee
S mar Hesser 2nd Matel) 1902 and a CO, infrared analvzer
s oxsgen d2Turancn and pH were sz rdsd by a2 curette oxmmeter. Wood Gerachs and
Groom 1948 and a glass reference clactrode awembly previously developed by Barr snd Bjurstedt
{see Barr or ol 1001
Hean rate was recorded by an sitantaneous cardsstachometer Sturm and Wood 199
All1ariables studied were coptinu sl secorded on ph toks mographsc papes at a speed of 127
mm sec 313 ight beam gah apometers

Tassx 1 Physical charactensucs of subjects

Subyect Age Heigh Weighs Blaod pressurc  Hy conc
\an em kg mm Hg) 2 100 m!
bl o

€ E7 1~ &2 13290 a1

\0 38 180 -2 140 9> 1ot

A7 24 199 a3 12,8 145

PL 23 191 92 130 99 1,7

s 27 181 9 140 80 145

H 3 173 -3 140 9, 150

HE 2 170 o 143 90 11

L 2 150 -0 13099 139
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Results
Fig 1 exemphfies the tvpe of photokymographic recordings from which the pn-
man data were obtained Indnidual ume averages determned over 1 and 2 mun
periads before, dunng and after the exposure to 5 G are shown in Table I The
changes obsenved have been summanzed in Fig 2, where the group means of indivi-

dual trme averages over successne 13-sec intervals have been plotted agatnst tume
The values for ventil were hed by

g, for every 13 sec, the mean
of three consecutne values For comparison, the corresponding results from earlier
experiments in which the subjects breathed arr {Barr 1963) were plotted mn the same
figure Fig 3 presents the ume-courses of the indndual, G-induced deviations from
the resting values

The exposure to 3 G was tolerated by all subjects without blackout ot other svrap-
toms of arterial hypotenston at head level All subjects repoarted, however, a progres-
snvely mereasing feeling of fatigue During the fisst few mun after the expasure, 3 of
the 8 subjects exp-rienced substernal pain during deep inspirations, and fits of
coughing occurred occasionally 1n four subjects
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ages determined over the last 15 sec per od before the acceleration exposure Aote the oppos te
chianges 1n the artenal pH during oxygen breath ng and a r breath ng and the markedly smaller
sentilatory sncrease dur ng the first mun at 5 G when breathing oxygen
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Pulmonary ventilation (V1) Followmng the ean value

for Vyshowed a rapid miuial increase and ¢ nanged

for approxxmatcly one mm, about % )

"Taken on the basis of mdwidual » ure

&

{Fig 3) Dunng the first mn
ASwhile subject MLat thesam
tion of the t test to the mtraind
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Tasie 11 Effects of 3 min exposures to 5 G during inhalation of 100 ®5 ovygen Indiidual aver-
ages over speetfied pertods of sampling  (Heart rate in beats/min)

Subgect 2—0 mm 0—1 mimn 23 min 1.5—2 5 min
before duning duning after end of
expesure exposure exposure exposure
AS 0,81, %, 995 99 93 998
pH 7465 7416 7385 7397
Vi, )jmun 1444 924 1486 1268
beart rate 73 13 123 72

A0 O, sat, °, 96 1001 933 998
pH 7419 7403 7367 2383
AT TN 920 1263 1747 1332
heart rate 7 100 125 77

pY O, sat, % 998 96 97.2 999
pH 7407 7370 7336 7381
V7, ffmin 1002 1393 1972 1249
heart rate 7 114 124 73

PL O, sat, ©, 993 931 014 983
pH 7437 7416 7385 7397
V1, Yrun 1187 135 1377 851
beart rate 198 145 144 1o

LA O, sat, o, 994 992 936 99
PH 7426 7413 7403 7390
V1, Vmm 1079 1682 229 1547
heart rate 7 104 19 73

AH O, sat, °, 996 998 819 979
pH 7401 7353 7365 7362
M, Yun 1" 1358 2260 1039
heart rate 77 98 1o 83

HG O, sat, o, 99 4 1000 994 1000
pH 7430 7415 7383 7418
Vi, Ymn 917 1262 1303 1351
heart rate 8 125 148 103

ML O,sar, o, 991 92 995 996
pH 7398 7408 739%0 7416
N, lmn 681 1623 1629 nay
heart rate 76 103 106 82

Means O, 5y, °, 995 996 91 994
pH 7423 7400 7380 7393
V1, fmun 105 133 176 122
beart rate 785 128 1249 811

sD 0, 3ar, ° 02 04 27 08
PH 0022 0024 00l 0018
My, Vmun 221 247 382 210
heant rate 122 1a8 117 145
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control value (¢f Table 1) revealed howerer a statisucally significant mcrease by
2 8Liters/mm (P<0 01) Asshown n Fig 2 the average mcreasein Vydunng the first
mimn was conuderably smaller than was the case m earher experiments when air was
breathed Duning the last two min of the acceleration exposure Vi increased progres-
sively in all subjects, and the average 3rd mm value was sigmficanty higher than
the Ist min value (P<0001)

The artenal oxygen (Sa5.) T d My hanged n all subgects
durmg the first mn of acceleration {Fig 3) Thereafter, Sy0, fell at varying raten
different subjects, an app bl being d during the third mm In
two of the cases, howeser, S, r dp 1y unchanged at the 99— 100 per

cent Ievel duning the entire 3 mimn esposure One subject, on the other hand, showed
a maximal reduction by as much as 19 per cent

Fig 2:llustrates that at 5 G the breathing of oxygen as compared to air breathing
both delaved the onsct of artersal desaturation and reduced ns severity These
obsertations agree with earher findings during trans: erse accelerations {(Wocd ¢f af
1963, Hoppmn, Sever and Hitchcock 1962}

drtenal pH The group mean salue showed a gradual decrease by 004 pH umts

duning the first 2 min at 5> G and then mcreased shightly during the last mm (Fig 2}

Eoth the 2nd and 3rd min values showed Iy red below the

control value P<c0 001 This response differs from that earlier obtamed 1n subjects

breathing air who showed 2 small but stausucally significant shift towards alcalosis

e of the subjects 1y the present study VL differed from the others in showmg a

Light ncrease in the pH Table II) The same subject also showed a marhedly

- greater mcrease i the resptratory mmute volume during the first 2 mun of the G
stress than did the rest of the subjecis see kig 3)

End tidal Pco  The observed changes were less marked but stmilar to those earler
obtamed 1n subjects breathing air Fig 2 An average reduction of about 7 mm Hg
was atramed within approumatels one min at 3 G and all subjects showed only
shight changes thereafter
Subjeet AS, 1 whem the ventlation m contrast to the general pattern decreased
(see above), showed the smallest reduction 1n end tidal Peo, and also the greatest fall
mn artenal pH see Fig 3 His contro} values shown in Table 11 indrcare that ths
response pattern at least parth can be explamed by hvperventilation prior to the
acceleration exposure, the controf values for both resprratory munute volume and pH
bemg marhedis hugher Table 11 and s end tidal Peo, lower, than in the rest of the
subjects
Discussion
The disturbances m pulmonans function which occur with the exposure to G forces
1 the head to seat direction for reviews see Wood efaf 1963 b Bjurstedt 1963) ar¢
attnbuted mamly 1o the 1ncreased effectne weight of the blood which s duplatﬂi
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downwards 1n both the pulmonary and systermc erecurts The resulung changes in the
fiow and volume distribution of blood 1 the lungs cause an “alicolar dead space’
1 ¢ overventilation {(ligh V/Q ratios) in the upper regions and a *“s enous admuxture”
1+ ¢ overperfusion (low V/Q ratios) mn the basal parts In previous experiments at
+5 G; on subjects breathing air and using ant G suits, large alveolar to artenal
(A —a) differences for both Pg, and Pco, were demonstrated as a consequence of these
changes (Barr 1963), and a marked fall occurred 1n the arterial oxygen saturation

The present finding that an artenal oxygen desaturation during headward acceler-
ation occurs also duning the breathing of oxygen s 1n agreement with earlier obser-
vanons in experiments on dogs (Barr, Bjurstedt and Colenidge 1959) A considerable
A—a O, difference due to \enous admuxture 1s indicated by this desaturauon

It mught be expected that n lung areas with low V/Q rauos the inhalation of

oxsgen would result tn a more compl of the h lobin than when arris
breathed Evidently in the present experiments this effect of oxygen did not cancel
the G induced venous admuxture effect on the arterial oxvgen saturation A possible
explanation may be that the \enous admxture during both oxygen and arr breathing
15 primarily caused by collapse of alveolt in dependent lung regions (V/Q ratios—
zero), and that hypoyentilation (V/Q) ratios low but greater than zero) and smpair-
ment of diffusion plavs only rmunor role Ths was suggested by Bancheso ez al (1967)
10 be the case i dogs und: gt ! mwhich breathing 99 6 per
cent oxygen was found not to prc\ ent arterial desaturation and in which lhe estumar-
ed total pulmonary artenal venous shunt was simular to that when the ammals
breathed air
In lung regions whose function can be tmproved by high oxygen tensions, the
extent to which the increased aheolar Po. during oxygen breathing can nse
the oxygen content of the blood leaving these areas 1s Iimited due to the flat top
of the oxygen dissociation curve Therefore, the higher oxygen content of the bicod
m these areas must have been far from sufficient to compensate for the reduction in
oxvgen content which occurred along the steep part ot the oxyhemoglobin curve
in lung regions with V/Q ratios approaching zero
During air breathing the presence of mitrogen n alveol behind an airway ob
struction tends to prevent the collapse of these alveol (¢f Rahn and Farhi 1963)
Therefore, atelectasis can be expected to develop more rapidly durmng oxygen breath
mg In factit has been stated (Hyde, Pines and Saito 1962) that in conjunction with
acceleration the breathing of 100 , oxygen 1s 2 prereq for the develop of
atelectasss It can not be excluded therefore, that the breathing of oxigen n the

present study caused atelectasss to be more extensive than it would have been with
arr

The observed delay 1n the onset of the artertal desaturation can be explamed if 1tas
assumed that G mnduced aheolar collapse 15 not onlv immediate but occurs zlso
secondary to distal air way closure, with gas trappmg and delayed absorbtional
atelectasss (¢f Vandenberg et af 1968) \lso, transudation of fluid inte hasal alien
and resulting diffusion 1mpairment may have been progressive
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Fflcreney of Venttlation
The eonuderable mdnidual differences in the senulatory response shown m Ig3
may well partly be explamned by psyeogensc factors, ¢ g reflexes condittoned 19
previous acrobatc tramning Homever the Vi plat in Fig 2, which was based on the
group means of mdnidual ume averages, presents changes that were stainpeally
sigmificant see Reults | 127 an minal, rapd increae and 2 second, more gradus!
mcerease after about one min
The mcrease i sentilaton which occurs sith the exposure to 5 G during both
axygen and awr breathing can partly be explaned by denteal, G induced mecha-
n1sms, 112 the combined snfluences of reduced cardiac output and arierial hypoten
son i the upper part of the body, dircctly on the medullary respiratory centers and
through reflexes from the carud themoreceptors and baroreceptors (for review, see
Rosenhamer 1967 Ihe il venulatory nerease was, boweser, much smaller
duning axygen breathing than dunngarr breathuny (wee Fig 2} T difference in the
resporse pattern probably represents the sole that astersal iy poxerma plays i the G
nduced chemoreceptor reflex suumulaton of the resprration. The sigmificant nerease
111 the repiratony punite solume which occurred after about 1 min dunng oxygen
breathing can anal gowh b~ explamed by the decrez ¢ 1 the arteral oxygen
saturaton whach occurred by thn time
The changes oberved 1 the arterial pi in the present exproiments were sclatnely
I, amounung on an aserage toonh 0 01 of a pH unit 1 the acd direction Jhss
ylamt stabyliny i pH aallies with previous findings at 5 G dunng air Lreathunyg
Barr 1963 Under the last mennoned conditions a rather marked alveolar dead
space was found  [he o aunbuted to | downward displacement of blood 1n the
pulmonany arculation and 2 «losung of pulmanars eapilanes secondary todecreased
cardiar output Since there ase noolnsous reasons to asume that the mhalaton of 100
per cent uxygen would apprectably offect these events, a significant abeofar dead
space probably occurred mn the prevent expenments as well 1o the alnence of 2
concomuant mcrease 10 total ventlation sy h dead space would tend to decrease the
arterial pH Therefore, the vinericd moderatr acidone shaft m the present study
ndicated that the inntal ventilatons increase which occurred in the alnence of there-
spiraton drscof artetsal hy paxemia was smsufficent (o compemsate for the G nduced
derd space eflect Lo Lacs, the greater increae i sentlanon which acnmpanses the
exposure t9 5 G when air 1 breathed  Barr 1963, see ig 2, results in a small
alkalonc shifi As can be ceen 1a Fig 2 theavy bine , the m derate acidouc sinftin the
present experiments Jeelled off following the mcrease i ventitation which occurred
afier 2bout ene mm at 3 G, and there was even a shght alkalouc trend at the end
of the axprure b which tme the senulation had reached alment the same value 2t
that attatned during ar breathsng in the previous expesients
A cominbuung Gator o the occurrence of the small acidotre shuft during exyges
preatung 1 oomtrast 19 ar breathing may have been the impairment of the CO;5
semureal frem the blond that results from a greater comnbuton 1o the total venTus
shunt from 2udrranc alseols (V,() rauoy=zero, sce the abos e discussion)
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G induced redistnbution of blood and respiratory responses

The mndndual changes 1n subject VH and VL seem to represent two different tvp=s
of adaptation of the pulmonary function to exaggerated G stress Asshownin Fig 3,
subjeet VA showed an only small sentlatory ncrease duning the first mun of the G
expostre It can also be seen 1n Fig 3 that duning ths ume there was a comparatnch
marked fall m the artenal pH, mdicating that the venulators increase was too small
to compensate for the G induced ahcolar dead space That on the other hand, the
venous admixture effect must have been unusually large in this subjects was indscated
by the fact that he showed a much greater reduction in the artenal oxygen saturation
than did the rest of the subjects (Fig 3)

In contrast to A/, subject VL showed a very marked ventilatory increase duning
the first min of acceleration Unbike the rest of the subjects he also showed a shght
mcrease in the artenal pH (Fig 3) Furthermore, as shown 1n Fig 3, artenal otygen
desaturation did not occur m subject VL, indicating a relatively smaller venous
admixture effect than m the majonty of the subjects

All subjects were well acquainted with the expenim=ntal procedure, and prior to
G-exposure there were 1o signs of apprehension or anxtety such as hypenventilation or
increase in heart rate in esther A or VML hence the much smaller imual venulatory
crease n A H as compared to VLmay be attnibuted to a less pronounced resprratory
sumulation by the G factor itself, although psychogenic factors may also have plaved a
role The underlying mechanism mav well have been a less marked displacement of
blood volume from the upper to the lower body regions m A H, possibls duc toagreater
effectneness of the G-suit, leading to a better maintenance of the blood flow at the
level of the head including the respiraton centers and the caroud sinus region Thus,
the observation of an only small ventlatory increase mitially would be consistent
“ uh {hc retention of a relatively large v olume of blood 1n the upp=r part of the boedy,

g the pul 4 1 It can be inferred furthermorz, that this large
blood volume 1n the dependent lung regions dunng increased gravitational stress
tends to enhance venous ad effects due to atel: {Rosenh 1969) This
15 analy 1o the d venous ad

e duning G stres, previously dermon
strated to result both from the use of an ant1 G st (Barr 1963 a), which humuts the
drain of blood away from the upper bodv parts, and from en exercise induced
redistribution of bloed 1nto the thoracic spaces (Rosenhamer 1967) Therefore, both
the greater minal yenulatory increase and the absence of a final arterral oxygen
desaturation i WL in contrast to VH can be atiributed to a more marked G induced
displacement of blood volume from the upper to the lower body parts
The lower pH 1n \H as compared to VLL, espectally during the ficst half of the
15 p with the p of more exten ne complete atelectasss
m dcpcndcnt lung regions of \H, leading to an impaired CO, elumination from the
blood ore Likely, however, the higher pH 1n VL resulted from the greater miual
venulatory increase, as the accompanyng changes m end ndal Peg, Fig 2) do not
indicate a significantly smaller A —a CO, difference in ML thanin \H
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Effect of Reflexes of Somatic Afferents on
the Adrenergic Outflow to the Stomach in the Cat
By
GLaaar Jansson

Recenned 18 Norvember 1968

Abstract

Jansson G Effect of reflexes of somatic afferents on the adrenergic outfloa to the
stomach in the cat \cta physiol «cand 1969 77 1722

The adrenergic actaity to the stomach in cats snesthetized with chloralose was modified by
electnic sumulation of somatic afferent nenes. Electnc sumulation of “somauic pressor  alfer
ents promptly ehared inhibitory responses of stomach contractions which contractions were

STy [ M - . 3
3

.. - PP

—Actnation of somauc depressor® afferents on the other hand suppressed the prevaihing
supph 1f anv of adrenergic nerous actnaty to the stomach which could result n augmenta
uon of vagally induced gastric motor responses Similar effrcts were obtuned also after «pinal
cord trancection indicating that the “somatic depressor’ afferents made propriosprnal reflex
connections with the sympathetie outflow to the stomach

The adrenergic control of stomach motlity seems to operate mamh or onhy as an

1 on the chol activity 1n the stomach Thus clear demon

stration of adrenergic inhibitory effects on stomach motlity requires exnung cholin

ergic nervous activity Such cholinergic nervous tone can be markedly and promptly

LI by 1 of the ad gic supph to the stomach either reflexhy from

abdomumal structures (Jansson and Martinson 1966) or from hyvpothalamic svmpatho-
exeiatony structures {Jansson Lusander and Martnson 1969)

On the other hand electnc 1 of a hypothal ho-inhik
structure can markedly augment chohnerglc:\ll) induced stomach ccnu‘:ltuons b
g a prevathng i y nfl (Jansson Luander and

\hmnscn 1969)

V anous groups of afferent somatic nenve fibres can reflexly exert a strong influence
on the autonomice control of the \7 Jot 1662 J Lundgren
and \Mellander 1964) Group Il afferents imm muscle can produce pronounced
depressor responses by eliciting a reflex inhibinon of sympathetic tone {*somatic
depressor” fibres) while stimulation of afferent C fibres increases svmpathetc dis-
charge to the cardiovascular system ( somatic pressor’ fibres)

269303 Actn phy ol scond Vol 77 17 17
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Fig 1 Cat 31 kg Inhbition of gastnc motility on somauc “pressor  afferent sumalation
= ra o trm 1 e mahn? Bafomn  amntamy ot m laran of evmat o

nene 4,D E,h nene stimul B, G, F, 30 mp/sec, 3 msec, 15 V

tric sumulation of the vagal ‘ high-threshold relaxatory ' fibres to the stomach (cf
Jansson and Martinson 1965)

After vagotomy the reflex gastric inhibition on “somatsc pressor” stimulation again
became p d ded a vagal y fibre 1 had
been slaned 0 re-cs(al:hsh the chalinergic excitation of stomach mouhty (Fig 1 E,
P} The reflex whibiions, induced by “somatic pressor” afferents and apparently
mediated z:a the splanchnic nerves to the stomach thus appeared to exert thewr ac-
tion by suppressing more or less selectisely a cholinergic influence on stomach motility
rather than by any direct effect on the myogenic tone of the stomach

2 Effect of ! of “somatic dep ? afferents In aceordance with the
findings by Jq (1962}, d.

were ob d by \¢ of
somatic afferents at Jow frequencies (2—20 mnpfsec) and at a voltage and pulse
duration of about 2—8 V and 0 1—1 msec, respectively When the vagal nerves had
been transected, stimulation of “somatic depressor * fibres had little or no effect on
stomach motility

Howeer, when the exatatory chol

fibres were lated 1n efferent direc
tion and this excitatory vagal effect was counteracted by reflex activation of the
adrenergic supply to the stomach (. 1 di or afferent Is
mesentenc nerve fibres), “somatic depressor’ fibre stmulation result -
creased motor actiaty of the stomach Thas was also the case dunng = -

o
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Fig 2 Cat 27 kg Effects of somaue
“depressor”™  afferent  stimulation on

stomach motility 1n a vagotomized and
drenal 1 ca

t
Upper panel Somatic afferent stimu
Jation elicited augmentation of vagally
induced stomach contractions (A) also
duning mesenteric afferent stimulation

vexiT 7 AT (C) (Vagal stmulation 3 imp/sec, 2

I~ e msee, 5 V
SAITRC voume 20§ fy—— i~ Loiter panel Recording of stomach
RS motility about 3 hours after spinal
wld W N cord transection between C6 and C7
. . - Note the augmentations of vagally in
VASAL TR Imp/0¢ S e~ gt — duced exatatory motility Hamstring
SOMATIC AFF 8TM  — s nerve sumulation 10 rmpfsec, 1 msec,
T™E, tma r—————r 8 V', mesentenic afferent stimulation

10 tmpisec, 3 msec, 4 V

after abdominal surgery as well as in comparatively lightly anesthetized ammals,
when the reflex activation of the adrenergic discharge to the stomach 1s fauly intense
<on and Lasander 1969) Fig 2 illustrates such an experiment in which efferent
fibres were sumulated 1 an ammal where both vagal nerves had been cut
«f stimulation produced a moderate excitatory stomach mator response which
pxe derably ent 1 hy somatic deg fibre 1 Somatic dep
stimulation alone had no such effect When the flow of “background * reflex adrener-
gic activity to the stomach was blocked by guanethidine, the same vagal stimulation
1educed the gastnic volume much more and superimposed somatic depressor fibre
stimulation then had no effect not even when submaximal vagal frequencies were
used
The augmentatory motor response of the stomach mduced by somatic depressor

actnation thus seemed to be due to supf of an mhibitory ad. aic discharge,
a suppression which, however was demumstradle omly wihent the adrenergic fibres
were alloned to supy a pl ling chol {1 This thus showed that

all reflex effects of somatic depressor fibres on stomach motility after vagotomy are

' abolished 3f the adrenergic effect 15 el d, eg by hid Atropine also
' blached the resp to 1 by somatic def fibres since the presence of
excuatorj chohnergic nervous tone 1s necessary for the reflex adrenergic mhibitory
effect to exert its influence The effect of 1 of somatic dep fibres

persisted after spinal transection, showmng that their reflex interference with the
¢ adrenergic discharge to the stomach can be excited by propriospinal connections

't The effect of somatic depressor and pressor fibre stmulation on stormach motlity
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P d alter
mnistration of Flaxedil®

of reflex 1n sheletal muscles by repeated ad

Discussion

In the present investigation which 15 one of a senes of studies on the adrenergic
control of stomach moulty electnc sumulation of <omatic afferents was used for
changing the flow of adrenergic actvaty to the stomach It 1s known that such af
ferents can either suppress or enhance the ssmpatheuc discharge to the cardio-
vascular system with el of dep and pressor respx respecavely (ef
Johansson 1962) 1In analogy herewith the present studs showed that the adrenergic
supply affecting stomach motility ean be suppressed by “somatc depressor fibres
and ephanced by somatic pressor fibres resulung in opposite responses m the
stomach because the adrenergic fibres suppress the moulity of xhu effector organ
The results are in with the P ofap be
tween vagal chohinesgic and splanchme adrenergic clfec!s an stomach mothity and
secondly with the hypothesis that the adrenergic nerves running to the stomach exert
their prmany action on ganghomic cells 1nvolved i the cholinergic control of
stomach motlity (Janson and \Martunson 1966 Janston and Lisander 1969) It
would thus appear that clear d of ad g hib of stomach
motility requires the ewstence of cholinergic nemous actaty eliciing exataton
stomach motor responses This requirement 1s furthenrore supported by the present
study since the stomach mhibitors respanses to somanc “pressor’ afferent sumula
tion were sigmiicant onlv when cholinergic nervous activity was present esther as 2
background disch 1n the vagal nenes or aruficalls induced by
dxrccr sumulation of the vagal exatatory fibres
The mhibition of stomach motthty on somatic pressor afferent stimulation was
prompt m onset with latencies as short as 43 <«ec The <hortness of the latency
argues stronzly agasmst a release of catecholamines from the adrenal glands being
responsible for the prnmary acthon of the inh'bition on pressor afferent stmulation
{Fig 1) On the other hand a reflex release of catecholamines can very well explam
the shight inhibition after a latency of 18—25 sec obserned on somatic pressor stimu
tation 1 the absence of cholinergic exaitatory ronhity of the stomach (Fig 1) The
prompt mhibition of vaeally mduced exaitatory motlits on stumulation of somatic
pressac afferenrs, cewnanky winates dseie adverrige TedbaTEeTs ATORg G
lanchnic nerves which prefe 1t
on cholmergic pervous actmaty
Demonstration of the effect of stimulation of “somatc depressor fibres on stomach
mothity required the existence of nervous activity 1n both the vagal cholinergic
the splanchmic adrenergic nenve supph Concerming the nervous dicharge m
adrenergic nerves 1t 15 hnown that such exp d as 1
abdomunal surgery per se can 1utiate pronounced and susmncd reflex acnnn of
nerves and thereby inhibit contractions of the stomach which are 1n turn depen
on chelimergic nervous actvty (e g Jansson ard Lt ander 1969) In the prestnte~

nteract with stomach contractions dependent
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permments 1t was observed that sagally induced excitatary motdity was more or less
marhedly mhibited during and after abdonmnal surgery (Fig 2) Dunng this peniod
stimulation of somatic affe jols d the backg d ad activity and
augmented vagally mnduced stomach contractions

In cats with transected spinal cords stimulation of somatic depressor afferents
stll had an augmentatory motor effect on vagally snduced stomach moulity This
suggests that these somatic afferents make spenal reflex connections with adrenergic
neurons affecting stomach motility But this does not exclude the possibility of an
effect also on supra spinal centres imohed m the adrenergic contral of stomach
motility

1t 1s sull not clear whether the adrenergic nene effects to the stomach are involved
mamly 1n patho-physiological events Group 111 musele afferents mamly responsible
for somatic depressor effects and for suppression of the flow of adrenergic actiaty to
the stomach as descnibed 1n this paper are thought to be imolved 1n the navseating
type of deep pain A flow of reflex ad, gic actnity from abd 1 structures to
the stomach can be induced but by stimulation which may be maimly nociceptise
{Jansson and Martinson 1966 Jansson and Lisander 1969) The present imvestiga
tion has shown that sumulation of somatic afferent pain fibres seems to produce
simular adrenergic actnaty

This study was supported by grants from the Swed sh Medical Research Council (Grant B68
14X 16 04C)_from Aur Force School of Aerospace Medicine under Contract AF 61(052) 732
through the European Office of Acrospace Research (OAR) Unired States Aw Force from
Public Health Service (Grant HE 05675 06 07) and from the Faculty of Med cine Unn ersity
of Goteborg
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Catechol and Indole Derivatives in a
Transplantable Islet-Cell Tumour of the Golden Hamster
By
LenwarT CEGRELL, BEAGT Farch and ANNa Maria RosEnGren

Recened 22 \orember 1968

Abstract

Crorert, L, B Farcw and A M Rosencrex Catechol and indole deruatites in a

transplantable islet cell tumour of the golden hamster Acta physiol scand 1969
77 23—27

cells but no adrenergic nenes

An easily transplantable sslet cell tumour 1n hamsters has recently been studied from
histological and histochemical aspects (Grillo et al 1967) as well as from biocherm
cal and metabolic aspects {Sodoyez et al 1967) This tumour has been shown to
contain a much lower concentration of insulin than normal pancreatc tissue The
tumour beanng animals develop a pronounced hypoglycaerma on fasting, 1n some
ammals a very high plasma level of immunoreactive nsulin has been found (So-
doyez et al 1967)

A storage of biogenic monoamunes i the endocnine pancreas 1s @ common
phenomenon among mammmals, but 1n some species, e g the golden hamster, fluo-
rescence histochemtcal investigations have so far failed to demonstrate any mono-
amines (see Cegrell 1968, p 14) The function of these monoamines and the sigmfi
cance of the species differences with respect to the occurrence of the monoam
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are poorly understood Therefore, 1t was considered of mterest to study the possible
occurrence of catechol and indale derrvatives m the islet cell tumour and 1 the
pancreas of tumour beating golden hamsters

Material and methods

The tumour? was transplanted subcutanequsly (see Galla et al 1967} to ten golden hamsters
and allowed to grow for four 1o twehe weeks The ammals were killed by decapitation and
the tumours excised and analyzed chemically as described below Small pieces of the tumours
and of the ; glan‘ds were fi d a d for fl:

Th

e o was ade ding to the dure of Bertler f al
(1938) as modified by Haggendal (1963) and that of 5 hydroxytryptamme as described by
Bertler (1961) In 4 expts dopa and dopamune were determmed accord ng to Anton and
Sayre (1964) For further 1d of catechol denvatives paper analyses
were carned out i phenol-—01 N HCl (9 1) on the eluates from the cauon evchange
column and on the Al Os eluates (cf Bertler et al 1958) Dopa and dopamine were used as
reference substances To wtswalize the spots the chromatograms wete sprayed with RaFe(CMN)e
or exposed to formaldehyde gas for 1 hr at +80° C.

In the histochemical studies the fluorescence method of Falch and Hillarp for the cellular
locahzatron of meonoamunes and some related compounds was used The freeze-dried tissues
were exposed to formaldehyde gas for 1 hr at +80° C The spectficity of the fluorescence was
checked with the sodum borohydnde reduction method of Corrodi et al (1964) \icroscop ¢
analyses of tissues not exposed to formaldebyde d d nor reveal any autofluorescence that could
wmeerfere with the obsenatans of speafic te formaldehyde induced fluorescence Further
details of the histochermeal method have been ginen elsewhere (Falck and Owman 19b5)
Microspectrographic analyses of tissue sect ons and paper chromatograms were performed n 2
mad fied Leitz mecrospectrograph (¢f Bjorklund et al 1968a)

Results

‘The chermical analyses showed that the 1slet cell tumours contained substances that
behaved ke dopamune dopa and 5 hydroxvtryptamme The concentrations of these
substances are grnen in Table I When the methods of Bertler et al (1928) and
Bertler (1961) were applied two substances were detected which showed the same
eluation and spectral charactenstics as dopamune and 5 hydroxytryptamine respec
“tively Noradrenaline or adrenaline could not be detected On the paper chro
m‘:&tograms of the eluates from the cation eschange column there appeared two
fluorescent spots when the chromatograms were exposed to formaldehyde gas One
of these spots was located as the authentic dopamme and displayed the typical
catecholamine spectra when lyzed in the microsp graph The other spot
showed excitation/emission spectra with maxima at 400/430 mye when the paper was
exposed to NH, vapour for three mmutes its micnsits was ghly increased  Upon
spraymng with ksFe{CN\ 14 only the dopamme spot appeared

With the method of Anton and Sayre (1964) substances behasing lihe dopa and
dopamine were found m the tumour tisue The concentration of dopimme was
approwmately the same as 1n the above d d Mo adrenal
ar noradrenaline was detected On the paper chromatograms of the Al Oy eluates
o spots appeared with the same ck nstics as auth dopa and dop.

1y In one exp straps corresponding to these catechol spots wer€

e)u:ned with 001 \ HC) and the fluorescence of the elates tafter oudatson and
alkabimzation) was red 1 an Anuno B spectro photofl The spcclm‘

3 Two tumour-beanng animals were kindly placed at pur disposal by Ds P Lefebvre Depart
eeat of Medane Universuy of Liege Belgum
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Taste 1 The of dopa (DY) and 5-hydroxytryp (5-HT) m an
islet-cell tumour of the golden hamster \alues are expressed as pgfg of fresh tissue
Number of deterrinations within brackets

Mean £ 8 E M (n)  Method used

Dopa 0193009 () Anton and Sayre (1964)
DA 262026 (4) Anton and Sayre (1964)
DA 275036 (4) Bertler ot of (1938)
SHT 0873009 (5) Bertler (1961)

characternistics were 1dentical with thase of authentic dopa and dopamune respec
trvely

‘The fluorestence mucroscopy {Fig 1) revealed that the tumour cells emitted 2
moderate to sometimes ntense green fluorescence which disappeared upon treat
ment of the sections 1n a sodum borohydrnde solutian This fluorescence was absent
n the specimens not exposed 10 formaldehyde No adrenergic nerves were found W
the tumours Microsp phic analyses d i that the e e
s1on spectra of the cells showed maxima at 400/430 mu In some expenments <ec
tions of the tumour were treated m HCl vapour according to the method of
Bjorklund et al {19682) This allows a dffy between the fl ph of
dopammine and noratirenaline Duning this treatment there was a marked reduction
in the fluorescence 1ntensity of the tumour cells but no certan shift 1n the excitation
spectra

In the pancreatic wlets a speaific te formaldehyde iduced fluorescence was
seen in adrenergie nerves forming pen and sntra insular plexuses The nerves withm
the islets mostly followed the vessels and often formed a dense pernascular network

No histochenucally demonstrable amounts of biogenic monoamines were present tn
the 1slet cells

Discussion
It has recently been demonstrated that pancreatic islet cells 1n some mammals
vornally stare bogenic moncamnes Great species differences with respect to tvpe

and of the howeser have been encountered and
p ed mter mdividual dy 1 their o have been recorded
(¢f Cegrell 1968) In some species eg the rat and golden hamster no histo-
ch Wy o ble amounts of were found 1n the islet cells but
this difference from other mammals can at least 1n the rat (¢f Cegrell 1968) be a
g rather than a qual, feature A study of the vanous aspects of these
amines 1s necessary 1n order to und their brok f i h

production. In the case of golden hamsters bearing this transplantable slet-cell
tumour most of the circulaung msulin seems to be secreted from the tumour the
msulim secretion from the sslets bewg inhibited (Lefebure personal communication}
The present study however did not reyeat any histochemical difference between the
pancreatic islets of normal and of tumour bearing hamsters te there was no visible
storage of monoamines in the cells the only speafic fluorescence 1n the lets bemg !
e
+

¥
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cellular arrangement 1s similar that presiously descnbed by Gnllo et of (1967) A 160y,
B 360x

that emitted from numerous adrenergic nune terminals timately surrounding islet
cells and vessels

In the tumour, on the other hand, a speaific, 1¢ formaldehyde.nduced, cyto-
plasmic fluorescence was displayed by the cells and judged by the reaction conds
™ ns under which 1t developed and by the green colour of the emtted Iight 1n the

une fluorescence microscope (¢f Falck and Owman 1965) 1t could demve from

onmary catecholamine or dopa However, the chemical analyses revealed also the
sesence of 5-hydroxytryptamine besides dopa and dopamine, and remarkably, an
unknown substance capable of forming a fluorophore (on the paper chromatogram)
upon treatment 1n formaldehyde gas (1 hr, +80°C) The identity of dopa and
doy was blished by the application of an absorption method and chro-
matographc methods whereas the presumpuon that 5-hydroxytnyptamine too 15
present in the tumour ussue rests on the fact that a substance was demonstrated
swhich behaved like 5-hydroxytryptamine on the ton cxchange column The micro-
spectrofluonmetnc analyses revealed that the excitationfemission spectra of the
tumour cells (400/430 my) clearly deviated from those of cells contarming primary
catecholamines (410/470 mpu) or 5-hydroxytryptamine (390/520—540 mpu) Fur-
ther, the fluorescence intensity of the tumour cells markedly decreased upon HCl
treatment of the sections, a phenomenon not seen in cells containing dopamine
(Bjorklund et al 19682 or 3 hydroxytryptamine (unpublished obsenations) or 1n
model systems (monoamine-containing alburmn droplets Byorklund e a! 1968b)
Moreoner, on the paper chromatograms of the eluates from the cation exchange




CATECHOL DERIVATIVES IN ISLET CELL TUMOUR 27

column there appeared upon exposure to formaldehvde gas two fluorescent spots
One corresponded to dopamine, whereas the other was not locwed as dopa or
dopumine and showed n the microspectrograph the same excitation and emussion
spectra as the tumour cells Upon alkalimzauon of the papers (developed 1n acid
solution), the fluorescence intensity of this spot was highly mcreased which seems
to agree with the finding that the fluorescence wtensity of the twmour cells de
creased upon acidification There 1 thus strong support for the view that the tumour
cells contan an unknown substance whase formaldehyde induced fluorophote
dommates n the recordings of the fluorescence speetta This substance does not
seem to possess a free catechol nucleus since 1t did not <how up on the paper
chromatogram upon spraying with potassium ferncyimde 1t should b= noted 1
this connection that 1t was not absorbed 1n At O

Dopamine and 5 hndroxs tryptamune are often found 1n the mimmalian endocrme
pancreas sometimes occurning sumultancously It 1s therefore of great interest that
these two amines apparently exist together also 1n the nlet cell tumour not least in
view of the fact that the endocnine pancreas of the golden hatnster does not store
histochemically demonstrable amunes esther normally or when its msubin production
15 mhibited by an nsubm secreting tumour
This work was supported by grants from the Swedish \edical Research Counail  B69-14\
56 05C) the Swedish Cancer Sacicty (67 111) and from the United States Pubhic Health
Senice {06701 02)

References

ANTON A and D SaRe The distnbution of dopamine and dopa 1n various ammals and a

method for thewr determmation 1 dnerce biological matenal | Pharm exp Ther 1963

145 326—336
BerTizr A Effect of reserpine on the storage of catecholamines 1n bran and other ussues
Atlnr!h)xml stand 1961 i1r7 83

Bea~

. »r the fluonimetnic determination of
. nd 1908 44 273297
By differentiating doparune from nor
- . 1 Histochem Cytochem 1968a
16 263270
Bjmtm.v.\'n A B Farex and R Hinanson Hlslochzml(al demonslrauon o( tryptamine
of the

ced
and somc refated indole compounds m models Acm phy.nol scand 1968h Suppl 318
thluu. L The
Acta physiol scand 1968 Suppl 314 B~34
“orroDr ff N ILLARP and G Jonsson Fluorescence methods for the histochemcal
demonstration of monoamines 3 Sodm borohydride reduction of the fluorescent com

pounds asaspeuhclty test J Hutothzm C;luchzm 1964 12 56”—58
Fatcn B and Cn Ownas & detay

. cthod
‘or 2the cellular demonstration el’ biogenic monoamines Acta an Lund II 1965 7

cmm T AT AJ Wamty H Rmkuas P P For and § D Koeeraicn  Buological
Properties of a Transplantable Islet-cell Tumm— of the Golden Hamster I Histology and
Histochenustry Diabetes 1967 16 409414

Hacgexpar J ° An improved method for fluonmetric determmation of small amounts of
;d;enzhne and noradrenahne in plasma and nssues Acta phynol scand 1963 59 242—

Sonorez J €

m the d pancreas

S Luvckx and P J Leresvke Biolomical properties of a transplantable
et cell’wumor of the golden hamster 11 Tnsulin Content of the Tumor and Some Metabohc
Charactenstics of the Tumor beaning A-w~at- Pirhoorr 1087 16 416



Acta physiol. scand. 1969. 77. 28—35
From the Institute of Physiology, Umivernty of Oslo, Norway

Determination of Inulin, Albumin and
Erythrocyte Spaces in the Bone Marrow of Rabbits
By
KARE MicHELSEN

Received 25 Nosember 1968

Abstract

Micnersen, K Dete of nulin, alb. and erythrocyte spaces i the bane
marrow of rabbits Acta physiol scand 1969 77 2835

In 20 young rabbits weighing between 10 and 20 kg, inulin space, albumun space and
erythrocyte space == ‘ M ¥« marrow of the femur by use of

mulin-carboxyl ¢ . Cr labelled autologous erythro
eytes The mean 1 te mean albumin space 18 8 ml
and the mean ery! that albumin passes the smus
oidal walls and 1s buted th h the lular space of the bone marrow

~.The bone marrow stnusoids, which are the exchange vessels m red bone marrow
yussue differ from the exchange vessels 1n most other vascular beds both 1 structure
1hd function In red bone marrow of rabbits the sinusoids are spindle-shaped or
» hexagonal structures with a drameter between 15 and 60 x (Brinemark 1959) The
sinusoidal walls are Jined by reticuloendothehial cells which hase cytoplasmic
processes and which seem to form only a discontinuous layer (Zambom and Pease
1961) Besides supplying blood to the bone marrow, the mam function of the sinus
o1ds seems to be to recenve leucocytes and erythrocytes from the hematopoietic tis-
sue
The structure of the bone marrow sinusoids has been thoroughly analysed but
few studies have been performed on the micro-circulatton and on the permeability
properties of these peculiar vaseular structures
1In the present work the extracellular space albumin space and erythrocyte space
of the bone marrow have been determined m the rabbit femur by simultaneous use
of mulin-carboxyl-*C -] labelled homologous albumin and *'Cr labelled auto-
logous erythrocytes The results indicate that the bone marrow vascular bed has 2
lasge volurie and that albumin passes the smusoidal walls quite frech and 15
distributed throughout the extracellular space of the tissue
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Materials and methods

Preparation of the animals 20 voung rabbits of both sexes and weighing between 10 and 20
& were used They were anesthetized by 1+ injection of pentobarbutone (Nembutal®, Abbott),
diluted in saline 10 a cencentration of 12 mg per ml The dose was 30 ta 40 mg per kg bw
A catheter Gilled with hepannized saline was inserted into the night femoral artery for later
blood samphng
Through dorsal sncisions 1n the kidnes regions the renal arteries, the renal veins and the
ureters were higated The kidneys were removed and the incisions clowed by Diatures These
procedures caused a blood loss which was esumated to be less than 5 ml
Alier removal of the kidneys a mixture contaimme $'Cr-labelled autologous envthrocytes,
1297 fabelled_homologous albumin and mulin-carboty -t e preg the muxture
1s described below) was injected through an ear vem The animals were then kept in leht
anesthenia by addmonal mjection of 5 1o 10 mg pemobarhitone per ke bw per hr After
L prEnn oot {Hepann® AL ) per kg bw 11, and
in the nght femoral arter Then the
0 mg cf pentobarbitone The shaft of
- . - cutting the bone in the proximal and
v ot . mddle part of the bone was removed
b ¢ bone marrow tissue cylinder 1 this
. = thick-walled glass tube for weighing
- ass tube less than two min after the
. - . . iceps muscle was cut out and treated
m the same way as the bone marrow sample for determination of albumin space 1n muscle

Preparation of S!Cr labelled erythrocytes, 1*5]-labelled albumin and inulin-carbox3!-4C Be-
fore anesthesta, 6 ml of blood were taken from an ear vemn of each ammal Three ml of this
sample were mixed with 1 0 ml of 1sotomc sodim citrate solution and centrifuged at 800X g
for L(] min TE', supernatant was remayed and about 0 1 mC of Naz +1CrO1 was added to the

thenmvtar Afeas mnesn ~ ¢ ra —mm ~s 070 1 - 28 BN . e

supj . - .
T

non radio-
act

Separation and counting of the different radiossotopes in blood and tissue samples The
blood taken from the animals immediately before they were killed was centnfuged at 3000x g
for 50 min About 01 ml of plasma was drawn 1nto a pipette and transferred 1o a tube cone
tainsng 10 g of non radio-actne rabbit muscle tissue Non-radio actine muscle was used to
obtain approwmately the same final volume of precipitated homogenate and the same final
dilution of tnulin catboxyl-1C of the plasma sample as of the bone marrow sample The exact
amount of plasma added to the tube was determined by weighing the pipette before and after
the transfer of the plasma from the pipette to the tube

About 01 ml of packed erythrocytes was treated umilarly and added to another tube also
contwmng 1 g of non radi-actne musele tissue The samples of packed ervthrocytes and of

pla‘;‘r:)::“!.hin went throuch the same procedure as the marrow tissue sample
o1 e s - ml of 05 1 tnchloroacenc aad (TCA) 01 ml
i . dior 5 min by a glass pestle fitung the thicke

1e tube was centnfuged to obtam a clear super-
o 1 would otherwise nterfere wicth the scntillation
i ral of the supernatant were immediately mixed with 1 0 ml of 05 M oxalic acd and
centnfuged, whereby Ag* was precipitated as Ag2(COO)» One ml of the supernatant ob-

Lhe precipitate obtmmed by cemmfugmg the sube with homogemzed wsswe contmned
practically all 1241 and SICr of the bone marrow sample, either bound to precipitated protein
or preciprtated as Agl and AgeCrO4 This precipitate was counted for 21Cr and 1231 actis iy,
n 5 three Channel Auto gamma Spectrometer ( Model 5022 Pachard Instrument Comp }.*

-
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By the gain and discniminator setting used, no 191 actnity was counted in the “window’
set for ICr counting Some of the ICr actisity was, however, counted n the “window” set
for 11 counting The * windows” were adjusted so that the 51Cr emisston gave a count rate
m the 1" T window” which was 4 % of the count rate i the *!Cr window' The counting
ttme was adjusted so as to give at leact 20,000 counts beyond back ground in each channel

It was shown n prelumnary expenments that about 15 % of the mulim catboxy] 1C ac
tivsty and about 5 ¢ of the 12:] and %*CrO; sctrvittes were lost because of the procedures
With the doses of %51, $1CrO; and inulin carboxyl 1'C used, Jess than 5 % of the actnaty
counted m the # Liquid scintrllation counter was due to 1231 and “3CrOy and more than 95 %
10 1nubin carboxy] H1C

The hematocnt ratio of the artenal blood, sampled immediately before the killing of the
ammals, was determined using a micro capillary centrifuge (Model MB, International Equip
ment Company, Boston, Mass USA )

Calculations and results
The erythrocyte space {Venroeyte)s the albumin space (Vamumia) and the mulin
space (Viguun) of the bone marrow were calculated from the following formulae

{»Cr ¢ pm /g) bonc marrow

(I Veoamete = {Egrc P m [mi) packed crythrocytes

(*] © pm /g) bone marrow
"I ¢ p m (m)) plasma

D) Vapumta =

{“C ¢ pm /g) bone marrow
(WG c pm jmi) plasma
{¢ pm =counts per min)

The volume of the samples of packed erythrocvtes and of plasma were determuned
by dividing the weight of the samples by the specific gravity of packed erythrocytes
/109) and of plasma (1027) respectively The volume of packed erythrocytes was

wud for trapped plasma
)The results of the individual expertments are given tn Table I A comparson
» between the mubin space and the albumin space shows that in all expermments the
inultn space was somewhat larger than the alburmun space

Macroscopic examination revealed a red bome marrow tssue throughout the

femoral bone marrow cawvity in all amimals

{11} Vigam =

Discussion

The purpose of the present study has been to obtan information about the size of
the intravascular and interstitial compartments in bone marrow Before discussing
the results in detail it may be appropnate to constder the question whether the
actual experrmental conditions may have caused any marked disturbances 1n the
physiologreal variables studied

The amumals were anesthetized by pentobarbitone This drug has been found to
cause a decrease n hematoent satio and in plasma protein concentragiont and an
inerease 1 the crrculating blood solume 1n rats (Ricke and Eserctt 1957) Besides
beng anesthetized the rabbuts were 2lso nephrectormzed 1n order to avond excretioh
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Tastz 1 Bone marrow erythrocyte space (% Entmroeyie)s albumin space ( ajpamin), nulin
space (Visgus) and hematoert ranos of artenal blood (Hct e ) from 20 rabbus
The astenal blood was sampled immedsately before the death of the ammals Al space
valucs arc grven in ml per 100 g tissue

Rabbit VErymmcyte \ Attumtn N tnutta Hetart
o
1 282 2261 2832 036
2 286 1750 2108 032
3 247 1919 12t 037
4 318 1881 2068 039
5 421 19 00 2562 035
[3 385 1763 2253 031
7 487 1822 2306 037
8 291 1650 1800 035
] 397 1558 2081 038
10 253 1501 207+ 030
11 27s 27.54 n 033
12 20 186t 073 039
13 421 26 61 2749 032
14 288 1765 2061 038
15 215 2195 2502 0.36
16 363 2163 2507 041
7 19 1537 187> 035
18 115 1263 1651 o3
19 410 1566 2012 035
20 38 1893 2047 039
\fean 319 1883¢ 2250 036
S D 079 363 353 0028

* The mean albuma space of ps muscle, & 3
was 091 ml per 100 g muscle (S D 026)

n these

of inubin-carboxy]l MC The blood loss was small and the ammals seemed to stand
this magor surgical provedure well It should be noted however that Shures Wil
liams and Brown (1961) using SO, to determine the extracellular space 1n man
found that extensive surgical operanions caused a decrease 1 the total extracellular
fluid volume When evaluating the present findings 1t should be considered that the
effects of pentobarbitone and nephrectomy 1n rabbits mayv be sumilar to those in rats
and man

The tume penod chosen in the present expenuments to obtain an adequate mrung
of the labelled imulm, albunun and erythrocytes 1n ‘hc rabbits was about 25 hrs
Wathin this period, wulin will reach an app f Iib in the
extracellular space (Law and Phelps 1966) In most vascular beds muoh less time 15
needed to obtan a complete muang of erythrocytes and albumin In the

/

— s
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marrow however 25 hrs might have been a somewhat short equilibration tune for
albumm for reasons to be discussed below In spite of this 25 hrs were chosen to
make the possible long term effects of nephrectomy and pentobarbttone anesthesia
as small as possible

Like any substance applied for deter of the extr space inulin
carbo¥yl ¥C can also be criticized Several authors (Nichols et al 1923 Cotlove
1954) have thus mamtained that the wulin space when measured 25 hrs after
mulin mnjection 1s less than the true extracellular space because of slow permeation
of snulin 1nto the interstiial space of poorly vascularized collagenous structures
However red bone marrow tissue 15 richly vascularized and seems to lack collagenous
structures  Inubin should therefore be well suited for determination of the extra
cellular space 1n bone marrow It may be mentioned that Chen Terepka and Lane
(1963) have found that mulin carboxyl “C differs 1n some physico chemical and
physiological properties from unlabelled inulin but space determunations performed
with the two indicators agree satisfactonnly (Dow and Irvine 1967 Addank: Cahill
and Sotos 1967 Wilde 1945 Law and Phelps 1966)

The mean space occupied by erythrocytes from the circulating blood was 3 2 ml
per 100 g bone marrow 1n the present group of growing rabbrts which all had com
pletely red femoral bone marrow tissues as judged from macroscoptc exammation
Brookes (1965) found 16 ml of circulating erythrocytes per 100 g tissue in the
femoral bone marrow of rats and Osmond and Everett (1965) found 27 ml per
100 g bone marrow in the femur of gumea pigs The smaller erythrocyte space found
by these mnvestigators particularly by Brookes may be due to species and age d f
ferences However 1t should be noted that in the present experiments 2 5 hrs elapsed

the njection of the labelled erythrocytes to the death of the ammal whereas
the experiments of Brookes and of Osmond and Everett that pertod was 15 min
o Osmond and Everett found that the calculated bone marrow erythrocyte
space of guinea pigs increased 2 to 3 times when the equilibration period was 1n
creased from 15 mn to 3 hrs These authors using Fe labelled homologous
erythrocytes suggested that this mncrease indicated a selectne trapping of erythro
cytes mn the bone marrow The labelled erythrocytes used 1n the present expert
ments were 1 Provided therefc that the labelling proccdure had not
changed the cells there should be no particular tendency for them to be selectine
Iy trapped 1 the bone marrow

The tnuln space found for bone marrow 1n the present expenments (mean 225
ml per 100 g bone marow) 15 greater than that of skeletal muscle which appears to
be between 10 and 15 ml per 100 g tissue (Walde 1945 Addank: ef of 1967) The
present salue for bone marrow 1 of the same magmitude as the multn space reported
for heart muscle (Spach 1965 Addank: ef af 1967} lner (Addank: ¢t ol 1967) and
for the body as a whole (Spach 1962) It thus appears that the extracellular space
of the soft blood cell producing bone marrow ussue does not differ greatly from
that of many other tissues which are much less proliferous

A companson between mulin space and albumtn space 1n bone marrow shows

.




SPACE DETERMINATIONS I BONE MARROW 33

that the alburmn space 1s about 8% per cent of the nulin space The great value
found for the albumin space was apparently not due to abnormal properties of the

1”1 labelled homol albumin prep used since the skeletal muscle albu
min space was found to be 091 mt per 100 £ ussu: 1t may also be mentoned that
the bone marrow albumin space d d 1n p Yy exp on unanes-

thetized rabbits with mtact hidneys was of the same magnttude (175 ml per
100 g) as in the anesthetized nephrectomized ammals of this study The great size
of the alburmin space both in absolute terms and 1n relanon to the mnuhin space
strongly suggests that the sinusoidal walls are permeable to albumun and that
albumn and inulim are dispersed withmn practically the same anatomical compart
ments If the bone marrow sinusords were impermeable to alburmn then the size of
the alburmin space would 1mply that the mean volume of the bone marrow vascular
bed (VErrinroeste + Vipam 2} would be 220 ml per 100 g tissue, which 15 enormous
Furthermore the mean bone marrow interstitial space (Vigg) n— Vagan o) would be
only 37 ml per 100 g tissue which 15 exceptionally small and finally the hematocnt
ratio for the intravascular blood in the bone marmow (Vigmroeyte/ { VErymroeste +
Viibemo) ) would be as Iow as 015

Since the bone marrow smnusords thus seem to be permeable to albumin the
volume of the bone marrow vascular bed can be calculated only if the hematocnt
ratio of the mtravascular blood 1s known This ratio cannot be obtaned from the
present results but if 1t 15 assumed that the hematoert ratio of the blood within the
bone marrow vascular bed equals that of the artenal blood (036) the mean volume
of the intravascular plasma space would be 57 m! per 100 g ussue The mean
volumme of the bone marrow vascular bed would then be 89 ml per 100 g tissue and
the mean interstitial space 168 mt per 100 g tissue In this connecnon 1t should
be noted that the hematocrt ratio of the blood 1 most tissues 15 lower than that of
the artenal blood (Dewey 1960) TF this 1s so also n the bone marrow the calculated
salue for the intravascular volume 1s too Jow On the other hand if the bone
marrow has an erythrocyte resenoir function similar to that of the spleen the value
1s too hagh

The small difference between the albumin and the mukin space can possibly be
explaned as a rvesult of the difference 1n molecular size between albumn (molecular
weight 70000} and inulin (molecular weight 5500) It has been shown by Law and
Phelps (1966) and by Tasker et al (1939) that the distnbuuon volume of several

used to d the lular space  d with 4

molecular weight of the sub Another possibility 15 that plete diff:
equitbrium had not been reached for the large alburmn molecules within the 25
hrs penod from the 1njection of labelled albumin to the death of the anmals Esen
though albumin might not have reached diffusion equilibrium the swze of the at
bumimn space reached 1n the course of 2 5 hrs strongly suggests that the bone marrow
sinusoids are quite permeable to albumin Howeser a high permeability of the bone
marrow exchange vessels to albumin does not necessanly result 1n a great value for
bone marrow albumin space As shown by Dewey (1939) the proten permeabikity

3693003 Acta phy of aeamd Vot 73 1—2
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of the vascular bed of several viscera 1s high and, 1n spite of this the plasma protemn
concentration in the tissues of these organs 1s small Dewer explaned ths as a result
of an efficient lymphatic dratnage of plasma proteins Thus, if the lymphatic elimina
tion of protems 1s large, the extracellular plasma protem concentration can be Jow,
even 1f the vascular bed 15 very permeable to proteins The present observations on
bone marrow sndicate that the lymphatic dramage of albumin from this tissue must
be small compared with the passage of albumin through the sinusoidal walls This
agrees well with findings indicating that the bone marrow 15 not supplied with Iymph
vessels (Yoffey and Courtice 1956 p 12)

1t would be of interest to know whether the bone marrow ntersntia) flusd which
apparently It n conc close to that 1n plasma also contains
sigmficant amounts of the larger plasma protemns, especially globulins The present
experiments gne no 1nformation on this point However, 1f the bone marrow lacks
Iymphatic drainage and does not metabolize plasroa protesns rapsdly, even a moderate
sinusosdal permeability to a protemn would cause st to appear in the interstitial flud
171 about the same concentraion as i plasma

The high protemn content of interstiial fluid 1 bone marrow mples that the
colloid esmotic pressure difference across the sthusordal walls must be small or ab
sent According to the Stariing hypothesss for transyascular flurd filtration and ab-
sorption, the hyd pressure duff across the walls must then
also be small or absent Tius does 1ndeed seem 1o be the case In an analysis of the
pressure relationships 1o the bone marrow vascular bed (Michelsen 1967) 1t was
concluded that the tisue pressure and the intravascular pressure past the asterioles
are about equal

1 want to thank Mr M Knz for hus extentine and loval cooperation
A part of this work has been camed out 2t the Institute of Pharmacology Lnnersity of
Jo to which 1 am indebted
§ The work has been supported by grants from the N\orwegian Research Counal for Science
and the Humanmes and from the Nernegian Covnedl on Cardinascular Diseases This sup-
“port 18 gratefully acknowledged.
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Abstract

Rerre, O B The etolution of rascular smooth muscle responses to histamne and
S-hydrovyiryptamime 11 Appearance of miubttory actions of §-kydraxytrs pte-
mine in amphibians Acta physiol scand 1969 77 36—51

Systematic studies on the vascular smooth muscle responses to huistamumne and 5 hydroxytrypta
rmune, simular to those previously accomplished 1n_jawless vertebrates and fish were perform
i amphibtans (frogs toads and salamanders} Both intact amumals and aruficially perfused
preparations were studied The effects were recorded as changes mn systemc arterial blood
pressure after intrarascular admimustrauon of drugs or as changes in vascular resistance after
ntroduction of drugs mto the perfusion flurd dunng perfuston at constant flow rate Responses
to 1 di and acetylcholl were studied for companson The direct or
-+ nature of actions produced by the different drugs were evaluated bv means of pharma
! blocking agents The outcome of the studies may be summanzed as follows Marked
spectfic mhibitory actions af 5 hydroxytryptamine on ‘ascular smooth muscle, manifest
asodilatation are present in all studied species displaying a feature which has not been
seimonstrated an jawless vertebrates and fish In addimion the blood vessels of some amphibans
occasionally show a constrictor response to 3 hydroxytryptamine The natare of the latter
response remarns uncertain H has but 1nfluence on amphibian
vascular smooth muscle The 1nhubiory and latory actiens of ad: an d
and the stmulatory action of acetylcholine, pharmacological charactenstics of vascular smooth
muscle also 1n more primitnve vertebrates are retamed i the amplubtans winle the mhibitory
action of acetylcholme like the inhibicory action of 5 hydroxviryptamme, appears as a new
feature

A previous report from an mvestigatton on evolutionary changes i the actions of
histamne and 5 hydroxytrypramune on sertebrate vascular smooth muscle dealt with
results obtamed in jawless vertebrates and fish (Rene 1969a) Wherever spenific ac-
tions of ether drug were found therr nature was sumulatory As will be revealed by

1 1 reports from this work were presented at the Fall Meeung of the Amencan Physio-

lo;ac:?S;c::ot; Los Angeles August 1565, and at the Annual General Meeting of Stockholm
1 Society, Stockholm November 1967

:hpmenwolo?c.:addno;c;mmuu for Expermmental Medical Research, Ullesaal Hospual Oslo

Norway
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the present work the picture becomes different when the expeniments are extended
to amphibians In ths class of vertebrates the presence of inhibitory actions of 5 hy-
drovitrptamine seems to be a general feature

Obsenations were made 1n several species of frogs, toads and salamanders The
experimental 1pproach was pancipally similar to that applied in fish  Artersal blood
pressure changes m ntact ammals, and resistance changes m artificially perfused
preparations were recorded foll d of | 5 hydroxytryptr
mime and agents which relexse endogennus stores of these amines and the effects
were compared with the effects of adrenaline, noradrenaline and acetslcholine The
specificaty of the action of different drugs on vascular smooth muscle was studied by
ustng pharmacological blocking agents Addittonal information was gained by
chemical assay of biogenic amines m tissues or perfusates and by histochemrcal
Tocal of 5 hydroxytryp

Materials and methods

Expennmental ammals The studied species are hsted i Table 1 They were acquired from
commercial sources and kept without food in lucite boses in temperature-controlled rooms,
the tropical species (Bufo marnus) at 18-—22° C and those from temperate regions usually
ar 4—6°C Howerver, some speaimens fram the latter species were also kept ar ambient
temperatures of 18—22° C untl beng used or transferred from the cold room to this
temperature 2—3 weeks prior to use The boves for housng of frogs and mudpuppres con
tamned some water but the frogs had access to bricks nsing above the water surface Toads
and salamanders were free to choose between staying in moss or mn water The water was
ehanaad fran antl - ' At BT AT T v

cannulated 1n central direction for admmistration of pharmacolomical agents Pror to the
cannulanions both catheters had been connected ta three way stop-cocks and filled with
b hysiol and umpl

stllluuon of artenal and \cnouj

. . 3
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. - od

. . w

doses A .
{throu - - - .

senat . . . B .

. up
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water with the indwelling catheters intact. When recovery from anesthesia seemed complete,
the effects of drugs on the blood pressure of these frogs were recorded 1n the same wav as in

h uch 100k place withun the first few hours of implanta
uon of catheters The studied anymals were always sacnificed upon completion of the expen  t
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REerre, O B The crolution of rascular smooth musele responses to histamine and
Sehydroxyery ptamine 1l Appearance of tniubitory actions of 5-hydroxytry pta
mune 1n amplibians Acta physiol scand 1969 77 36—51

Systematic studies on the vascular smooth muscle responses to histamne and 5 hvdrovytrypta
mune, similar to those presiously accomphished mn jawless sertebrates and fish, were performed
10 amphibians (frogs toads and salamanders) Both imntact ammals and artificially perfused
preparationt were studied The effects were recorded as changes n svstemuc arterial bl
pressure after merdvascular admimstrauon of drugs or as changes in ascular resistance after
wmtroduction of drugs mto the perfusion (lwd dunng perfuston at constant flow rate Responses
to_adrenal d line and Ichob were studied for companson The direct or
adrect nature of actions produced by the different drugs were evaluated by means of pharma
ca] blocking agents The outcarne of the studies may be summanzed as follows Marked
,speaific anlubitory actions of 5 hydroxytryptamine on vascular smooth muscle manifest
yasodilatation are present in all studted species displaying a feature which has not been
wmonstrated m jawless vertebrates and fish In additron the blood vessels of some arnphibians
uccasionally show a constrictor response to 3 hydroxytryptamine The nature of the latter
response semains H has but negligible nflucnce on amplubian
and

sascular smooth musele The inhibitory and y actions of

and the strimulatory action of acetylcholine pharmacological charactensstics of vascular smooth
muscle also 1n more primitive sertebrates are retamed m the amphibrans whle ke miabiory
action of acetyleholine bke the wmhibitory action of 5 hvdroxytryptamune appears as a new
feature

A previous report from an mvestigation on evolutionary changes mn the actions of
Hhustamine and 5 hydroxytrypramine on vertebrate vascular smooth muscle deait with
results obtained mn jawnless vertebrates and fish (Rete 1969a) Whereuver specific ac
tions of exther drug were found therr nature was sumulatory  As will be resealed by

1 Partial reports from this work were presented at the Fall Meeung of the Amencan Phision

log?cal Soag‘:y Los Angeles Sugust 1965 and at the Annual General Meeting of Stockholm
hysiological Society, Stockholm Nevember 1967
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Fig 1 Effects of 5 hydroxytryptamune (sesotorin} on aortc blood pressure (ABP) in the
Amencan bullfrog {upper mmmg) the manm: toad (mmddle tracing) and the mudpuppy
(lower tracing) The drug was Iy, 5 4% to the A n bullfrog and
2 ug to each of the other species The ammals were anesthetized with tricaine methane
sulfonate and the expenments performed at 18° C,

Fig 2 Aortic blood pressure changes following it of 1 (4 ug),
5 hydrotytryptamme (serotoin 3 ug), noradremaline (4 pg), hnslzn‘une (30 pg) and 31 hy-
droxytryptamine (serotorun, 3 gg) in the common toad anesthetized with urethane, at 22°

‘The three upper tracings were obtamed early during the expenment the lower tracmg aller
the expenment had lasted for about 1 hr Note reversal of the response to 5 hydroxytry ptamine

alter ption onto oude and oxidation of the subsequent
eluate to a hydroxyindole di 1 di to the method of Anton and
Sayre {1962)

observations were made with 2 Lenz Ortholux microscope equipped for fluorescence micro-
scopy with camera attached

Results
Imteal heart rate and blood pressure

In all studied species both heart rate and blood pressure became stable within a few
mnutes of completion of the surgical procedure Under this condition prior to
administration of any drug the heart rates most commonly encountered were 30—
60 beats per munute at temperatures of 18-—222 C and 15—20 beats per minute at
10—12° C Systohc artenal blood pressure at 18—22° C was usually in the range of
30—15 mm Hg while the corresponding diastolic pressure was 20—32 mm Hg In
expeniments performed at 10—12° C, the average blood pressure was 5—10 mm Hg
below that obtained at the higher temperatures
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ABP (mmHg)

Fig 3 Effects of successve intravenous
. Rt ik

blood pressure of the leopard frog The
expertment was performed under urethane
anesthesia at 18°

Time {min}

Blood pressure effects of pharmacological agents
Intravenous injections of histarmine 1n doses of 5—200 pg did not sigmficantly affect
erther heart rate or blood pressure mn any spectes Occasionally, a shght increase 1n
pulse pressure and pressure Jevel was noted, but this mncrease was ssmilar to that ob-
tained after contro! mjection of an equal volume of physiological solution, and must
be ascnbed to mncreased venous seturn Intra-artenally administered histamine also
™" no effect
, ,ntran to the absence of blood pressure responses to histamme 5-hydroxytrypta-
-ne {1—20 pug) consistently produced marked effects A decrease 1n blood pressure,
‘Oceasionally preceded by a shght and transient increase was usually obsened (Fig
1} The response pattern found in the common toad was the only exception In some
speaimens from this species studied dunng early summer the first few 1njections of
S-hydroxytryptarmne performed at the begmning of an experiment resulted n 2
pressure increase while subseq showed a-dep action (Fig 2)
Compound 48/80 ehcited changes in blood pressure n all studied species In frogs,
the response to the first 2—3 of several successively admimstered small doses (10—
20 ug) was a pressure increase (Fig 3) The subsequent mjpections of such doses
either gase no response or a shght decrease m blood pressure High doses {50—150
41g) produced a transtent pressure increase lolloned by a long-lasting decrease Re-
peated mjections of high doses led to a continuous fall in blood pressure and
normal pressure levels did not reappear Polymyxin B (1502000 unts) produced
blood pressure changes simtlar to those produced by compound 48/80, and the effects
of both agents were qualitatneh the same i all species of frogs In toads and
salamanders, compound 48/80 and polymvxin B mimiucked the actions of 5-hydrovi-

trvptamine (Fig 4)
Adrenaline and noradrenahine (2-—20 ug) had marked pressor effects 1n all studied
species of frogs and salamanders, but less marked and less persistent pressor effects i
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Fig 4 Aortic blood pressure recording in urethane anesthetized manne toads at 18° C The
upper tracing shows the effects of succesane intrayenous injections of physiolomeal solutton
(saline), compound 48/80 {30 ag) and 5 hydrowstryptamune (serotomn 2 4g) in one toad
whule the lower tracings show the effects 1n another toad of similarly injected 5-hydroxytnpta-
mune (serotonsn, 2 ug), polymywun B (500 units) and physiolocigal solution (saline) Note
the absence of response to control injections of physiological solution and the strking
simlarities 1n the responses to compound 48/80 and pelymyun B and the response to 3 hy
droxytryptamine

toads In marne toads, 1t was observed that in the late part of an expenment, when
the ammals had often recened total amounts of histamine of 200—500 g the
pressor effect of adrenaline and drenaline was abolished or reversed Dunng this
condition, doses as hugh as 100 ug of either catecholamine failed to rase the blood
pressure Isoproterenol (1—5 pg) always produced an increase m heart rate and a
decrease 1n blood pressure (Fig 2) Bradyhinin (5—10 xg) had the effect of
reducing blood pressure, but this drug was tested only mn the European common frog
and the European edible frog Acetylcholine (0 1—5 pig) usually cansed a slowing of
the heart, but the lowest doses, especially when admimstered intra-artenally, some-
nmes elicited a decrease 1n blood pressure without any apparent effect on heart rate

anl

Noradrenat ne

T
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Fig 5 Effects of noradrenaline (3

A BP {mmHg}
-3

,;g), )5 hg{x:;)xry?mnunse (serotonm, Serotonn

wg) and adrenaline (5 ug) on the T TSI

aorse blood presarte of Mt Ammenens Eiasancanpens %*"EM
bullfrog  anesthetized  with  trscaine SR TR TS T T R asicdsainibiuld
methanesulionate, at 10°C At this | R ey H—‘v-f—**r:::ﬂ
temperature the duration of action of Bt = Looed
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fusion expeniments  Effects of
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Serotonin ¥ Noradrenatne 10 sion pressure Note that the furst

ngection of 5 hydroxytryptam ne
produces a dual response where
Time (min} as the second injection of thns
drug produces only a pressure 1n

QAffcrences 1 the temperature at which the expeniments were performed did not
the nature of the response to any drug (Fig 5) neither did differences
# ambient temperature at which the amimals had been housed prior to the expert
sents
The nfl of ph logical blocking agents on the different blood pressure
responses was studied 10 three spectes the European common frog the European
edible frog and the common toad This showed that intravascular adminsstration of
methysergide 1n doses of 50—200 ug di hed or completely abolished the dep
response to 5 hydroxytryptamine The pressor response to 5 hydroxytryptamine 1n the
common toad was too to allow evaluation of specif; by use of block
ng agents Atropine (40—100 sg) and the § adrenergie bloching agent propranolol
{40100 pg) abolshed the cardiovascular responses 1o acetylcholine and 1o
proterenol respectiely whereas stmlar doses of the « adrenergic blocking agents
hentol. bolished the pressor resp to adrenaline and
drenaline Apart from methysergide none of the tested agents influenced the
depressor response to 3 hydroxytryptamnc

p or phenoxy

Effects oblamed in perfused preparations

1n all studied spectes histamine admimstered as single doses of 10—200 xg into the
perfusion circnt produced neghgible effects (Fig 6 and 7} Contnuous mfusion of
histamme {2—5 pgfml) similarly failed to change the perfusion pressure sigmfreantly
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Perfusion pressure (mm Hg)

the perfuson pressure had been Adrenalne Serotonn O w0
raised by 2 previous myection of
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The effects of 5 hydrovytryptamine (2-~150 ug) were alse weah 1n most species
Injections performed shortly after start of perfusion occasionally caused a small
decrease 1n perfusion pressure but the pressure did not return to the mual level
(Fig 6) The only effect obtamed after repeated 1njections was an increase in per
fusion pressure The sensitivity was highly vanable and usually low However
early dunng some expenments 1n Europ frogs and toads 5
hydroxytryptamine produced a strong pressure increase whereas the effect of sub
sequent injections was less matked (Fig 7 and 8) Continuous infusion of 5 hvdroxy
tryptarmne {2—5 pgfml) produced only shight changes tn pecfuston pressure After
adminstration of 5 hydrovytryptamine visible rhvthmic contractions appeared in
the gut These contractions often continued for several minutes and sometimes even
disturbed the perfusion pressure recording mechanically

The responses to compound 48/80 (10~100 yg) and polymyxin B (150—1000
units) were sinilar and reference will therefore only be made to the actions of com
pound 48/80 Low doses (10—15 pg) admimstered at the begimning of an expen
ment produced an nerease in perfusion pressure 1n frogs (Fig 9} and occasionally
in the common toad (Fig 7) but tachyphylaxis soon developed Higher doses (20—
100 sg) induced a leng lasting mcrease 1n perfusion pressure in all species This
response was most conspicuous 1n the European commen frog in which continuous
mfusion of compound 48/80 (02—1 pg/ml) was also tried Such infusion resulted
1 a rapid increase m perfusion pressure follawed first by a transient dechne
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Fig 8 Perfusion expertment in the European common frog The upper tracing, obtaned
early durning the di the dq g response to successive tnjections of
5-hydroxytryptamine (serotomn, 10 ug, 10 pg and 15 pg) The lower tracing shows that weak
pressor responses to S-hydroxytryptammne (serotomin, 15 ug, 20 ug and 25 pg) persist after
addition of methysergide (8 pglml), atropine {3 sg/ml) and phenoxybenzamine (3 pglml) to
the perfusion {luid, whereas the normal pressor response to acetylcholine {10 ug) 1s abolished
and the normal pressor response to noradrenaline (5 pg) is resersed

and then by a steady increase [inally, the perfuston pressure became stabilized at a
level 3—4 times higher than the il level As long as the infusion of compound
48/80 was contunued, the high perfusion pressure could be mantained, but 1t gradual-
ly decreased to close to the tnutial level when perfusion with pure physiological solu-
tion was re-established If the experiment was repeated, the firse raprd ncrease
erfusion pressure did not reappear Howeser, the slower and steady ncrease to a
“gh pressure level was still present
Adrenaline and noradrenaline (2--20 ug) consistently increased the perfusion
ressure (Fig 6,7 and 9) The perfusion pressure was also mereased by 5—20 g of
acetylchohne (Fig 6 and 7), but carly dunng an expersment a weak depressor effect
of acctylcholine was occasionally observed after admimstration of low doses Iso-
proterenol (5—10 sg) produccd a shght decrease tn perfuston pressure, while brady-
kimin (10—20 pg), which was tested i the European common frog and the Curopean
edible frog, produced a more marked decrease
The influence of pharmacological bloching agents was thoroughly studied only in
from the Europe frog the toad and the nbbed
salamander The pressor cffect of adrenaltne and noradrenalme was reversed or
abolished by dihydrocrgotamine (2—5 pgfml), phenoxybenzamine (2—35 pg/mi) or
phentolamune (4 sg/ml) while the weak pressor cffect of 5-hydroxytryptamine re-
mained (Fig 6 and 8) Blocking of the depressor effect of adrenaline and noradrent-
Tine (evident after a-adrenergic receptor blackade) could be achieved with the j-
adrenergic blacking agent propranolol {3 ug/ml), which also abolished the cffect of
wsoproterenol The ffect of acetylehaline was blocked by atropme (3 ug/ml), and
this blockade apparenth did not change the responses 10 any of the other drugs
Since the strong pressor responses to 5-hydroxytryptamuine and low doses of com-
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Fig 9 Deselopment of tachyphylaws to lov
doses of compound 48/80 1n the perfused h nd
legs of the dmencan bullfrog After the first
of three successive tnject ans of equal doses
(15 pg) of ths agent there 15 a marked pres
sor response after the second 2 weak pressor
respon e and after the th rd no response {up
per tracing) The preparaton sull shows a
normal response to adrenaline (5 ug lower
tracing) Time {min)

Pertusion pressure (mm Ha)

pound 48/80 were rather mnconsistent evaluation of their specsfiesty by means of
blocking agents could not be made with certainty However, in the European common
frog 1t was found that such strong responses to compound 48/80 were also present 1n
expenments where methysergide (510 pg/ml) had been added to the perfusion
flusd Spmulaely the weak pressar responses to 5 hydroxs tryptanine and high doses
of compound 48/80 which often persisted th hout an exp were app. 4

unaffected by methysergide (Fig 8) The slow component m the pressor response
obfained dunng continuous nfusion of compound 48/80 could be blocked by
phenoxyb or dihyd 1n conct of 2—5 pgfml Methy

sergide and dihydroergotamine commonly elicited visble rhythmic contracnions of
the gut similar to those produced by 5 hvdroxytryptamine

Tissue levels of brogemc amunes

H and 5 hydroxytryp were assayed 1n shin muscle lung and stomach
from the European common frog 1n shin and lung from the European edible frog
and the common toad and ta skin and stomach from the fire salamander and the
nbbed salamander The samples of skin from frogs and toads consisted of the entire
shin of the hind legs while those from salamanders were taken from the tail In all
studied tissues except the stomach the histarmine levels were in the range between
005 ugfg and 05 ¢ gfg Determmations 1 24 European common frogs 3 fire sala
manders and 3 ribbed sal ders showed the h content of whole stomach
of these spectes o be 55—12 1 ugfg 4 7~6 3 pgfg and 3659 ugfg respecinely
The histamine stores i the stomach of the European common frog were apparently
also d m st kept at semp of +—6°C without food for
seseral months and application of indicator paper to the surface of the gastric
mucosa of a few of the frogs taken from the cold room showed a pH below 3

Two tissues the skin and the stomach from the ribbed salamander showed ab-
sence of 5 hydroxytryptamine (levels below 0 2 ug/g) whle all studied ussues except
skin from the other species contamed small amounts (usually 0 2—06 ugfg but oc
castonally up to 15 xgfg) High levels of 5 hydrotytrvptamimne were encountered 1n
skin from the common toad (47—94 pgfg) the spotted salamander (35—62 ug/g)
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and the European edible frog (93—192 pg/g}, which were all studied duning the
autumn and winter, and also in shin from the Evropean common frog In the latter
spectes the 3 hydrovyvtryptamine content of shin was determined 1in some 60 males
and a few females hilled at different seacons of the year TIhere seemed to be large
seasonal vanations, and al<o considerable indnidual varations within each season
The values showed a maximum dunng the summer, and a mintmum durmng the
wnter Thus in January—Februan, the range was 35—218 ugfg and dunng July
and August, 342—876 ugf/g The > hydroxytrvptamine levels in the few female
specimens studied showed no marhed difference from those of the males Seasonal
changes were evident both 1n frogs kept 1n the cold room (4—6° C) and i frogs
hilled and subjected to assay smmeduately after being captured mn thewr natural en
sironment and taken to the laboratory
Determnations were also made of the 5 hydroxytryptamme content sn shn of
European common frogs previously treated with compound 48/80 Since individual
ranatons 1 normal frogs were very large, the interpretation of the results cannot
be conclusive However no evidence was found of anv high degree of depletion This
applies both to frogs which recened a single mjection of compound 48/80 (400—
200 pg) 1nto the dorsal lvmph sac and to frogs similarly treated over four days with
dails anjections of lower but increasing doses (30 75 125 and 200 ug) The injec
bon of compound 48/80 at high dosage (400—500 pg) resulted 1n stmulanon or
emptang of cutaneous glands and mn marked hghtemung of the skin The secretion
from the shin was <o abundant that if a few of the injected frogs were placed m 2
<mall jar they became ennrely covered with a foamy layer (Fig 10) After pouning
water nto this jar contamung the frogs (10 ml per frog) the 5 hydroxytrypta
nune content of water samples withdrawn duning the first half an hour of mjection
{ compound 48/80 was determned and found to be 1030 pg/ml Assay for cate-
olamunes 1n these samples showed no noradrenaline but occasionally there was
vidence of the presence of veny small amounts of adrenaline. Sirular water samples
taken from a jar contamning {rogs treated with control mjections of phystological
<olubon showed a 5 hvdroxwvtrvptamine content below 2 ug/ml The studies on 3
hvdroxvtnptamine 1 skin <ecretions were performed during the summer Assas of
histarmne m who'e stomach of frogs treated with compound $8/80 indicated that the
levels of this amine were unaltered
Apart from the changes descnbed above the general candition of European com
mren frogs treated with compound $8/80 was severels affected After an mnjection of
400—500 prg dilatation of small blood vessels was evident 1n all parts of the shin
where pigmentation did not prevent such observauons being made and muscular
movements wsuallh ceased within an hour Frogs recening this high dose never
recovered Daih mjections of increasing doses 150 75 123 and 200 pg) were 2l
poorh tolerated. After onh 2—3 such mjecuons the frogs started to smbibe water
as mrdicated by swelbng and werght imcrease High doses of > hyvdroxytryptamine
{1—2 mgz) produced no conspicuous 1l effects but admsnustranion of this drug was
foltowed by defecation and increased <ecrenon from the <hin
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Fig 10 fig 1
F1g 10 Male European common frogs five 1n either jar The frozs in the night hond jar have

cach receied an mjection of compound 48/80 (400 sg) dissolved 1 ! ml of phvwolomcal
soluion while those 1m the left hand Jar hive recened control iyectons of the same solume

solution The was obtamed about half an bour after the injection
208 indicanes that cutaneous secrevion s greathy enhanced by tompound 3/0

Fig 11 Frog skin treated with formaldehyde gas as seen through the fluorescence microscope
Cutaneous glands showed a bright vellow fuorescence Magmification 6ax

The effect on the shin 3 hydroxytnptamine content from perfusion of the hind
legs of the European cernmon frog with compound 48/80 was alw studied 1n a few
specimens In this case, the skin of one leg was removed for assav before starting the
perfuston After perfusion for 30——60 rmun with a concentration of compound $8/60
of 1 pg/ml the total 5 hydroxytrvptamme content n the skin of the remarning leg
was reduced to about 70 €c of that of the control Measurable quantities of 3 hy
drovstryptarmine could be recovered from the effluent perfusicn flmd and evidence
was also found of the pre<ence of low levels of adrenahne

Histochemucal localization of 5 hydroxytry ptamene tn shin

A laint and diffuse yellow green fluorescence was observed throughout the studied
skin samples from the Furopean commeon frog However disunct and strong vellow
fluorescence was present only 1n cutaneous glands (Fig 11} Both the secreton cells
and the secretions present 1n the duct leading to the surface of the skin seemed to be
fluorescing The vellow fluorescence was absent 1 untreated control preparations

After subsequent staiming with 0 1 ¢ alcoholic thionn numerous tissue mast cells
indiscermible 1n the 1

pe were casily denufied by therr meta
chromatic stamming reacuon The mast cells were Jocated amrong the blood vessels 1n
the richly vacculanzed sub c ussue layer
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Discussion

The results from all studied species of amphibians indicate thac presence of both
inhibitory and stimulatory actions of adrenaline and noradrenalime on sascular
smooth muscle 15 2 general chamctenstic within this class of sertebrates as 1t 1 1
Jawless vertebrates and fsh (Reite 19692) Stimulatory actions of acetylcholine
which are also present 1 more primit e vertebrates are similarly retamed while the
anfubrtory action of acetylcholine on vascular smooth muscle seems to be a new fea
ture Since none of the studied preparations failed to respond to adrenaline nor
adrenalne and acetylcholine the experimental design should be adequate to revea)
the actions of histamine and 5 hydroxytryptamine as well
Early studies reviewed by Feldberg and Schilf (1930) demonstrated an extremely
low sensitivity to histamne 1 the vascular system of frogs According to the present
results this apparently also applies to toads and salamanders There 15 some evidence
that perfused blood vessels from frogs may occasionally show weak constaction after
adminstration of ustamine especially duning the winter whereas there may be shight
dilatation duning the summer {Marun and Lissak 1930 kadatz 1949—50 Heim and
Meses 1920) However both the present results nd information made available
through previous work (Grant and Jones 1927—-29 Krogh 1929 Feldberg and Schill
1930 Reste 1965) indicate that the histamine dose necessary to elicit any vascular
response 1n many amphibians far exceeds their total histamine content Any general
physiol I sigmficance of h 1n relation to the control of amphibian vascular
smoolh muscle 1s therefore rather unlikely but despite this small local vascular beds
may of course respond to histamyne
The mam tissue histamine stores of amphibians like those of most fish (Reite
9 b) are apparently located in the stomach although a few amphibian spectes
e been found in which nstamine occurs 1n lasge quantities an the skin to-
ther with 5 hydroxytryptamine and other ammes {Emspamer Roseghint and Cet
1964 Erspamer et al 1966 Observations have not yet been made on the sascular
response of the latter species to histamine
With respect to amphibian extravascular smooth muscles the effect of histamne
have been studied in preparations from the lung (Carlson and Luckhardt 1990—21
Luckhardt and Carlson 192021 Verzar 1910 kadatz 1949 50 Kobayas: and
Furuva 1960 from the ahmentary tract (Lio 1927 Feldberg and Schilf 1930) from
the unnany bladder (Adler 1918) and from the s (Gauner 1927 Hadpmichalts
1931) Among these prep taken from d speaies the lung of the
Japanese toad was shown 1o contract in respornse io relatnely low concentrations of
Tustzaune and relax in response to high concentratons (hobayast and Furuya 1960}
while preparations from all other species showed either no response to histamine of

onls weak ¢ or rel. It seems justifiable 1o lude that both vascular
and extravascular smooth muscles of amphit g Wy show a low sennitnaty 10
hustamine.

The Ylood pressure decrease followng mtravascular admnsstration of 5 hydroxy
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tryptamne was not accompanied by any noticeable changes in heart rate (Fig 1)
Furthermore the depressor effect of 5 hydroxytryptamine remained alter complete
blochade of the responses to catecholamines and acetylcholine whereas it was abol
sshed by methysergide These expenments show that 5 hydroxytryptamine brings
about vasodilatation in most amphibran species and indicate that the vasodilatation
1s produced by a direct inhibitory action on vascular smooth muscle Vasoconstric
tion 1 response to 5 hydroxytryptamine was most marked m some specumens of
common tead but the results obtained 1n perfused blood vessels suggest that this 1s a
common response m many species although the sensitvaty may be very low Since
effectne blockade of the constrictor response was not achieved with any of the tested
pharmacological blocking agents sts nature remains uncertain

Compound 48{80 and polymyun B which as far as we know owe most of their
sascular actions 1n mammals to the ability of histamine release through mast cell
depletion {Paton 1951, Riley 1959) may apparent] also release 5 hydroxytryptamine
from amphibran shin However there 1s no ewidence that amphibians store 5 hy
droxytryptamune or other vasoactine agents in their mast cells The present study
confirms previous reports (Erspamer 1954 Welsh and Zipf 1966) which state that

the 5 hydroxytryp m hibian shin 1s 1 with the glands
Erspamer (1954 1961) cons:dcrs the 5 hydroxy try pt: 1n the skin of amphib
to be designed exclusively for external ‘The ly ob 1 evid for

release of 5 hydroxytryptamine not only towards the surfacc of the shun but also into
the arculatory system perhaps via the external surface points to a possibility of
other functions (particularly 1n the control of cutaneous gas exchange through in
fluence on the blood vessels) It should be noted however that with respect to effects
of compound 48/80 and polymyxin B 1t 1s very difficult to evaluate the role played
by released endogenous 5 hydroxytryptamine as opposed to the roles played by other
indirect or direct actions This also applies to colour changes stmulation of cutaneous
secreton and effects on the general condition of the ammals Colour changes 1n
frogs 1n response to 48/80 and polymyxin B have recently also been observed by
others {Bhide and Gupta 1967) Since marked actions of compound 48/80 and poly
mvxin B are present even 1n the Amencan bullfrog and the mudpuppy which have
low levels of 5 hydroxytryptamine i their skin (Welsh 196¢ Welsh and Zipf 1966)
there s 1n fact good reason to believe that many of the actions of these agents may
be brought about mdependently of released 5 hydroxytryptam ne The present work
ndma\e.s that one of the ways 1n which they act » mediated through shmulation of
receptor k

A companison of the vascular actions of 5 hydroxytryptamine 1n amphibians with
those of histamine m mammals shows many sumlanties It seems likely that Grant
and Jones (1927—79) who were hung for a tissue dul b (H
substance ¢f Lewis 1927 and hrogh 1929) and succeeded in preparing an active
extract from frog tissues were 1 fact dealing with 5 hydroxytryptamune However
mn addition to 5 hydroxytryptammne the tissues of amphibians especially the shin
contain several other biol Ily active indolealkylamnes (Ei 1961) and also

4693003 A aphy of seand Vol 77 12
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bradyhmin Iike polypeptides (Erspamer Bertaccimi and Cer 1962 Anastass Erspa
mer and Bertaccimt 1965), and vasodilatator responses to bradyhinin were presently
found 1n both species of frog where this gent was tested

There are few previous reports on the pharmicologteal actions of 5 hydroxytrypta
mine on amphibian smooth muscle preparations The review of Erspamer (1924)
cites some studies 1n perfused hind legs of frogs and toads which show no effect from
3 hydroxstryptamine or shight vasoconstriction after high doses and these observa
tions are also i agreement with another study 1n the frog (hunaki and Inoue 1955)
In extravascular smooth muscles from frogs 5 hydrox) tryptamune 1s shown to mduce
marked relasation of the fung (Brecht and Jeschhe 1962) and rhythmic mosements
and increase in tone 1 rectum and ntestine {Vogt 1954 Fange 1962) The present
results do not disagree with those published previously but ndicate that occasionally
the 1asoconstnctor effect of 5 hydroxytryptamne may be quite strong at least 1n
some species The failure of review articles (Erspamer 1954 1961 1966) to call at
tention to the powerful inhibitors actions of 5 hydrox tryptamne on vascular smooth
muscle which are demonstrated in this work has simply been due to lack of expen
mental data

All in the species were 1 d duning tenure of an International
Postdoctoral Research Fellowship from US Pubhe Health Service (Award No 1 FO5 TW
687.01) sponsored by Dr Loren D Carlson Department of Physiology and Biophysics Unt
sersity of Rentucky The remamnder of the work was supported by g-ants from the Normegtan
Counail on Cardiovascular Diseates and from the \orwegian Research Council for Science
and the Humanities

Supplies of methysergide maleate and 5-hvdroxytryptanune creatinine sulfate were grate
fully recened from Sandoz AG Basel Switzerland and compound 48/80 from AB Leo Hal
smgborg Sweden
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Abstract

Micnersen, K, Hemodynamics in the bone marrow of anemic rabbuts with increased
hematoporests Acta physiol scand 1969 77 5257

In fifteen rabbits h was lated by 2 grave ph I anemia When the
hematopotetic activity was maximal as judged from the reticulocyte counts, 6 or 7 days after
the first sngection of phenylhydrazine, the left femur was perfused 1n situ through the nutrient
artery by blood led through an extracorporal perfusion arrangement from the left caroud artery
of the anesthetized anumal The blood flow, the nutnent artery perfusion pressure and the
antramedullary venous pressure were recorded The bone marrow blood flow was greater and
vaned less than v non anemic ammals The arterial vessels extubited 2 weak ability to auto-
regulate flow and acetylcholine caused artenal dilatation showing that nesther the grave anema
nor the great hematoporetic activity had brought about 2 maximal dilatation of the artenal
vessefs The venous resutance to bone marrow blood flow was constantly small whereas 1t hay
nreviously been shown to vany greatly sn non anemic animals

~

_sfost investigators who have attempted 1o determine quantitatively the blood flow
through bone marrow (Dnnker Dnnker and Lund 1922 Cummung 1962 Cumming
and Nutt 1962 Held and Thron 1962 Breuer, Hirsch and Sachveh 1964, Breuer
and Hirsch 1964) have observed great differences in flow from one expeniment to
another C g (1962) d that these diffe were due to differences
1n content of red bone marrow tissue In previous works on the hemods namics of the
bone marrow circulation (Michelsen 1967, 1968; it was found that not onls the
blood flow, but also the intramedullary venous pressure and the relattonshup between
pressure and flow saned considerably from one pi to another
In the present work the blood flow through the nutnens astery of the rabbit femur
the perfusion pressure 1n the nutrient artery and the intramedullary venous pressure
of the femur have been determmned 1n amumals 1 which an acute anerma had beent
nduced by snjection of phenylhydrazme This made possible an analysis of the basic
hemodynamics of bone marrows 1n simlar states of hematoporetc activsty and at
the same time bone marrow hemodynamics n an acute grave anemia could be

studied
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Methods

The expenments were carned out on 15 mature rabbits of both sexes weighing between 30
SN s v v A

s
- i

erythrocytes were counted 1n an electronic pumd: counter (Celloscope Model 101 AB Ljung-
berg & Co, S(oclholm Sweden) The h!malocn( Tauo was d:lenmncd by means of a ml(lD’
capillary {Model MB Company, Boston, Mass, USA)
The renculocyles were counted n smears witally staned by bnlhant-cres)]blu: and after
stained by Gxims:l

P )

knee joints

The svstemic artenal pressure ‘.as measurcd th ouzh an md“tlhng mhm
femoral artery This and oth~
Company, Mass, US.A) us . =
was prevented by intravenour
was avoided by removal of .. . LR
1968) The nutrient artery and vein of the left femur were d)sse:(ed out and cannulated A
thin neme accompanying these vessels, was cut The catheter mn the nutnent vein was con-
necled Io a pressurt d for of y ‘enous pressure ‘The

went Ihmu(l’:i Starhng resistance to the right jugular vein of the rablit The perfusion
. aa Ei R .- Ve

. . - -

- . - . - or

)
was used Lhe acetylcholine concentration was 1 mg/ml and the infusion nles raried between
001 and 003 ml/min

At the end of each expenment the femoral bone was cleansed of soft nssue and carefully
erushed The marrow tisuc was taken out weighed and examined macroscopically

Results

Before the injections of phenylhydrazine, the different animals had hemoglobim con-
centrations between 121 and 158 g per 100 ml enous blood, hematocnit ratios be-
tween 037 and 043 and erythrocyte counts betwcen 4 8 and 6 1 millions per mm®*

On the day of op the h g were between 61 and 92
g per 100 ml senous blood, the hematocnit ratios between 018 and 027 and the
ervthrocte counts between 19 and 3 5 millions per mm?® These figures show that
the ammals were profoundly anemic The range in reticulocyte counts had changed
1rom between 06 and 4 0 per cent to between 19 and 30 per cent, indicating that a
high degree of hematopotetic actnity was present

-
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Fig 1 Blood flow through the nutnent artery of in sitz perfused rabbit femurs at perfusion
pressures i the nutnent artery between 110 and 150 cm of saline Flow values gnen 1n ml/mun
X g wet marrow tissue The svmbol A represents vafues found 1n the present series of anemie
ammals The symbol O represents values Tound 1n 2 previous sertes of expeniments on non
anemic rabbuts (\ichelsen 1968}

Fig 2 Pressure—f{low relationships from a rabbit femur preparation perfused through the
nutnent artery Flow (Q) has been plotted versus perfusion pressure in the nutrient artery
(P4}, versus miramedullary venous pressure (Puy) and versus the pressure difference between
perfusion pressure and mtramedu'lany venous pressure (Pa Pmy)

The perfusion pressure has been corrected for the pressure fall in the nutrient artery cannula

The weight of the femoral bone marron from the individual anemic animals was
between 13 to 21 g wet weight As judged from the macroscopic examnation, the
femoral bone marrow of the mdnidual amimals were 1n sumilar, marked states of
activinn. The bone marrow tissue was softer and more deeply red than 1n non-anemic
ammals Regions with yellow marrow were present i the distal metaphyses The
yellow marrow regions were more sharply delineated than i non-anemic rabbits

The blood flow through the nutnent artery at perfusion pressures close to the
systemuc blood pressure of the respectne ammals of the present senes are given in
Fig 1 1n ml per mun and g wet marrow tissue Fig 1 also includes the flow values
found m a prevrous serses of sumlar expenments performed on non-anemic anmals
{Achelen 1968) Ir should be noted that when the catheter 1n the nutrient vem
was opened 10 atmosphere the blood flow through the nutnient artery increased
only nsignificantly Thys shows that any possible element of venous stasis brought
about by the occlusion of the outflow through the nutnient vesn was ignorable

In the present <enes of anemic aumals the mean blood flow through the nutnent
artery at perfusion pressures near the systemuc artenal pressure (Fig 1) was 121 ml
per g wet marron ussue per muin (81D 0181 as compared to 047 ml per g wet
marrow tissue per mun (S 027) n pon anemuc animals This dufference 1s signdli
cant on the 001 per cent level Furthermore the individual differences were less it
the anemic than in the non-ancmic group (Michelsen 1968) The sanances of the
resulss 1n the two groups (compared by use of the formula F=5,%/5_* where Sfs
the vanance of the flow salues tn the non anemuc group, and S.* the vanance of the
flow values 1n the anemic groupt were significantly different at the 3 per cent levet
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In 12 out of 15 expts a small retrograde blood flow was observed from the nutrnient
artery catheter when this was opened 1o atmosphere In non anerme ammals 1 reyo-
grade blood flow was obsened in only 7 of +1 expts

The intramedullary venous pressure at perfusion pressures between 110 and 150
cm of saline was constantly below 40 cm of sahne 1n the present senes of experiments
whereas 1t varied between 10 and 80 cm of saline 1n the non anemmc rabbuts

Changes 1n the bone marrow flow and perfusion pressure were accompamed by
changes mn the wtramedullary venous pressure However these changes were small
whereas 1n the non anemic group the changes in venous pressure following changes
in flow and perfusion pressure could be great

Whereas the relationships between different steady state values of perfusion pres
sure (P,) intramedullary venous pressure (P,,) and blood flow (Q) vared greatly
from one experiment to another in the senes of non anemic rabbits (Michelsen
1968) these relationships were umiform and of the type illustrated 1n Fig 2 1 all
expenments of the present senes Fig 2 shows that the curve relatung perfusion
pressure (P,) to flow 1s shightly convex against the flow axis in the pressure range
between 50 and 130 cm of saline Above 130 em it 1s convex agunst the pressure
axts The intramedullary venous pressure (Pp,) tncreased moderately with increasing
flow and perfuston pressure and the cunie for (P,—P,.} versus flow has the same
shape as that for perfusion pressure versus flow

Addition of acetylcholine (at rates between 16 and 4 8 ; g/10 sec) to the artenal
blood entenng the nutrient artery increased the blood flow through the nutnent

artery sometimes by 100 per cent and elesated the intramedullary venous pressure
by 20—30 cm of saline

Discussion
Tt 15 of interest to pare the basic b d of the bone marrow arrculation
n animals with great hematopometic activity to the bone marrow hemodynammes 1n
ammals with p bly rormal h P actiaty The flow values found 1n

the present experiments on anemic arumals as well as those found 1n the expenments
on non anemic ammals (Michelsen 1968) should not without resernations be con
sidered as esumates of the bone marrow blood flow 1 1ntact amimals for several
reasons The method used for perfusion of the bone marrow may reduce the vascular
tone of the bone marrow vessels (Michelsen 1968) Furthermore the cutting of the
nerie accompanying the nutnent vessels to the femur (see methods) will probably
cause a dilatation of the arternal vessels since the bone marrow 15 suppl ed by vase
constrictor fibres from the sympathetic nervous system (Weiss and Root 1929)
Finallv the femaral bone marrow of rabbits though supphed predomnantly by the
nutnent artery 1s supplied also by artenes which enter the bone marrow mn the
pk regions (de M: ffe 1951 Brookes and Harnson 1927)

The present finding of a greater blood flow tn the anermic than 1n the non anemic

ammals 15 1n accordance with the finding of Linke et al {1963) of a greater out
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flow through the nutnent vemn of femurs i rabbits made anemic by bleeding than
m non anemic rabbits The small individual differences n flow 1n the group of
anemic ammals as compared to the group of non anemic ammals (Fig 1) were
probably due to the fact that m the anemic ammals the bone marrows were in more
sumilar states of hematopoietic activaty In the non anemic animals the hematoporetic
actrvity differed considerably from one animal to another, as judged from the macro
scopical examination of the bone marrows

Since a retrograde blood flow through the nutnent artery was present more fre
quently n the anemic than in the non anemtc animals, functional artenial anastomo-
ses between the ramifications of the nutrient artery and artenies that enter the bone
marrow tn the metaphyseal regions (de Mameffe 1921, Brookes and Harrison 1957)
were present more often 1n the anemic ammals

The bone marrow airculation of the anemic animals also differed from that of the
non anemic 1 that the dullary venous p: , as d through the
nutnent vein of the femur, was Iy fow The ) of a large blood
flow and a low mtramedullary senous pressure implies that the venous resistance to
bone marrow blood flow was small so that flow was predommantly determined by
the resistance 10 the artenal vessels

The comvexity of the cunve relaung (P,—P,.,) 1o flow (Fig 2) between pressures
of 50 and 130 cm of saline Mllustrates that a weak autoregulation was present in this
pressure range i the anemic anumals and the increase in flow and intramedullary
venous pressure caused by acetylcholine shows that this substance caused a dilatation
of the artenal vessels Similar findings were made in the non anemic ammals
(Michelsen 1968)

The bone marrow blood flow (Q} 15 determined by the equation (1) Q=JP/(R,
+R,) (where JP 1s the pressure fall in the bone marrow vascular bed R, the artenal
ressstance and R, the venous resistance} The difference 1n flow between the anemic
and non anemsc group of ammals can therefore partly be )

3 the low venous resistance 1n the anemsc ammals In accordance with this the bone
snarrow blood flow 1n non anemtc antmals was usvally great when the venous resist
ance was small (Michelsen 1963)

The venous ressstance (R,) was less than the artenal ressstance (R,) m all but 4
of the 44 non anemic ammals at perfusion pressures between 110 and 150 cm of
saline {\ichelsen unpublshed data) This means according to equation (I} that
the low venous resistance found i the anemic group could not account for the 23
times greater bone marrow blood flow in these ammals Also the artenal resistance
must therefore have been smaller

The present expeniments capnot identfy the factors which are responsible for the
decrease 1n artenal and venous resistances obsernved when the bone mapow #

1 1 hemody
P

lated to d | F by an acute anemia Apart from the possible
fi of rheol 1 daffe between anemic and non anemic blood mtm
bohc changes and changes in tissue and sascular arch are probabl

Thus both the low oxigen capacity of the anemic blood and the increased mc:abohf
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rate, which was probably present due to the ncreased hematopoieuc acuvity, may
have caused the decrease n arteral resistance Whether the decrease results from
dil; of the vessels, fc of new vessels ar both, cannot be
decided However, the fact that acetylcholine decreased the artenal resistance in-
dicates that neither the grave anemia nor the great hematopotetic actrvity had
brought about a maximal dilatation of the artenial vessels

The low venous reststance found cannot be due to changes m the vascular tone of
the vemns, since the bone marrow venous system lacks smooth muscle (de Marmeffe
1951) Tt 1s suggested that the decrease in the venous resstance was due to an in
crease 1n the dimensions of the draining part of the bone marrow circulatory system
Such an merease could result from a decrease n the amount of parenchymatous
tissue, due to an acute release of cells from the bone marrow to the blood Trans.
formation of yellow bone marrow to red bone marrow mught also lead to a decrease
1n the venous resistance since the vasculanty of the red bone marrow tssue 1s much
greater than that of the yellow {Brinemark 1929)
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Abstract

Bowve, P and J Novorwy Conditional reflex actiiation of the sympathetsc chohn-
ergic tasodilator nertes in the dog Acta physiol scand 1969 77 58—67

S h chohinergic

1 skeletal muscle was tnduced as orienting and condi-
N o A R I e JSr P

dxhxor qsi!m 18 actnated pnor to situations when an increased musrlc blocd flow 1s suddtnl)
required The results also suggest that actnation of the dilator nerves takes place not only 18
emotionally charged muzuans such as the defence reaction, but also i anticipation of exercise
when the hement s less

In o dogs el 1 1 of the sympath vasodil: areas in the
bram ehcited an increased muscle blood flow, a tachycardia and a shghl rise 1n the
artenal pressute (Bolme et af 1967) In add such f me
creased alertness to vanous degrees However, 1n some cx;mnmcms sumulanon -
duced circulatony changes without app beh; P This finding
suggested that the pathetic vasod; 1 might be activated durning
duff phvsiological of both I and 1onal ongin This

concept seemed to differ from the opinion of Abrahams Hilton and ZbroZyna
(1960) who claim that in cats the vasodilator areas in the diencephalon and the
mesencephalon are reflex centres for emotionally tunged defence reactions Howevery
Abrahams Hilton and Zbrozyna (1964) obtained by electrical sumulation 1n the bram
stum mn consaious  «v svinpathetic vasodilatation together with mild behavioural

P\utire seentst p t address Instuute of Pharmacolom Crechoslovak Academy of
Scitnces Bramslava €z wlnakia

~J8
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changes Thes d that sympathetic vasodil; might be part of preparato
ry alerting reactions, which 1s i 1greement with our own hypothesis (Bolme «f al
1967)

From expeniments 1n anesthetized cats Eliasson e al (191) suggested that the
sympathetic cholinergic vasodtlator nerves ave activated preparatory to any reaction
requinng increased muscle blood flow To test the validity of this hypothesis, a series
of expeniments were performed on conscious dogs, in which sympathenc chohinergic
vasodilator responses were evohed as condinonal reflexes to sumult with and with
out emotional backgrounds

Abrahams, Hiton and Zbrozyna (1964) showed that a sasodilatation n the
muscle of the c1t could be ehcited as 2 condittonal response to electrical shin stunu
lation This vasodilatation was thought to be due to actnation of sympathetic cho-
Inergic vasodilator nenes We also used clectrical skin stunulation to evoke a re
sponse of emotional origin similar to the defence reaction or “ die affehtive Abwehr
reaktion’ as ongmally described by Hess and Brugger (1943) To elicit a reaction
with a mmmum of emotional background we used 2 conditional reflex based on a
sound stimulus followed by exercise on a treadrmll

Methods

The expenments were carried out on 17 mongrel dogs weighing 8—21 kg Each experiment
was scheduled indinidually but in principle the study was performed 1 the following way

I The screemng pertod usually lasting no longer than 14 days During this tme dogs were
traned to stand 1 the sound proof box sn which all experments were performed. In this way
we could select those dogs which learned to stand quretly m the box without getting excited
during the test penods usually 1/2—2 hrs The dogs in the moderately illummated box were
continuously watched from the outside through a one way merror

2 The wnstial traming period Duning this tune the dogs which had passed the screening test
were tramed tn their final program The conditional reflexes were built up duning this period
lasting from 2 weeks to 4 months The tramming was considered complete when the conditional
and the un-conditional stmuli gave e to adequate alertness responses characterized by
raising the head and looking around with a general atutude of expectation

3 The surgical operation When the imitial tratung peniod was fimished the dogs were prouided
with equipment for the measurement of hind Iimb blood flow arteral pressure and heart rate
by an aseptic operation

4 The experment period proper After a post-operatise recovery period of 210 days she
d, lar responses to the cond: and the 1 sumuh were secorded No

wqprrmRT was periormed fk Tne dog dnowed any sign of parn or impaired motor activaty Whiist
running

The conditional reflex traming program

The conditional sumul: signals were produced from 2 tone generator and amplified by loud
speakers in the box The frequencies of these sounds could be varmed The unconditional
sumuhi were of two types The first consisted of an electrical skin stmulation produced by
passing an electrical current through two needles placed subcutaneoush close to_each other
The stimulation areas were either on the back of the dog or in a front leg The electrical
currents were supphed by a Grass $ 6 sumulator and consisted of square wave pulses with a
frequency of 5—10 smp/sec a duration of 1—10 msec and an mtensty of 5—20 V 1In the
tramig and during the experiments the tone was sounded for 10—~15 sec The electrical skin
stimulation was started 3—10 sec after starting the tone and both sumul were turned off
simultaneowsly In some experiments tones with d flcrent frequencies were cormbined
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electrical skin shmult of varying intensities The other type of un conditronal stimulus was

tional stimulus alone was tested intermuttently during the whole traming and experimental
periods and the conditzonal sumuls were given to the dogs randomly mn relation to the combned
program of condittonal/unconditional strmuly

The surgical operation and the measuring devtces

After the mnial traming peniod had been completed the dogs were anesthet:zed with pento
barbutal (30 mg/kg 11 ) By means of a Japaratomy the tip of a polyethylene catheter (Clay
Adams PE 205) was serted 1nto the aorta for the future measurement of artersal pressure
An clectromagnetic flowmeter probe was fitted on one of the external ilac artertes The free
end of the polyethylene catheter and the leads from the probe were passed subcutaneously to
the interscapular region emergmg through the skin where they were fixed To enable occlu
sion of the 1hac artery for the estimation of zero blood flow a silk thread was placed around
the artery and the endings were passed into the groin where they were fived to the skin

After the post operative recovery period the experuments were performed 1n the sound proof

x To measure the artenal pressure the implanted aortic catheter was connected to a Statham
transducer (P 23 AC) To determune the hind Limb blo
probe were d to an T .
sme wave excitation The heart rate was recorded by - -
pressure or the flow signal (Goldschmdt and Lindgren
Grass model 5 polygraph Vascular resistance 1 the hind leg was calculated from the mean
blood pressure (MEP) and the blood flow (BF)

Drugs were usually admimstered through the aortic catheter Atropine (003—0 2 mg/fkg)
was guen to fest that chohinergic mechanisms had been nsolved In some experiments propra
nolol (06—14 mglkg) was gnen either before or alter the atropine injection to see if 8
receptor blockade had any influence an the response

Results
Ortenting reflexes
‘The influence of the sound to be used 1n the study as the conditional stumulus on the
circulation and behaviour was tested 1n four dogs These dogs were operated directly
after the screening pertod When the sound was introduced to them they were all
alerted The circulatory effects were a slhight increase n artenal pressure an increse
1n the hind b blood flow and a tachycardia The increasc 1n blood flow could be
completely or partially bloched by atropme (005—01 mg/kg) slowly mjected into
the aortic catheter In two dogs a slight vasodilatation remained 1n response to the
sound stimulus This effect could be abolished by propranolol (12—14 mg/kg) n
fused 1nto the aortic catheter The bloching effect was observed after doses that 1n
duced a bradycardia and an abolition of the sonnd mnduced heart eitect Smalier
doses of propranolol (06—12 mg/hg ya) did not block the vasodilatation caused
by the sound whether the drug was added before or after atropine This dose 1s how
ever known to be sufficient for a local g receptor blockade n the hind limb muscles
of the dog {Shanks 1967}

Our results indicate that the asodilatation following the sound was caused by ac
tination of sympathetic ch vasodil: nerves and not by actnation of §
receptors in the hind imb After 2—+ days of daily exposure to the sound alone the
dogs did not respond t this sumulus 1e they had become habituated to the sound
(Fig 1B}
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Sound stimuli “day 4, after atropine 003 mg/kg 1a

Note that the dog became habituated to the onenting but not to the conditional stimulus

wia

Conditional reflexes

a Electrical skin stimulation Five dogs were conditioned to electrical skin stimula-
tion The expeniments were performed during a periad of 7—30 days after the opera-
tion The response to the conditional stumulus along was tested at least once every
day The conditional reflex response, t e the effect on the signal alone, was simlar to
the mtral onenting seflex descnbed above, 1n respect of both the behavioural and
the crculatory events However, habituation was never seen to the condrtional
stmulus

A representative experiment s seen in Fig 1 Section A shows the response to the
conditional stimulus alone (250 cps) on the 4th and the 7th day of post-operative
trammng  The effects were more or less identical on the two occasions an increased
alertness, a tachycardia a shight nise of the arteral pressure, a doubling of the thac
blaad flow, and a 50 per cent decrease 1n the pentpheral resistance The effect on the
blood flow was abolished by atroptne (003 mg/kg 15.) Section B shows an ortenting
reflex response The dog responded tmtially to this new sound {500 cps) n the same

way as to the conditional sumulus {(¢f A 1and B1) After 3 days however the dog
had become hak d to the “ non d!

* sound Ths expeniment resealed
that the dogs were able to discriminate between two sounds of different frequencies

This finding led us to design experiments in two dogs, 1n which sounds of different
frequencies were followed by el 1 skin s 1 of varying One
such expeniment 15 shown in Fig 2 The response to the 250 cps signal (Al), asso-
ciated with the weaker electrical skin sumulation was an increased alertness, a.slight
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Fig 2 Dog 11 kg Conditional reflexes to electrical I Diff

1 "Sound 250 cps {conditioned to 7 \ 20 imp/sec 10 mrec)
2 Sound 600 cps {conditioned to 15 \ 40 ymp/sec 10 msec)
3 Atropine 002 me/kg 1.a

Note the graded blood flow responses, completely abolished by atropine

tachycardra, a blood pressure nise and an increase 1n the blood flow, from 163 to 205
ml/min The penipheral resistance decreased from 041 to 037 The 600 cps signal
(A 2), associated with the stronger skin sumulation gave mise to an increase i alert-
ness not noticeably different from that seen with 250 cps The tachycardia and the
blood pressure rise were similar 1o the effects seen after the 250 cps signal However,
the blood flow increase was more marked in response to the 600 cps signal, from
160 to 250 ml/mn and the penipheral resistance decreased from 042 to 031 Thus,
the conditional reflex response could be varied with the ntensity of the un condi-
tional lus The cond 1 reflex vasodil could 1n this way be graded
The blood flow increases followng the two different signals were abolished by atro-
pme (002 mgfkgia)

b Exercise Nine dogs were conditioned to exercise on the treadmill The ininal
traiming period before the operation, lasted 1—4 months Frve dogs were trained at
one speed onlv chosen so as to make each dog run almost as fast as 1t could The
other four dogs were trained at two different speeds After the operation the trainng
was started again after a recovery penod of $—14 days One of the experiments 15
shown mn Fig 3 At A the conditional sumulus followed by the exercise (1) evoked
an mcrease 1 the artenal pressure from 170/100 to 180/115 and a moderate tachy-
cardia The blood flow increased from 115 to 210 miymun and the penipheral resst-
ance decreased frem 11 to 065 After the conditional stimulus alope (2) the dog
was alerted some tachveardia appeared and the artenal pressure mncreased from

14 60 to 170/105 The blood flow increased from 105 to 180 ml/mm and the pe-

it ral resstance d 1 oased from 11 t0 071 Thus the condttional reflex blood flow
h was of nearl the <arre magnitude as that caused by the exerese
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After atropine {004 mgfhg 12}, the response 1o the sound and treadmull to-
gether (B 1) was a nse 1n arteral pressure from 150/110 to 170/120 and po change
m heart frequency, presumably due to the tachycardia already produced by the
atropine The blood flow increased from 100 to 200 ml/min and the penpheral re
sistance decreased from 1 2 to 069 Thus the response to the exercise was not quan
ttatnely changed but the blood flow nise was less abrupt after atropine 1t did not
begin when the sound commenced but when the treadmull started and was gradual
Iy built up dunng the exercise period

The conditional reflex response (B 2) was changed after atropine The blood flow
mcreased only 25 per cent and the reduction mn the penipheral resistance value was 9
per cent No rachycardia was seen but the artenal pressure increased shghtly more
than before atropine This suggests that the main part of the vasodilatation seen be
fore atmplne m response to the conditional stimulus was caused by activation of

nerves

ln order to confirm that the vasodilatation was not merely a part of a general
alerting reaction differentiation expeniments were made Four dogs were tramed to
run at two different speeds following two different signals The speeds were chosen
so that one was almost maximal for the dog and the other moderate The differen
tiation program twas started at least two weeks before the operation

In Fig 4 one such expeniment 1s shown In A the responses to the two conditional
stumuh before atropine can be seen In response to 2000 cps (1} associated with the
moderate exercise a small artenal pressure rise and a blood flow mcrease from 92
to 200 ml/min was observed The penpheral resistance decreased from 15 to 071
The sound 250 cps (2) assoctated with the heavy exercise was followed by a small
nse tn artenal pressure and a blood flow mcrease from 95 tn 240 mlfmin The ve



64 PER BOLME AND JOZEF NOVOTAY

A B8
RESISTANCE (veprar)  1sam 15 ast , fros,

HEART beatsinin 120
RATE b
BLOOD mmhod ¥
PRESSURE 100)

BLOOD mi/min 34 ‘

“ou,

_«l

I
i1
M

FLPW 2 :

A ILIACA EXT DX o m l

TIME 1 MIN o o

SIGNAL -=- < =t
2

Fig_4 Dog 10 kg Conditional reflexes to exercise on treadmull Differentiation
1 Sound (2500 cps) conditioned to 30 m/min

2 Sound (250 cps) conditioned to 80 m/min

3 Atropine 02 mgl/kg 12

npheral resistance value decreased from 15 to 0 61 Thus the conditional vasodilata-
tion was most pronounced 1n response to the 250 cps signal, conditioned to the
heavier exercise In this experiment the effects on the heart rate caused by the signals
were small or absent probably due to the very high resung heart frequency After
T (3) the vasodil following the conditional stimuli were very much
reduced In respone to the 2500 ¢ps signal only a 20 per cent blood flow increase was
seen and the penipheral resistance decreased less than 20 per cent The 250 cps signal
led to a 45 per cent blood flow increase and the peripheral resistance decreased about
20 per cent The effects on the artenal pressure following the signals were nnt
d hed by : If anything the blood pressure nses were shghtly gretter
after atropine than before probably as a result of the reduced 1asodilatation 1n
and splanch

skeletal muscle together with a v meg
svessels

Discussion
Studying cardiac conditional reflexes 1n the dog Gantt (1960) reported that the
heart rate was vers labile and was changed more by emotional stumuls than by motor
actvaty We found that also the resing hind hmb blood flow changed consideribly
inder the influence of rather small emvironmental changes ¢ g a person entenng
e toom or the dr pping of a pencil on to the floor In the same way, Abrahams
Hilten and Zbrozsvna  1964) obsenved 1n cats that muscle vasodilatation was casily
€hc t d by natural  muli This fact made 1t necessary for us to perform this study
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with the dogs in a completely sound proof condittoning chamber 1n order to get as
umform and comparable responses as possible However, despite this precaution the
basal conditions 1n the same dog changed from tune to tme even durning the same
expenmental period and the response 1o an 1dentical stmulus therefore differed The
reasons for these differences 1n reactinity were neter obvious As a consequence of
this, 1n the differentiation expenments we have tned to make “pared observations™
¢ compared the responses to the different conditional sumul, given 1n a random
order and within a short time nterval when the basal conditions were considered to
be as near 1dentical as possible

Activation of the sympathetic chol vasodil nenes app to be 2 part
i the reflex fol an unspectfic sound stimulus The hind Limb blood
flow could increase at least two-fold 1n response to the sound Most of this vasodilata
10n was abohshed by atropine 1a Oc: lly there g d, even after atrop

a blood flow increase which could further be reduced by propranolol 1.a if gwven sn
doses high enough to recirculate and block the heart responses However, smaller
doses of propranolol, although sufficient for g receptor blockade mn the hind leg, did
not miluence the blood flow mncrease This suggests that the hind himb blood flow
crease 1 the reflex, and probably also n the d: ) reflex, was due
primanly to the actnation of sympath h d nerves and that an
mcreased cardiac output, not measured 10 our s\ud), also contnbuted to the effect
An mcreased cardiac output mught well have bccn caused by activation of the same
CNS ponsible for the sympatt il 1n the hind
lmb Rosen (1961) showed that the contracule force of the heart increased followmg
1 of the hypothal dil nervous outflow Moreoter, Andersson
and Brown (1967) and Folkow ¢t al (1968) have reported an increased cardiac
output m dog and cat followmg stimul of the sympathetic vasodil, outflow in
the hypothalamus
In the prcsent sludy the blood flow through the external iliac artery was wmeasured
The asodil. nenves are dered to rvate only the
vessels of the skeletal muscles (Uvnas 1960), and the external shac artery supplies
blood to areas other than muscular tissue Bolme ef al {1967) reported no difference
1 the type of blood flow response when the vasodilator nenves were activated 1n the
pothal between exp with intact or skinned hind limbs However
quantitatine differences were observed ndicating that if the blood flow rise n the
intact und bmb was 60-—70 per cent, the true muscle blood flow 1ncrease was 100—
150 per cent This would mean that 1n our study the blood flow tncreases to the hind
brub muscles were under estimated since they were measured as iliac blood flow
rises
The condittonal reflex blood flow response could be graded with either type of un
conditional stmulus used The response to the skin stimulation may support the
hypothests of Abrahams Hilton and Zbrofyna (1960, 196-}) that the sympathetic

cholinergic nerve fibres are activated to produce card: m the
defence reaction The exf with graded d ! reflex resp to dif
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ferent speeds on the treadmill show that the sympathetic vasodilator nenves are also
actnated to produce vasodil m where the emotional involsement 15
not prominent The blood flow nise preparatory to exercise can hardly be considered
as just a part of an emotional alerting reaction The fact that the sasodilatation was
more 1ntense 1n response to the sound indicating vigorous exercise than to that i
dicating moderate work lead us to believe that the vasodilator nerves were activated
to prepare the ammal for the exercise Recently, Hilton (1968) has =xpressed 2 sumt
lar opmion cl g that the card ular events prep y to exercise, anclud
g actisation of the vasodilator nerves n skeletal muscles, can be ehcited 1n
dependently of the defence reaction
The sympatt il p bly of importance just for short periods
of tme preparatory to exercise Afler the work has started metabolic vasodilator
factors probably take over the regulation of the muscle blood supply One indication
that actination of the sympathetic vasodilator nerves 1s not of mmportance during
exercise 15 the finding that the blood flow increase to the sheletal muscles dunng
exercise was not reduced when the sasodilator nervous response was blocked by
atropme Furthermore, Hirvonen and Sonnenschem (1962) found in the cat the
contractile force of the muscle 1n response to motor nenve stimulation to be the same
whether the sympath dsk: nenves were 1 d or not
The questuon stll remamns whether or not sympathetic vasodilator nerves are
required to produce an adequate increase of skeletal muscle blood flow prior to
work or 1n response to emotional stimuli Smith and Stebbins (1965) could, as
a conditional reflex to an electneal cutaneous shock, mcrease the heart rate and
the blood flow 1n the abd, 1 aorta of k d g that il took
place 1n the hind imb skeletal muscles They did not study the influence of atropine
on this resp but ding to yet unpublished data (Bolme, Novotny, Uwnas and
W right, to be published) the skeletal muscle vessels of the monkey are not innenated
pathetic eholinergic i} nerves For this reason the vasodilatation ob-
scrvcd by Smith and Stebbins (1965) was probably caused by h other
than the sympathetic vasodilator neres ¢ g an increased arterial pressure and a
release of adrenaline from the adrenals
The present study has thus shown that 1n the dog cholinergic svmpathetic saso-
dilator nenves of the hind limb muscles are activated as a conditional reflex to exercise
and 1 1 stunul This d 1 reflex +asndil; may ap-
parently occur 1n a vanety of situations as a response to sumuls of different types
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The Firing Pattern of Dorsal
Spinocerebellar Tract Neurones during Inhibition
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Ab.

Jansen, J K 8, K Nicowavsew and L Watwoe The firing pattern of dorsal spmo-
bellar tract neurones during inhib Acta phystol scand 1969 77 68—
84

Dorsal spinocerchellar tract neurones adequately actisated by Ia afferents from the tibiahas
antenior (TA) estensor digitorum longus (FDI ) or flexor digitorum longus (FDI ) muscles
are regularly mhibited by group I afferents from the gastrocnemuws soleus (GS) nemve The
the dumunn of GS nene sttmulaton Durmg inhibiven
the xrregulanly of linng may be h: d Jy reduced the sepial
dependency between neighbouring lmer\als may be unchanged or reduced The inlibreony
1nput usually caused a constant reduction st firing frequency at sartous levels of excitaton
drive or occasionally a greater reduction at Ingher levels of excitatory dnve The latter effect
was associated with increased regulanty of firtng and reduced sertal dependency Comparible
mhitatory effects were obtained by of the 1 somato sensory
cortex It 1s suggested that the mlubuory effects can be accounted for by post synaptic 10
tubitory mechanisms

Certamn features of the transfer signals through the Clarkes column relay of the
dorsal spinocerebellar tract (DSCT) can be explained i terms of a simple modt! of
the second arder neuronce (Walloe 1968 Jansen and Walloe 1968) This applies to
the discharge pattern of the second order neurones adequately acthated through
thaar pnmary afferent fibres Some of the predictions of the model such as the sie
of the unitary EPSPs and the degree of convergence of primary afferent fibres on 0
each second order neurone have been supported by direet record of the synapue ¢
tinaty of Clarke column cells (Fide et al 1969b)

The DSCT neurunes abso recenve inhibitory mputs from primary affercnt fibres
(Holmguist Tundberg and Oscarsson 1936 Eccles Osearsson and Wilhs 1961
Hongo and Okada 1967 The excitatory coupling of the DSCT rdlay 15 known to be
highly speaific 1 the sense that 4 given second order neurone 13 activrted only from

parucular muscle Some of the inhibitory anput 1s supplicd by group 1 afferent
f1 from museles nv t directly connected to the second order neurone (Hongo wnd
()] 1967 Jansen Ntcolavsen and Wallae 19674
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Two types of mhibitory mechamsms have been seported to act at the Clarke
column svnapses The one 1s the traditional postsynaptic mhibition presumably
mediated via one interneurone (Eccles ¢t al 1961, Hongo and Okada 1967) The
second 15 a presynaptic inhibition on which the evidence 15 less direct Tt consists of
reduction 1 the size of DSCT volleys and excitability changes of the pnman af
ferent termunals following smtable condiioning (Eccles, Schamdt and Wallis 1963,
Jankowska Jukes and Lund 1965) and of the pharmacological properties of the in-
hbitory effect (Jankowsha, Jukes and Lund 1964)

‘The purpose of the present expermments was to study the mteraction of exaitation
and inhibition on the finng pattern of DSCT neurones Controlled excitation of
these was convernently obtained by muscle stretch Prelimmary studies (Jansen et af
1967) suggested that ihibitory effects could regularly be obtained from GS group T
afferents acting on signals from stretch receptors of FDL or prenbial flexors Our
main expenment has therefore been to study the effect of a constant amount of -
hibition {obtained by repetitine, electrical stimulation of group I GS afferents) on
TA EDL or FDL second order neurones under varying wmount of exenziory dnve
The results can be mnterpreted on the basis of the ewsting model of sunaptic excita
uon of the DSCT second order neurone

Methods
The o - - = . . . = was denenated
. . . us (EDL) and
. . uld be attached
. . . nerve was cut
- . determined 1n

- . . The 1psilateral

\en‘tral roots L A} L VII and S I were alwavs cut The actmity of single DSCT axons was

NS i < 2 2 ded

. * hods

the

- The

duration of the snhibitory stimulus was hmited to approuimately 10 sec Consequently the

mumber of finng interals 1n these perods might be too small to determme the seral corre

lation coefficient reliably To get a measure of the first order serial dependency we have in

stead used the linear regression line descnbing the relatonship between the durauon of one
interval and the average durat on of the following mteral (sce Jansen et ol 1966)

e slope of this regression line depends on the first order dependency between intenals
There 15 however no umque relation between this slope and the first order senal corretauon
coefficient but 1 view of the umform behaviour of this sreup of DSCT neurones (Jansen
et al 1966) 1t 1s constdered sufficiently accurate for the present purposes

Results
Dauring the experiments to be reported the dorsolateral fumele of the spinal cord was
explored by a micropipette to find axons of DSCT neurones monosyaaptically ac
tinated by group I afferents from TA EDL or FDL and also actnated by stretch of
the appropnate muscle Once a umt was identified accarding to critena previously
descnibed (Jansen and Rudjord 1963) the effect of repetitive stimulation of the GS
nere was In some prel. y expernm the mhibitory effect of dif-
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ferent frequencies of nerve stimulation was determined No certam reduction in
firng frequency was found for stmulus rates of less than 10 sec ! At higher rates the
hibitory effect d Iy Linearly up to frequencies of about 120
sec? Beyond this rate the mhxbnory effect was only shghtly increased Since the
purpose of the present expenments was to study the effect of mhibition on the firing
pattern of the the frequency of 1 was ly kept at 100 sec,
and the shock intensity was maximal for group I afferent fibres 1n the following ex
penments If there was noticeable reduction 1n firing frequency during GS nerve
1 the finng frequency of the unit was changed by sarying the degree of
static stretch of the appropniate muscle and the effect of the same hibitory stimulus
was determined at the various levels of excitatory drnve

GS inhibition of TA—EDL Ia in umits Most of our material consists of DSCT units
activated from primary endings of the TA and EDL muscies Such umts are usually
inhibited by group I afferent volieys 1 the GS nerve (Jansen et of 1967) In the
present senes of expenments the effect of group I GS stimalation was examined on
18 TA—EDL Ia umts and the finng frequency was perceptibly reduced i 16 of
them Seven of these were studied at a reasonable number of different states and for
a sufficient period of time 1o permit a systematic descripnon The data from these
seven units constitute most of the matersal on which the following account 1s based
Supporting data were obtained from the other units

A charactenstic example of the effect 15 presented 1 Fig 1 Record A shows the
umt finng without any load on the tendon This background firing was often quite
regular and at a rate of about 10 1mp sec ! The cell was silenced immediately by
GS nerve sumulation at 100 sec ! and the ninbition persisted throughout the penod
of sumulation Just after the mhibition there was usually a transient rebound 1n
crease 1n finng frequency With a 50 g load on the TA tendon (Fig 1B) the finng
frequency of the unit mncreased to about 40 1mp sec ' The inhibrtory stimulus again
reduced the finng frequency The reduction was great smially and recovered partly

1n the following penod But the mhib was clearly d throughout the &
sec of inhit Toll the time course of the inhibstion the finng
frequency of the same umt with a 200 g load on the TA xcndon has been p!om-d n
Fig 1C Dunng the inhibitory lus the firing freq

and recovered partly dunng the first few sec Thereafter the mhlbnory effect re
mained approumately constant and the finng frequency of the cell stayed betwcen
50 and 55 1mp sec ! ull the end of the inhibitson

‘The tntubition illustrated 1n Fig 1 was due to activation of group 1 afferent fibres
of the GS n*ne This was controlled by dorsal root records of the afferent volley
The inhibition mught be present at shock ntensities as low as 120 per cent of group 1
hreshold The inhibitory effect d with g shock strength nll all group
[ fibres were act sated Group I maximal shocks were routinely emploved in the fol
' ing experuner t

Ihe important bsenvation of Fig 1 from the point of view of finng pattern of the
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Fig | Effert of repetitna (iN0/sec) GS vene tumalation on T2 DYCT neuron actnated by
stretch of TA Intensity of nerve sumulation Just below group 1 mzumum. A e load on
TA B 50 k load on TA tendon 7 sec cut out in the middle of record G, Flot of finng
frequeney aganst tyve of same unit dunng GS mhibion 200 g load on TA tendon

cells 35 that the ynhibition 15 maumtained and giies nze to an a,
The

pproamately steady
state finng after the mtal f ! d

p of the
finng pattern requires steady state penods to be meanmngful Therefore, the first sec
of the wanment alter the omser of 1t was excluded and tatesval distarb

and seral dependency of the rest of the spike wams was drtermuned The small drdt
which commonly was present also tn the late penod of whibition was ignared, since

1t will not have any significant anfluence on the following rather crude statstical
descriphion

The ditribution of mterials On adequate evcitation the DSCT ume usually
gemerate wmodzt and farly symmetne mterval distnbunons {Jansen et af 3956y
Dunng steady state mhibition most wats stll generated the same type of hustograms
as long as their mean firng frequency remamed above 1020 ump sec* This &
shwstrated m Fag 2 With 2 50 g Ioad on the 'TA tendon the mean interval was 136
msec and the distnbution symmetncal (Fig 24} Dunng GS stimulation with the
sae Joad the mean interval increased 1o 26 2 msec but the disinbution retaned its
general shape (Fig 2B) Forc the snserval distnb brawned with a 20
¢ load on the tendon 1s shawn 10 © The mean mierval was now 29 9 msec, rather
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ferent frequencies of nerve stimulation was determmed No certain 1eduction 1
finng frequency was found for stimulus mtes of less than 10 sec ? At higher rates the
hibitory effect d y Iinearly up to frequencies of about 120
sec! Beyond this rate the mhlbuozy eff:ct was only shightly increased Since the
purpose of the present expenments was to study the effect of inhibition on the finng
pattern of the the frequency of I was ly kept at 100 sec ?,
and the shock intensity was maximal for group I afferent fibres in the following ex
periments If there was noticeable reduction n finng frequency during GS nene
l: the finng freq of the umit was changed by varying the degree of
static stretch of the appropriate muscle and the effect of the same inhibitory stunulus
was determined at the vanous levels of excitatory drne

GS inhibition of TA—EDL Ia in units Most of our matenal consists of DSCT umts
actnated from primary endings of the TA and EDL muscles Such umts are usually
inhubited by group I afferent volleys in the GS nenve (Jrnsen et al 1967) In the
present sences of expersments the effect of group I GS stimulation was examined on
18 TA—EDL Ia units and the firing frequency was perceptibly reduced i 16 of
them Seven of these were studied at a reasonable number of different states and for
a sufficient pertod of time to permut a systematic descrrption The data from these
seven umts constitute most of the matenal on which the following account 1s based
Supporting data were obtained from the other umts

A charactenstic example of the effect 1s presented tn Fig 1 Record A shows the
umt firing without any load on the tendon This background firing was often quite
regular and at a rate of about 10 1mp sec ! The cell was silenced 1mmediately by
GS nerve stmulation at 100 sec !, and the inhibition persisted throughout the period
of stmulation Just after the smhibition there was usuvally a transient rebound n
crease 1n finng frequency With a 50 g load on the TA tendon (Fig 1B) the fining
frequency of the umt increased to about 40 imp sec ! The snhibitory stimulus again
reduced the firing frequency The reduction was great imtially and recosered partly

1n the follo“mg pcnod But the inhib was clearly 1 throughout the &
sec of inhiby To Al the time course of the inhibrtion the finng
frequency of lhc same umt with a 200 g load on the TA tendon has been plotted 1n
Fig 1C Dunng the inhibitory lus the finng fregq dropped diatel

and recosered partly duning the furst few sec Thereafter the mhibitory effect re
mained approximately constant and the finng frequency of the cell stayed between
50 and 55 1mp sec ! till the end of the inhibition

The mhibttion dlustrated in Fig 1 was due to activation of group I afferent fibses
of the GS nene This was controlled by dorsal root records of the afferent volley
The mhibition might be present at shock ntensities as low as 120 per cent of group 1
threshold The inhibitory effect increased with mcreasing shock strength ull all group
[ fibres were act vated Group I maximal shocks were routinely employed in the fol
I wing expenimer t

The important  hservation of Fig 1 from the poine of siew of finng pattern of the
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Fig 3 Distrbution of mtervals duning mamtained shibition A Control penod_ 50 g load on
TA tendon B as A durmg 100/sec, group 1 max G$ nene sumulation G Control period,
same unit, 150 g load on TA tendon D, as C dunng GS nene stmulation

two situations the unit 1s finng at approumately the same mean rate, m the one
subjected to excitatson only (Fig 3A) in the second to a mixed excitation and 1.
hibition (Fig 3D) Ths type of change was seen consistently for two of the seven
TA—EDL unts, but as will appezr from the followng section 1t 15 frequently found
to a smaller degree in the present materal

The wregulanty of finng The degree of iregulanty of finng 1s most convenmently
d by the coeff of {CV) which 15 the ratio between the
standard deviation (SD) and the mean interval of the sample Exposed only to 1ts
spectfic exaitatory mput the coefficent of vanation of DSCT cells 1s usually approxi-
mately constant over the entire frequency range (Walloe 1968) This is stmply dem
onstrated by a plot of the SD agatust the mean mterval This plot 1s well described
by a straight line During inhibation the observations would uswally obey the same
relationship This 15 sllustrated by the data from the umt presented in Fig 4A The
data from some of the other umts, however, suggested that the fiing pattern during
mhibition might be slightly less irregular than that of purely excitatory fintng For
one umit this was defimtely so, as Wustrated 1n Fig 4B In ths graph the points ob-
tained during mhibition are clearly located below the control values The reduction
n vanability was accompamed by a change of the interval distnibution of the type
illustrated in Fig 3C and D
In this type of presentation small systematic changes in CV might be obscured by
the random changes 1 vamability from trial to tnial The CV of all the mhibitory

—
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Fig 4 Scatter diagrams of standard deviations against mean intervals of interval distnbutions
during control periods (@) and during GS nene stimulation (100/sec, group 1 max) (Q) A
and B are data from two different umits

perods observed 1n the seven TA—LDL neurones has therefore been plotted agarnst
the CV of the immediately proceeding control period of purely exaitatory finng (Fig
5) It appears that in all but 5 of 34 inhibitory periods there was a shight to moderate
reduction in the GV The data from the umt of Fig 4B 1s presented with a scparate
symbol n Fig 5

Accordingly, the conclusion 1s reached that the irregulanty of finng of these DSCT
umits 15 usually shightly to moderately reduced by a steady state group I inhibitory
mnput

Serial dependency of rvals When subjected to a purely y input there 15
a strong negative senal dependency between neighb. ntervals (Jansen et al
ey,
0
m
.
" * Fig 5 Coefficient of vanation
.
w“ (C\’ _ §2)
A x
. during GS snhubition _(ordimate}
S plotted agminst the C\ of the
i a . immediately preceding  control
; period _(abscisa) Data from
e, seven DSCT la units actnated
‘. by TA stretch Pertods with mean
AT, frequencies of finng of less than
* K 20 smpfsec excluded + data
v " o o O from same unit as Fig 4B
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1966) Short and long 1ntervals tend to occur alternately This can be demonstrated
by the relationship between the durauon of neighbouring intervals, 1 e joint mnterval
histograms In the present work we have determined the average duration of nter
vals following intervals of a given duration, that 15 the average value of the con
ditional distnbution of ntervals (scc Methods) Jansen et al (1966) showed that
this mean value of the d was an app: y Linearly de-
creasing function of the duration of the conditoming interval and xha[ the slope of
the regression line was constant at all levels of excitanon (their Fig 10) This 1s due
to the fact that the degree of senal depend, 15 relatnely mdependent of the finng
frequency or the excitatory drive of the cell

When inlubition was added to the mput the senal dependency was still present
For some units the slope of the regression line was unchanged or only shghtly reduced
indicating that the degree of sertal dependency was sumilar (Fig 6A) as long as the
cell was finng at a reasonable frequency (20 to 60 1imp sec ! was the range actually
obsenned) For other units the nummencal value of the slope of the regression was
defimtely reduced (Fig 6B) indicating a decreased senal dependency All our ob-
servations on TA—EDL unuts are presented m Fig 7 which 1s a scatter diagram of
the slope constant of the regression line during inhibion (ordinate) against that of
the immediately preceding control period There appears to be different degrees of

e~
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L Fig_7 Slope constants obta ned as sllustrated
i Fig 6 duning antibation (ordinate) plotted
a“ aganst the correspending slope constant of the
inmediately preceding control period (abscissa)
Data with smean frequencies of hring Jess than
L] o o8 9% 30 1mp/sec has been excladed Data from dif
1* ferent umts have been given separate symiols

reduction of the slope constant To show that cach unit tendad to behave systeman
cally they have been given separate symbols One group of three units showed
no or shght reduction in slope constant (circles) The other unuts regularly exhibated
sarying degrees of reduced slope constant dusing inhibition Spike trams with mean
frequencies of less than 30 1mp sec ! have been excluded from the matenal

The matn finding of this section 1s that DSCT unuts could fire with approximatedy
the same degree of serral dependency during inhibition but that the senal dependency
was frequently reduced Furthermore the units with decreased dependency were the
ones cxhibiting the most pronounced changes 1in the shape of the interval distribn
tions 1n the direction of mncreased regulanity of finng For instance the data from
the umit sllustrated 1n Fig 3 are represunted by x and thase of Tig 4B by filled
tnangles 1n Fig 7 The umt of Fig 2 and 4A on the other fiand s represented by
the open aircles of Tig 7

Inlubttion as a function of the excitatory drize "The dfficiency of the inhsinuon
was measured as the reduction tn average frequency in the steady state pertod  The
results are saost comvensently presented as diagrams of the frequency of finng duning
nhibation aganst frequency of finng an the control period with the same exeitatony
drve on the cell (Fig 8) Since there was 1lways a slow reduction m finng frequency
duning prolonged excitation the exataton frequency of finng 1 gnen as the mon
of the finng frequencies mn the pertsd before and after the miubitory perod Ths
mampulation did not mtroduce amv qualitatne changes in the roults 1f the whilx
tory tnput had no effret the data in digraims hke those of Tig 8 would Le on the
Lioe through the ongin with 1 slope of umity This Iine has been drawn on the plots
¢ dlustrate the miubien effecs Tt appears that the dsersations are renonatly

¢! Jesenbed by hncsr regression lines This apphes to all the 7 DSCT umts

N ed The corrdlats nocodflicient was as logh as 099 for all units s means
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that the observations can be adequately descnbed by a stmple equation of the fol
lowing type

Fi~a Fo+b

The value of the constant b gies the imntercept with F; aws, and 1t had values be
tween —4 8 and —27 7 1mp sec ! for the seven umits Of greater interest 1s perhaps
the value of a which gives the slope of the regression kne The two unuts of Fig 8
were selected to illustrate the extreme values of a, which ranged from 11 (Fig 8A)
to 084 (Fig 8B) Accordingly, a constant arount of mthibitton can cause constant
reduction in finng frequency of the DSCT cells over a reasonable frequency range,
or it can have an effect with freq y of finng It should be
pomted out that there was no simple relationship between the values of the two
constants a and b in the present himited matenal There was for instance no sugges
tion that a more powerful mhibition giving a large value of b was associated with a
small value of the slope constant 2

However, comparning the values of the slope constant with the effect of the in
hibition on the varability, histogram shape and sertal dependency a sigmificant cor
relation appears to be present even in the present small matenal The umts with
small values of the slope constant were the ones with a reduced vanability and a

d senal d durng inhit The umt of Fig 8B 15 the umt 1l

lustrating mcreased regulanty 1n Fig 3 and decreased senal dependency m Fig 7
(x) Sumilarly the unt Mlustrating increased regulanty m Fig 4B had a slope constant
of 088 The unit of Fig 84 on the other hand retamed 1ts firing pattern duning m
hibion (Figs 2, 4A and 70) Accordingly the reduced vanability the reduced
senal dependency and slope constants less than one appear to be a consequence of
the same 1nhibitory mechamsm
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- ferent umits have been gnen separate symhols

reduction of the slope constant To show that each umt tended to behave systeman
cally they have been given separate symbols One group of three umits showed
no or shght reduction 1 slope constant {eicles) The other umts regularly exhibited
varying degrees of reduced slope constant during inhibition Spike trains with mean
frequencies of less than 30 1mp sec ! have been excluded from the matenal

The main finding of ths section 1s that DSCT umts could fire with approximately
the same degree of senal dependency dunng mhibition but that the serial dependency
was frequently reduced Furthermore the units with decreased dependency were the
ones exhibiting the most pr 1 changes in the shape of the interval distnibu
tions 1n the dircction of increased regulanty of finng For instance the data from
the umit illustrated 1n Fig 3 are represented by x, and those of Fig 4B by filled
triangles 1n Fig 7 The umt of Fig 2 and 4A on the other hand 1s represented by
the open circles of Fig 7

Inhtbition as @ function of the excuatory drie The efficiency of the mhibimon
was measured as the reduction n average frequency 1n the steady state period The
results are 1nost comvemently presented as diagrams of the frequency of finng during
infubition agamst frequency of finng in the controf period with the same excitatory
dmve on the cell (Fig 8) Since there was alw1ys a slow reduction in finng frequency
during prolonged exaitation the excaitatory frequency of finng 1s gnen as the mean
of the finng frequencies 1 the period before and after the mhibitory period This
manipulation did not introdyce any qualtatne changes i the results If the inhibi
tory wnput had no effcct the data in diagrams like thowe of Fig 8 would hie on the
1~ throueh the origin with a slope of unitv This line has been drawn on the plots
t  listrate the mbitony effects Tt appears that the obsenations are reasomibly
ienbed by lincar regression hines This applies to all the 7 DSCT umits

-~
d The corrclst n coefficient was as high as 099 for all units Thes meins

K
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Fig 10 Companson of effects of
corneal nhibiwon o and GS 1n
hibition + Data from same umit s
as Fig 9 Same type of plot as

Fig 8 Slopes of least square
Lnear regression lines, 0.96 for
cortical inhibition, 093 for GS . ’Y ™
whibition

on certamn ob onnhib observed 1 the DSCT Ia

units

Stimulation of post cruciate gyrus Hongo and Olada (1967) reported IPSP's in
group Ta activated Clarke’s column neurones following stimulation of the post
cruciate gvrus of the cat. The cortical mhut was mediated by p dal tract
fibres, and apparentlv caused only by post-synaptic hibitory mechansms To pen
pheral nerve stumulation on the other hand, they ob d evidy for p T
as well as postsynaptic inhibitory effects Ve, therefore, found st of interest to com
pare the finng pattern during cortical nhibition with that eherted from group I
afferents of peripheral nenves

In agreement with Hongo and Okada (1967) the cortical inhibition appeared to
be most eastly eliaited from the medial region of the post-cruciate gyrus, and this
was the sumulation site n the following expenments The cortex was stimulated
repetssely at a rate of 100 sec ! The pulse duration was usnally 1 msec and the
threshold intensity was about I mA In search for inhibitors effects the shock 1n-
tensity was increased up to 3 mA These are stimulus parameters of the same order of
magntude as those employed for nstance by Hearn et al (1962) 1n order to actwvate

dal tract A defimte red n finng freq was seen for all

of the 13 fa DSCT umts examined 1n this wav Examples of the effect are presented
m Fig 9 The cortical inhibition appears to be similar to that elicited from the GS
nene, as illustrated 1in Fig 2 Particularly important s the finding that the cortical

hib 15 d after an 1mtial hoot througheut the period of
stumulation (Fig 9) Accordingly the finng pattern dunng cortical mtibition can be
statistically described 1n the steadv state penod

The effect of a constant cortical inhshition at vanous levels of excitatory dnve 1s
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Fig 11 Interval distnbutions during cortical inhibetion (B) and GS intubiion (C) A In
terval distrsbution of control perod immediately preceding B N, N and SD as m Fig 2

sllustrated 1n Fig 10, 1n a diagram hke that of Fig 8 1t appears that the reduction
in finng frequency was shghtly greater at higher frequencies of finng The slope
constant of the best fitting regression line was 096 The effect of group I GS nene
stimulation 1s shown 1n the same diagram from companson In ths cell the GS i
hibition was shghtly less effective than that elictited from the cerebral cortex The
slope constant of the GS inhibition was 093, very nearly the same as that of the
cortical inhibition

The distnbution of 1ntervals might also be similar duning costical and penpheral
mhbitort This 1s illustrated 1n Fig 11 The histogram obtaned during the control
penod was as usual unimodal and fairly symmetnic During cortical sttmulation the
finng frequency was reduced from 56 1 to 376 imp sec ! but the distribution of
intervals was still of the same shape For companison the interval histogram obtamned
duning GS nerve stimulation 1s shown m Fig 11C 1t 15 indistinguishable from that
obtained during cortcal inhibition

The degree of uregulanty of fing mught also be simiar dunog cortical and pe-
npheral Ta mhibition In Fig 12 the data from one umit 15 presented 1n a scatter
diagram like that of Fig 5 The vanation 1n GV was somewhat greater than usual

CVI .
X3 A
%
/
-
. -
s +
03 . +
.
+
Fig 12 Coefficient of vanation of intemal distribu
nons dunng cortical intphiton @ and GS nhutt
€1 ton + (ordinate) plotted aganst the coefficient of
c2 01 o ey vanation of smmediately preceding control penods
3 (abscissa) Data from same unit as Fig
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Fig 13 A Mean duration of conditional mtenal distnbutions (ordinate) plotted agamnst the
duration of precoding ntenval (abscissa) as 1 Fig 6 Group nizes of preceding mtenals 32
duratien of pregoding nt et d jroup sues fing wenal 3

as A Peniods with fing frequencies of Jess than 25 imp/sec have been excluded

for this unit, but 1t appears that there was rather Little difference between the CV of
the control penod and that dunng nhibition, and secondly that the data from
cortical and penpheral inhibition are located in the same area of the diagram
Turming finally to the effect of corucal inhibition on the senal dependency be-
tween neighbouning 1ntervals the data from the umit of Fig 10 and 12 are presented
m Fig 13 Part A of this Fig 1s a plot of the tvpe already employed in Fig 6 It gives
the average duration of conditional intervals (ordmate) as a function of the pre
ceding internal The frequency of finng 1n the cantrol penod was 36 1 impsec ' The
regression hne then had a slope constant of —0 44 (filled citcles) Durmg cortical
mhtbition the mean frequency was reduced to 37 5 imp sec ! and the slope constant
of the regression lime was —0 58 (open circles) The thard group of data in Fig 144
(crosses) was obtained during GS mhibition of the same cell Dunng the GS inhiby
ton the frequency of finng was 43 3 mmp sec ! and this was a reduction of 13 1mp sec
from the preceding control penod The slope constant of the conditonal mean -
tervals was 0 47 duning the inhibiion These three values of the slope constant were

Ty
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all within the range of vanaton of this particular cell All the data from ths cell are
presented 1n the diagram of Fig 13B This 15 a plot of the slope constant of the
conditional mean intenvals dunng mhibiton (ordinate) against the same slope
constant dunng the ymmediately preceding control period The values might be
somew hat greater or smaller than the control values, but this 1s probably not signifi
cant The important finding 1s that the salues obtamed durning cortical and penpheral
inhubinion are distnbuted over the same area of the graph Accordingly the seral

depend may remam By unchanged durnng cortical as well as duning GS
Ia nhiition

Discussion
As ed 1n the Introd: presynaptic as well as postsynaptic inhibitory

mechanisms have been descibed operating on the Clarke s column synaptic transfer
(Eccles et al 1963, Hongo and Okada 1967) It we accept our earhier analysis and
sumphified model of the excrtatory synaptic couphng of the Clarkes column relay
(Jansen and Walloe 1968 Walloe 1968) predictions can be made about the probable
effects of the vanous types of inhsbitory mechamsms on the finng pattern of these
neurones Let us consider three different situations with a constant amount of 1n
hibition acting on neurenes at different levels of exentatory drne The first and the
simplest 15 that of presvnapuc hibition This will cause only a reduced size of
EPSPs generated by cach of the primary afferent fibres With no nput to the second
order neurone the inhibition will have no effect and the reduction 1n excrtation will
increase directly with the intensity of the afferent input Accordingly one expects 2
reduced slope in the F ~F, diagrams {¢f Walloe 1968) In addition the presynaptic
mechanism should reduce the irregulanty of finng since this 1s primaniy determined
by the size of the unitary EPSPs The third predicted effect of presynapuc inhibition
1s a reduced senal dependency between the duration of neighbourng mtenals This
15 because the senial dependency appears to be due mainly to the particular pattern
of actvats 1 the input fibres of the DSCT cells (Walloe 1968) and with reduced
amphitudes of the EPSPs this effect would be less pronounced This particular group
of effects was indeed found for some of the cells of the present matersal Bat 1t should
be pointed out that some of the inhibitory effects that were found can not easilv be
explamned by a pressnapuc mechanism This applies particularly to the mhibition of
the bachgrund finng which was a regular finding in the present matenal

Consider next a postsynaptic inhibition which acts by hyperpolanzing the second
order neurones without any concommtant shunting of the exeitatory syrapuc currents
Exde ef al (19692 found a hinear relationship between the finng frequency and the
transmembrane current for Clarke column neurone over a wide rance of frequencies
They also found an alzebraical summauon of excitatory ssnaptic and njected mem
brane currents  Accordingly a steady hyperpolanzing inhibiton which 1 caused by a

¢ady inward membrane current 1n the soma will cause a constant reduction in the
finng frequency over the eotire range and thus gne F ~F, diagrams with a slope

~
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of one Furthermore since the soma conductance 15 unchanged by the mbubiton the
size of the EPSPs wall be unchanged Therefore, one would not expect appreciable
changes 1n the finng pattern of the neumncs
Consider finalh 2 p b which acts pred: 1y by sh

the exataton sviaptic currents The quantity of c\cxtalor\ current lo<x’ by the
shunting would mcrease directly with the excitatory dnve and mive F,~F, diagrams
with reduced slopes At the <ame ume the size of the EPSPs will be reduced with
consequences on the finng pattern as outhred for the presynapuc nubinon In ad
diton to these effects which presumabls might be ven stmilar to those of the pre

synaptic hib with will alo bt the back
ground finng of lhe ccl]s

Returming now to the obsenations presented 1n the Result section 3t appears that
the sigmificant finding 15 that the DSCT examuned exhibited a

spectrum of behaviour At the one extreme there are the umits without appreciable
changes m the mtenal-distribution and the <emal dependency betueen mtervals
These umts had slopes cloce to one 1n the F,~F, dugrams. The other extreme 1s
represented by umts with marked reduction in the srregulant of fining and a reduced
seral dependency  This was associated with slopes sigmificanthy smaller than one 1n
the F;~F, diagrams Intermediate tspes of behaviour were alko observed

From aur discussion above two types of snterpretation appear to be posuble The
one 15 that the snhibition was caused by a mixture of pre and postsynaptic ihibition
m vanable proportions on the vanous umits Alternatnely the inhibition mav be
purefy postsynaptic with a vanable degree of shunting of the excitatory currents
With the available matenal these two passibilities can probably not be disunguished
But on the principle of accepting the simplest model at least as a working hvpothesis
we tend to favour the second explanation This 15 supported by the regular mhib
non also of the background finng Secondh the constant occurrence of a rebound
increase m finng rate after the inhibition 15 a pont i favour of a postswnapuc
mechanism The symlanty between the mhibitory effect of GS group I input and the
cortical stimulation pownts in the same direction s mennoned Hongo and Ohada
(1967) found no evidence of a presynapuc inhibitory component efter cortical stim
ulation A postsynap hib causing different degrees of s} of excitatory
currents 1s also easihy visualized morphologically An inhibitons synaptic mmput distn
buted over vamable distances along the dendnites might well exhibit the desired
properttes It has been demonstrated by Szentagothar and Albert (1933} that the

pnmarsy afferent excitatory input of these neurones 1 located proumalh on the
dendnites

Finally some of the observations may be worth considenne 1n a more extensive
context The high degree of lneanty of the F ~F, diagrams indicates that the
lmeanty of the svnapuic transfer in the Clathe column relay  Jansen ¢t al 1966) s
maintained also duning a comstant nhihitors mput The ongin of thy mhibition 1n
stretch receptors of a related muscle and its tonic nature mav alwo be significant The
content of the signal transmutted through this <ubdivision of the DF7T === b -
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garded as information on muscle length, and the observed mnhibition would in the
simplest case represent a constant bias on this signal so that the apparent length that
the cerebellum sees is reduced Similar considerations apply to the cortical inhibition
It 15 of interest that this is mediated by pyramidal tract fibres (Hongo and Okada
1967) which accordingly acquires a direct control over this mnput to the cerebellum

The Mr J R daksel 1s knowledged The work has been sup-
ported by grams rmm Nansenfondet
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The Effect of Aldosterone in vitro on the
Active Sodium Transport and Moulting of the Frog Skin
By
Roszert NietseN

Recenved 9 December 1968

Abstract

Niesen R The effect of aldosterone tn ratro on the actue sodum transport
and moulting of frog skin Acta phynol scand 1969 77 85—94

It 15 shown that aldosterone 1n concentrations higher than 15 10 ® M induces a moult in vitro
and that the moult 15 accompansed by characrensuc changes 1n the potential and the short
aircunt current The sequence of changes can be dnided nto four parts the fiest canstant period
the mnhibition penod the spontancous activation penod and the second constant period. At a

of 7 107\ the mhibtion starts 2—4 hrs and the activauon +—7
hrs after the addison Furthermore 1t has been shown that the short-cirewt current 1s higher 1n
the second coustant penod as compared to the control skin hall Dunng the spontaneous ac
tinvation penod the net sodium flux exceeds the short-carcuit current by 25 ®¢ The changes in
chlonde flux and sodum efflux during the moulting cycle were rather small Both the moult
and the activation of the short-circwit current were abolished by actinomyein D A hypothesis
which could explain the behauior during the moulting cycle and the actination of the sodwm
transport 1s gnen

The 1n vitro sumulation by aldosterone of the <odium transport m the toad bladder
1s well established (Crabbe 1961 Porter and Edelman 1964 Sharp and Leaf 1964)
The stimulation which occurs after a latent pertod of 40—90 min 15 charactenzed
by a gradual increase 1n the short circuit current It has been shown that this stunu
lation 15 dependent upon protein synthesis (Fanesul and Edelman 196t} The action
of aldostercne on the sodim transport of the frog skin has not been so fully m
vestigated Crabbe (1964) deseribed expenments 1 which the shins of Rana nidt
bunda and Rana esculenta were bathed on the outside with Ringer s solution con
taning choline instead of sodium After 3 hrs incubation with 10 +\{ d aldosterone
on the inner side of the shin the choline Ringer s solution was replaced by normal
Ringer s solution An mcreased short cireurt current was observed 1n the aldosterone
treated skins as compared to the control skins

Crabbe and De VWeer (1964) have shown that the injection of aldosterone 1t
Bufo marnus resulted 1n a stmulation of the actne sodium transport across the
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solated bladder and shin Jorgensen and Larsen (1964) and Stefano and Donow
(196%) have shown “Extirpation of the pars distalis of the hypophysis inhibits
shedding whereas the formation of new sloughs continues at an nereased rate \
slough was most often found to form within 2 or 3 days after the operation The
premature formation of a slough after hypophysectomy could be further accelerated
by mnjection of ACTH or corticosteroids (aldosterone) about 18 hrs, or a little more
after the operation After such mnjections a complete molt could be produced within
about 6—9 hours” The present experiments show that aldosterone added to the
polated frog skin produces a moult and a stimulation of the active sodium transport

Materials and methods

The expensments were performed on male and female frogs (Rana temporarsa) The frocs
were kept partially immersed in tap water at about 4° The skin was dissected from puched
ammals and divided 1n two symmetrical halves one of which was used as a control and the
other for -

Ringer's - . . .

The shor - - -
(19513, . -

rent ever - . . .
chambers were used one with an area of 7 em?, the other with an arca of 56 ¢cm? The
56 em? chamber was open to the exterior so that 1t was possible to have access to the outside
of the skin which was supported on a nylon mesh (Andersen and Zershn 1963) Radio-
nuchdes used were chlonde 36, sodum 22 and <odium 24 Sodium 22 and sodum 24 were
counted with a § and the chloride 36 with a Packard
hquid sentillation spectrometer using a naphthalene diovane solution as scinullator The
aldosterone {Aldocorien Ciba) was added to both sides of the skin unless otherwise stated

Result

The effect of aldosterone on the short cireust current and potential wn the frog shin
Fig 1A shows a typical result of adding 7 10 7 M aldosterone to the medium bath
ing the frog shin while fig 1B shows the corresponding control The graphs de
picting the short circurt current and the | after add, of ald are
divided 1nto four parts A—B 1s called the first constant period B—C the inhibstiont
period C—D the spontaneous actnation period and D--E the second constant
period At a concentration of 7 107 M aldosterone the mlubition started 1n most
cases 2—+4 hrs and the actnation $—7 hrs after the addion The imual dechne it
the short circuit current durnng the constant peniod 1s the usual decrease scen at the
commencement of short-circusing conditions and 1s not due 1o the addimon of Wht
aldosterone (¢f Fig 1B} In other experiments 1n which the short creait current
was steady the addition of aldosterone produced no imtial decrease In 7 out of 17
expts there was a small but significant increase i the short cirewnt current starting
40-—-90 mun after the addinon of the aldosterone (Fig 21 3 of these 7 expts did not
show any subsequent mhibition and actnation period With a lower concentratioft
of 15 10°M (6 expts 1 there was normally no clear wndication of when the 1n
1ibition period started nd the actnation commenced 7—12 hrs sfter addinon of
\ mone Four attempts to demonstrate activtty at 7 101 N\ were umsuceessfol
Exp nments with a highe s concentration of 7 10 %M (4 expts ) showed the same

\
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effect as those performed with 7 10 M The concentrations which provide minimmal
and maximal response are therefore about 15 10°M to 7 10 M respectively
The hormone elicited 1ts effect both from the inside and the outside

Effect o} mechanical action Dunng the latter part of the nhibition penod the
skan 1s very sensitne to the mechameal action of changing the Ringers solution or
applying a pressure difference Fig 3 shows the result of applying a pressure of 30
cm of water for 20 sec to the mnside of the skin Immediately a large mncrease 1n
short carcuit cusrent was obsenved 1n the aldosterone treated half shin whereas there
was httle change when a pressure difference was apphed to the control This ef
fect was absent when a pressure difference was applied 1n the first constant period
or 1n the first part of the inhibition period Further mvestigation showed that the
same or even a higher acthnation could be obtained 1if the stratum corneum were
removed {Fig 4A) Expeniments with an open chamber showed that this effect
was due to the removal of the stratum corneum and not to the mechameal dis
turbance resulting from draming and refilling the chamber The stratum corneum
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expts
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short-circuit current  control skin hall
O O potential control skin half

was removed by gentle rubbing of the shin with a cotton wool tampon and st
shpped off rather easily sn the aldosterone treated skins whereas st could not be
removed m the control hall (Fig 4B) Again no effect was obsened in the first
constant peniod or 1n the first part of the inhibition peniod attempts to remove the
corneum dunng these penods were unsuccessful and were always accompanied by a
decrease 1n the potential In only a few expenments was there any actination of the
<hort-circurt current and 1t was of a small magnitude

The effect of aldosterone on the sodwm flux To ascertain whether the changes
n the short-crrcuit current f{oll g aldoster t were due to an effect
on the active transport or on the passne flux or on the combination of both
measurements were performed using the double labeling techmque of Levs and
Ussing 119491 Two series of experiments were performed In one the stmulation
was allowed to proceed spontanecusly ( Table 1) 1n the other the stmulation was
induced by remosval of the stratum corneum (Table 1) There was good agreement
between the net sodm flux and the short-cireulit current duning the nhibstion
penod (B—C  and the sccond constant peniod (D—E| However duning the ac
wanon period C—D  there wa, a difference between the two senes of expert
ments When the acuiaton was spontancous the short-circuit current was abo it
25 ¢¢ higher than the net sodium flux (Table I} When the actnation was induced
by the removal «f the tratum corneum there was a tendency for the short-aircut
current to be lower than the net sodium flux (Table II; even though the sodum
efflux was doubled 1y e treatment ¢f Table 1 and I The cause of the d»

repanes between tf net sodm flux and the short-circunt current duning the
s aton peniod v ¢ short Ined because good agreement between the e
o rements was d agan dunng the one hour penod following actnanea
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Fig 3 Effect of applymg a presmre of 50 cm of watex to the mside for 20 sec
At zero time aldosterone was added on both sides to give a concentration of 7 10 ™\ Pressure

apphed 8 hrs after the add ton of aldosteronc when the aldosterone treated skin was 16 the inhiby
ton period

current treated skin
O———0 potential aldosteronc treated skn

short cxrcuit current  control skin half
o) -O poteanal control skin half

Fig A Effect of removing the stratum corncum At zero ime aldosterone was added to both sides

to gave a concentration of 710 *\f The stratum comeum was remosed 2 § hrs afier the add ton of
aldosterone

short ciremt current (1 V{7 cm?)

D———0 potenual
Fig 4B Control skin half without added aldosterone symbols as 1n Fig 43

Table II1 shows the changes 1n the sodium efflux during the first constant period
and the first and the second half of the inhibiuon penod m 6 half skans It appears
that the efflux was rather constant during this perod

The effect of aldosterone on the chlonde flux In the previous section it was shown
that the short circwit current was higher than the net sodum flux 1n the spontane
ous activation pertod This could be due to an active transport of chlonde from the
nside to the outside since hoefoed Johnser Ussing and Zerahn (1952) have shown
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Tavrz 1 Comparison of the sodium flux and the short-cireuut current across the frog skin with
spontancous activation following aldosterone treatment

A B
Peniod influx effiux Mean net Mean B-A £SE p

sodium short-cireunt

Aux current

#AJT em?
{B,—Cy) 1186 HE] 1066 1017 — 49 36 02<p-025
(B,—C,) 62 99 532 491 —31 24 01<p-02
{C~Dy 940 151 790 977 ie4 19 p- 000t
(D—E) 1698 118 1580 1556 —24 22 03<pP-04

The snflux was measured by means of N3-22 2nd the cfflux simultaneously with Na-24, the shorte
cireurt current was measured and recorded automatically The mean results from 6 expts are presen
ted, 10 which each period was about | ke B,—C; first half of inhitation pertod, B,~C, second hall
of intubntion period, C— D activation peniod, D—E constant peried For an acutal pettern of an
cxperiment see fig JA

“Taste 1! Comparison of the sodium flux and the short-circuit current across the frog skin after the
mechanical removal of the stratum corncum following aldosterone treatment

A B
Peniod Influx efilux AMean net Mean B—A £SL p

sodim short-cireust

flux current

nAT em?
Activation 301 7 330 202 238 —24 142 ol-p-02
Constant 2480 220 218 221 3 43 03-p-04

The influx was measured by means of Na.22 and the efflux simultancously with Na-24 The ahort
carcut cursent was measured and recorded automatically The mean results from 6 expta are pracn.
ted, 10 which each period was about 1 hr For an actual pattern of an expeniment see Fig 4 The
1sotopes were added immediately after the corneum was removed The first samples were taken 15
mun after the addition of the notoprs

that the glands of the skin actively liberate chlonde to the outside when the skin
treated with adrenalime Six experiments were therdfore performed i which the
chinnde mllux and «(fux wese measured separately an symmetneal ball-shes dunng
aldosterone treatmnent with subsequent spontancous actnaton {Table V) The
chlonde permeation was constan during the first constant peniod (A—B) and the
shibwnon peniod B L there was in five of the experuments an ncrease in the
«t nde permeavon during the actnanoen penod (C—13) but anflus as well 2
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Tasie 111 Effect of aldosterone on sodium efflux dunng the first constant period and the inbibition

period
Period Constant first  Intubition first  Inhebition second half
half
#ALT em®
1s 107 147
82 75
s ns 126
107 108 e
131 126 161
272 234 225

Taste IV Effect of aldosterone on chloride fluxes dunag spontaneous activation

Epno Influx Efflux

Period A—B B—C Cc—D D—E A\—D B—C Cc—D D—E

#AMT cmt

1 134 139 88 1o

2 23 300 330 1o 188 150
3 1ns 126 161 145 193 182 220 228
4 121 12 247 257 206 214 273 233
a 107 s 155 193 185 153 238 294
6 ns 799 496 688 726 878 619 629

The chlonde mflux and eflux were measured sumultancousty on symmetncal halves of a frog skin,
duning aldosterone treatment

A—B first constant penod  G—D spontaneous activation period

B—Cihibiwon penod  D—E second constant period

efflux was equally affected Thus there was no net movement of chlonde during the
acthation peniod which would account for the discrepancy of 187 uAf7 cm ob-
served between the net sodium flux and the short-cirewit current

Effect of actinomycin D on the aldosterone treated frog shin To examine whether
the aldosterone effects was dependent on protein svnthesis 6 expts were performed
mn which two skin halves were incubated with 7-10 "M aldosterone, but one half
had 1a addition 6 pg/ml of the protemn synthesis ntubitor actmomyemn D The
actinomyein D abolished both the mbubition penod which commenced after about

3 hrs and the actvation penod which commenced after five hours (Fig 5) n the
control half
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Fig % Fffect of actinomyen ) on
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Discussion
It appears from the above obnervations that aldosterond induces a “moult” m vto
te the separation of the stratum corneum from the stratum granulosum, and that
the moult 1s accompamed by charactersue changes i the electrical potentral and
the shart-cireunt current one of which 15 a late actnaton of the short-ciccant current
Ihe fact that both these processes oxcur only after a latemt period and are
abolnhied 1n the prescnce of actinomyan 1) indicates that they are dependent on
proten synthests. A companson between Fig 1% and Fig 1B shows that the shont
arcust current » higher tn the second constant peniod (D—E) an the aldosterone
treated skin than mn the control The same is seen from Fig 3 where the actsauon s
snduced by pressuse treatinent The expenment shown i Dig 4 idicates th the
tramport system already ss actinated when the shin s in the mbubitson peniod since
the removal of the stratumn cornewin immediately cavses an actsation of the short-
crreust current and the potential A Iypothesss (0 account for these obseryations has
10 prossde answers to the following questions
1 V8 hy do the short-arcut current and the patential cxhulnt the pattern shown i
Fig 1A? The expeniments show that the snlubstion 1 not due 1o an wncrease in pas-
ave fluxes wnce the sodium fflux and the ehlonde fluxes are constant during the
first comtant prood and the intibiuon pensod (Table [ and IV The sbutrton
muwst th refare bue duc g a speafic action on the active sodusm tramsport
2 Why b there a dicrepancy between the short-circust cumrent and the net
sodium flux dunng the spontaneous acination penod | Jable I C—D) 7 From
Table IV st 15 setn that thes dierepancy » not due (0 an actne tramport of
Honde
Why does the resc ) of the comeumn induce a sharp e i the short-creut
cur v and the potent | Fig 412 The following working hypothests would e

\
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plain these observations Duning the {irst constant period an enzyme whch attacks the
matertal between the stratum comneum and the stratum granulosum is formed and
released During the breah down a subcorneal space 15 formed (Voute Nielsen and
Ussing 1968) The space contains a compound which nhibits the active sodum
transport this postulate 1s supported by the fact that the actise transport 1 activated
immediately if the cornified layer 1 stnpped off when 1t would be expected that
the inhibitor would rapidly diffuse away The mnhibitor could be a product of the
brokendown cement matertal The spontancous actnation could then be due to the
gradual diffusion away or chemical disentegration of the mhibitor The discrepancy
between the net sodium flux and the short cirewit current during the spontancous
actnation period could be explained by the fact that the samples are not taken dur
ing steady state conditions It has been shown by Hoshiko and Ussing (1960) nd
Andersen and Zerahn (1963) that 1t needs 03 to 15 preq sodum/7 cm to bning 2
shin from an unlabelled state to the labelled stite During the latter part of the
hibitien perod the influx of sodum 22 through the skin 15 very low, and the shin
would be 1 a nearly unlabelled situation with respect to sodim 22 3f the flux
barrier as generally accepted 1s close to the outside of the shin During the spontane
ous actnation pertiod the sodium 22 mflux increases which would bring the skin
from a nearly unlabelled state to a labelled state Thus the discrepancy obsened
(0 6 req/7 cm”) 15 used to bring the skin from a nearly unlabelled form to a labelled
form
The cycle 1s finished when the skin 15 1n the second constant period The corneum
has now become so leaky due to the action of the enzyme that the 1ons dilfuse easily
through 1t and the skin 1s back 1n 1ts normal transport situation The above work
g hypothesis explains the qual behavior dunng the moulting cycle but 1t
does not explain why the short cirewt current s increased 1n the second constant
penod as compared to the control half A possible explanation would be that the
diffusion of sodium through the corneum and the matenal between the corneum
and the siratum granulosum was the rate miting step The actnation obsenied
would then be a consequence of the breakdown of this materal and the corneum
during the moult However in 7 out of 17 skins (Fig 2) there was an mcrease in the
short circutt current 40—90 min after the addition of aldosterone as m the toad
bladder These skins were probably shins which had just moulted since 1t was ob
senved m 4 of the 7 that the comeum shpped off during mounung of the shin The
results of these 7 expts may ndicate that aldosterone has two effects on the frog
skin 1 1t activates the sodwm transport 1n a unhnown manner 2 1t mduces a moult
However the actnanon could be due to an additional effect on the outermost border
of the stratum granulosum by the moult enzyme or enzymes If 1t 15 assumed that an
early actnation normally 1s superimposed on the inhibion dunng the moult a
Tugher short cirewit current would be expected 1n the aldosterone treated shins when
the smhibitor concentration was low enough not to abolish the actnation A low in
Iubitor cancentration could be due to the lach of a corneum or to a corneum which
15 rather permeable for the inhibitor so that this does not pile up Another possibihity
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would be thit the amount of precursor to the inhibttor 1 low One of these or a
combimition of both posabilities may be the cawe i recently moulted shins How
ever it 15 not yet possible from the expenimental daty 1o distingunsh between these
hypotheses
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Abstract

Pepersen, L The heat regulation of ithe human body Acta physiol scand 1969
77 95—103

On the basis of a between calculated surfac of a phvaical model and the
el from experiments on buman ubjects 1t 15 tonchided that the heat loss by radiation and

plu through the skin surface 13 equal to the heat flow
by conductance through the nsucs, and the amount of heat grven off by evaparation of the regulat-
ed sweat secrenon 15 equal to the amount of heat which 1s transported by the blood stream from the
interior 10 the shin surface The only regulanon necessary for the mantenance of the total heat
balance, therefore 15 2 thermostatic control which can regulate the heat transportng blood stream
from the interior 10 the skin surface as well as the secretion of sweat from the glands

It 15 usually assumed that the skin F of man 1s regulated by a +

control mechanism whereby a decrease n )s produces an add; 1
decrease of the skin temperature This would give an additional decrease of the heat
loss and thereby make 1t easier to the 1nternal p e at 37°C

Whilst reexarmning the temperature curves shown m Fig 1, ongmnating from
experiments with a clothed subject by Nielsen and Pedersen (1952), 1t became
apparent that these curies resembled cunves which show the temperaturen differ-
ent layers of insulating matenal on an inner surface at constant temperature

Experiments have shown that evaporation at constant heat production increases
Vrecaalsy otln Yem vemprravme W, W torsea ¥m eInperaure, Baporanon
increases 1 proportion to heat production, whereas shin temperature and heat
producuon are independent of one another It has not been possible to gine an

1 of the mect of the 1 of sw eat secretion or of the
details of heat regulation This suggested that 1t wonld be useful to examine to what
extent 1t 1s possible to give an explanation of the heat regulation of the human body
based on physical principles

In order to examme the validity of the onginal that skin
15 not regulated by 1
dered

the cylinder shown 1n Fig 2 will be consi-
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The heat flow through the wall of the cybnder 1 c (37—u) kealm'hr and thisalue s equalto

the heat loss from the surface k(t,—to} keal/m?hr, where to 15 the ambsent temperaturc and k is
a cocfficient, wheeh for vertical surfaces in sl atras k=4 7142 2{t,—1o ¢ Itas therefore possikle
1o calcufate the surface temperature of the cylinder when 1s thickness and heat conductanice arc
Laown Since in this case, however we want to compare the surface temperature of the cyhinder
with the skin temperature of the human being under cqual exteenal conditons, 1t 1s necessary to
introduce a corr.ction for the cyhinder corresponding to the Ihrough the
skin which s about constant at 20 kcal/mthr (¢f Fige 4—7) The surface temperature of the ¢

linder can be caleulated from 7 (37—te) ~kity—to) + 20 kealymhr  The curve no 1 m Fig 3
shows the relation between the surface temperature and the temperature of the enytronment

whcn; =20 keal/mt*hr and the cyhinder 13 placed 10 a room with still arr Curves no 2 and no.§

}
show the surface temperature wheny =20 keal/m'hr C and the eylinder placed in air witha
veloaty of 50 and 100 cmysec respectvely The radiation constant 1s 4 71 keal/mthr G and the
convecuion constant sahd for air 1n movement has becn determuned by Winslow, Gagge an
Hernington {1939) to be C=10,V kealfm*hr C where V 1s the air velocity 1n emisee For aif
movements of 50 and 100 em sec the total heat loss constants involving radiation as well as convee
tton are, therefore k=118 keal/m*hr C and k=14 7 keal/m*hr °C, respecuvely
4 [
As mentroned above the curves no 2 and no 3 n Fig 3 are calculated for T =20 kealfm®he °C
and for air velocities of 50 and 100 cmysec respectnely, but curse no 2 also corresponds wath sl

’
air and T =16 whereas curve no 3 also corresponds with sufl air and 7 =135 keal/mthe €
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Fig 4 and Fig 5 are based on expeniments by Winslow and Gagge (1941) The
unclothed subjects carned out Light work on a bicycle ergometer, pedallmg rate
48 rdsfmun, arr velocity 5—8 cmjsec (Heat production Q kealfm?®hr}

Comparison of the measured skin temperatures from Fig 4 and 5 with the calcu-
lated surface temperatures of the cylinder as shown n the curves i Fig 3, shows
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Fig 4 The rel: between skin s

and E and the
temperature ¢ Subject I\ height {72 m weight 625 kg area | 60 m* Q=171 keal mihr
Ta~376°C.
Fig 5 The rel p between skin t, and E and the
{emperatuse o Subject VII haght 188 m weight 39 kg area 197 m!, Q=142 keal mihe, g =

37
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that these corresponding temperatures arc 1n good agreement with onc another
The skin temperature curve in Iig 515 pracucally identical with curve 1 m Iig 3

The comparisons made between the skin temperatures and the calculated surfsce
temperatures show that the skin temperature of the human body, at equal environ
ment1l conditions, vary 1n the same way as the surface temperature of a physical
body with an adequate msulation and with an inner temperature of 37° C

From I'ig 4 and 5, wherc also the evaporation curves are drawn, 1t will be noted
that the rapid increase in the value of E at room temperatures from about 18°C
and about 22° C, respectively, does not influence the skin temperature curses, and
the level of the skin temperature 18 not nfluenced by the level of the evaporation

As to evap and skin temy Winslow and Gagge in therr paper (1941)
state

Lvaporative regulatton an the case of the warking subject operates so effectn ely that skin tem
perature 13 held remarkably constant actually being lower-—at a given to — for the workmng than
for the resting body Wuth ancreasing metabolism at a guven to the skin temperature of the trunk
actually falls

One, therefore, can conclude that the skin femperature remarns umnfluenced by the roso-
molor reachions and the changes 1 eraporation of sueal

)
If the eylinder with — = 20, shown in Fig 2, 1s supplied with a certain amount
<

of heat and the mner temperature 15 mamtatned at 37° C, the supplied heat must
be given ofT from the surface of the cyhinder Thus 1f the heat loss coefficsent 1
k=13 4 kcal/m?hr °C (corresponding to an air velocity of 75 cmyjsec), the heat pro-
duction 60 keal/m®hr and the heat Joss by evaporation 20 kcal/m®hr, we have
60==20 (37—1,), from where t,=340°C

and 60:=13 4 (31 0—to) +20, from where 1,=310°C

‘This means that a heat production of 60 kcal/mir exactly will cause equilibrium
when the operative temperature 1s 31 0° C, the skin temperature—to return to the
human baing—s 34 0° C and with the awr velocity as mentioned above

Ifthe environmental temperature, during the stated condrtions, rises above 31 0° €
the skin temperature also will nise, but to a smaller degree, and, therefore, the amount
of heat (60 kcal/m’hr’) can only be given off by extra evaporaton equal to the de
crease 1n the heat loss by radiation and convection This means that this pomt of
equilibrium 15 that skin temperature at which regulated evaporation begins to come
Into action as a heat controlling factor For each value of the heat production ther¢
15 such a pomnt of low equibibrium It 15 possible to calculate these ponts of equilibrum

}
when the value of - for the exterior tissues 1s known
¢

This value oféfur the conductvity of the tissues can be determined by expert
¢

ment
g 4 shows that regulated evaporation (the steep part of the evaporation cunve)
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Tig © Evaporanion m relanon 1o 1he Siference bevneen reeial and sk wemperatese Suly [,
213 m?, Q=45 6 kealjmhr

Fig 7 Evaporation 1n relation to the difference between rectal and skin temperature Suby 1T,
149 m?, Q=49 0 keal/m*hr

begins at to=18" G which corresponds to t,=300° C As the heat production at

these experiments was 171 keal/m*hr and the rectal temperature was 37 6° C, the
conductivity can be calculated from

2 171

e = thr °C

=300 22 5 keal/m*hr
From Fig 5, 1n a siular way, appears

} 162

= thr °C

Ty 22 9 heal/mthr

Tig 6 and Tig 7 show evaporation 1n relation to the difference between rectal
and skin temperature for two unclothed resung subjects The experuments were
carried out by Winslow, Herrngton and Gagge (1937) Subject I, who was of the
pyknic type, had a heat production of 45 6 kcal/m*hr, and subject 11, who was of the
leptosomue type, had a heat production of 49 0 keal/m?hr It appears from Fig 6
and Fig 7 that the transition from the shght ascent of the curve (evaporation without
regulation) to the steep ascent of the curve (regulated evaporation) takes place at a
temperature difference of about 24° C and 2 5° C, respectively Based on these
values follows for subject I é-;—6~ 190 kecal/mtr °C, and for subject IT
i 190

ST *hy ®
T 6 healfmthr °C
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skin caplilories o T

f,’

Fig & Hlustration in principle of
the leat transport by the blood
< R stream

i
The value nf; will probably depend on the amount of fat in the tissues The

?
values of - , mentioned above, are based on heat producuons which are not correct
¢

ed for heat loss by evaporation from the lungs, and, therefore, the calculated values
are a little too high Tor tissues contaiming about 70 per cent of flusds the conductiut
may be estimated to 7=042 hcal/mhr °C which will result 1n a mean thichness of
the tissues, corresponding to the temperature difference (37—t;) of 0021 m for
-;-:: 20
3

It was mentioned earher in this paper that a nse of the skin temperature aboyv ¢ the
low equilibrium point coresponding to a gnen heat production mvolved that the
dissipation of the produced amount of heat could be eflected only by supplementing
the heat loss by rad anA ¢ tion plus the unrcgulated evaporation with an
additional evaporation of sweat from the shin surface T'urthermore, the amount
of heat produced 1n the interior cannot be transported to the shin solel by the
conductivity of the tissues but it 15 necessary to utihze circulation of blood through
the exterior tissues This crrculation must be such that the full amount of heat can be
transported from the intenior to the surface by cenduction plus circulation

e will therefore nvestugate how this heat transport by the blood stream
through the peripheral ussues to the skin capillaries takes place

Fig 8a shows a model of the blood stream system from the mnner core to the shin
where the capillaries 1n the figure are represented by a narrow box Fig 8 b—d
show the varation of temperature along the tubes by counter current The hot
stream has the indscation b and the cold stream has the indication ¢ Wh signifies

N
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the water value {weight times speaific heat) of the hot stream, and Ve the water
value of the cold stream
‘The transmussion of heat q from the hot to the cold stream 13

q=c F dtkcalfhr

where ¢ 1s the heat transmussion coefficient for the tissues between the tubes, and F1s
the transmussion area, while At 13 the mean difference between the temperature
curves

From Fig 8 d 1t appears that the temperature difference 1s constant when the two
counter currents have the same water value A strmilar situation occurs in the human
body (¢f Fig 8a) Ths means that the amount of heat Q keal/m®hr which 1s trans-
ported from the interior by the blood stream B 1/m*hr 1s

Q=B dt keal/m*hr

Thus, necessanly, must also equal the amount of heat whrchis transported by the blood
stream to the skin surface [rom where st has to be given off if the temperature equi-
hbrium 15 to be mamntamed As the amount of heat which 15 gnen off from the hot
blood stream to the perpheral tissues 1s exactly the same as the amount recened
by the cold blood stream, there 1s no real heat interchange between blood streams
and tissues which merely serve as intermediate conducuve matenial between the hot
and the cold stream
The cooling of the blood stream (dt=t,~t,), which 1s necessary for the heat trans-
port, takes place in the skin capillanes and 15 caused by the evaporaton of sweat
On the other hand, the transmission area F, the conductraty c of the tissues as
well as the blood flow B will influence the possible value of 4t This 1s shown m Fig
9 where At s related to t, {f Fig 8d) when t,=370°Cand ¢ F=100 n keal/°C
hr and the airculation of bleod through the skin 1s as stated on the lmes drawn in
rig 9
It 15 not possible from Fig 9 to calculate the value of At, which 1s equal to the
cooling of the blood stream through the skin capillaries, but 1t 1s possible, though,
to estimate how the value of 4t varies with the amount of blood and with the value of
¢ F Forinstance 1t appears from Fig 9 that t;—30° C results 1n At=2° C when B=
=40 n lfmhr As n 1s an arbitrary number, 1t appears from this that, for instance,
twice the amount of blood 15 required to double the amount of heat transmission
from hot to cold vessels when At 1s coanstant
The value of ¢ F for the human body 15 not known F 1s the total surface of the
vessels which carry the hot blood stream to 1 m* of skin surface through the extertor

i
tissues in a layer of about 2 cm thickness, and ¢ = I where 7 1s the conductivity of the

uissues and d 15 the mean distance between the surface of the hot and the cold vessels

poirom above st 1s poss ble to set up the followang equations for the heat balance of the human
ogy

-t 04m a )
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Q=k{ti—ta} + Eu + Fre (2
n which the significations of the symbols are ag follows

Q the amount of heat d in / minus the heat
7} the conductivaty of the periphery tissues in keal/mthr *C
c the thickness 1n m of the layer ponding with the temp d {t—t)
tn the temperature of the interior 1n *C
t, the skin temperature in *C
B the Llood stream an Im*h
1t the temperature difference in °C between hot and eold blood stream
1o the temperature in °C of the environment (operatve temp )
k  the heat loss cocllicient 1n kealfm®hr °C
Eu the heat loss by unregulated evaporation in keal'mthr
Ere the heat loss by regulated evaporation m Leal/mthr
It has been demonstrated abose that the skin temperature 1s unmfluenced by the regulated

evaporation of sweat which starts at the low balance pont at whn:h:(l"—(.)zk(lr~ln)+£‘
Increase in the environmental temperature results in a decrease i heat loss by radiation and con
vecuon and this decrease 15 instead given ofT by evaporation Therefore the equation

?

2 n—t) = k{ti—to) + By ]

15 valid at any environmental temperature
Henee also follows that
Ere=B 4t O]

Eq I expresses how the heat produced 1s transported from the interior to the skin
surface by conduction and by transportation by the blood stream

Eq 2 expresses how the heat produced 1s disstpated from the skin surface, parthy
by radiation and consection and partly by evaporation

Eq 3 expresses that the heat transmssion by conductance through the tssues 15
equal to the heat loss by radiation and convection to the environment plus the un
regulated evaporation through the skin

From this follows eq 4, which expresses that the heat loss by regulated evaporation
of sweat 15 equal to the amount of heat which 1s transported to the surface by the
blood stream

Now we will investigate the way 1n which the heat balance may be regulated

If the organism s constituted in such a manner that the inner temperature 1
mantained at a constant value, 1t seems most likely that the heat transporting blood
stream 1s thermostatically regulated by a center in the bram from where nenous
unpulses operate the vasomotory vessels 1n the shin This must be done 1n such a
way that the blood stream brings exactly the right amount of heat from the interior
to the skin surface This mdicates that when the inner temperature 1s raused, the
capillaries must be opened somew hat, and when the inner temperature 15 decreased
the capillanies must tend to close In this way the amount of heat which cannot be
led away solely by conductance will be transported by the blood stream, and thus
the inner temperature will be mamntined at a constant level

Furthermore, 1t may be assumed that the secretion of sweat 15 controlled b
heat regulating center in the brain parallel to the control of the blood stream through
the skin Since the evaporation of s eat from the skin causes the cooling of the blood
i the capilianies, we have

y the
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Fig 9 The relationship between At and 1, for heat transmission by countercurrent
£,=370°C, ¢ F=100 n keal/h® C, B=a n lfmthr
Fig 10 Skin temperature in relation to heat

at low and
relation to heat production and skin temperature

E
At—;

If At 1s constant, the amount of heat transported from the mtenor by the blood
stream 1s proportional to the amount of blood, and also the sweat secretion and the
evaporation are proportional to the amount of blood Whether At 1s constant or not,
both the amount of heat transported by the blood from the interior and the heat
gwen off by of the sweat will be equal to B At keal/m?br

The only regulation necessary to the mamtenance of the total heat balance, therefore, 15 a
thermostatic control which can vegulate the heat transporting blood stream from the tnterior to
the sk surface as well as the secretion of sweat from the glands

Because the supply of heat from the blood stream to the skin capillanies, B At
keal/m?hr 15 d by the skin P e and 1s di d by
the amount of blood and the size of 4 hich agamn s d d by the evap
tion—, the skin temperature will be fixed 1n accordance with eq 3 Furthermore,
the amount of heat which 1s carried along with the blood stream 1s given off from

the surface solely by evaporation of sweat which, m practce, 1s also uninfluenced by
the temperature of the skin

Fig 9 shows, however, that the size of At, at a given blood flow, decreases raprdly
with rising t;—and, therefore, with nsing skin temperature If the cooling caused
by the cvaporation 1s greater than that corresponding to At for the blood stream at
high skin temperature, a cooling of the skin tissues will result This 15 due to the
temperature of the hot blood stream at the begmning of the skin capillaries being
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only shghtly higher than the shin temperature when the difference between the body
temperaturc and the skin temperature 1s small The cooling cffect from evaporation
will, thereflore, involve a decrease of the skin temperature Thus 1s most hikely the
reason why the skin temperature curve often has a sharp bend at about 34 5°C
n rest experiments

Vhen the thermostatic mechanism of regulation was discussed, 1t was assumed that
the organism a core Js This, however, 1s only the
case at rest, whereas the mner temperature during work conditions will sary with
the work loads Niclsen (1938) demonstrated that the rectal temperature during work
Tose to an equilibrium level independent of the 1 temperature and solely
determined by the rate of work Marius Nielsen concluded that the rise of temperature
was not due to an nsufficient heat regulation, but that the organism adjusted the
temperature level in accordance to the work rate This relation between work and
wnner temperature has Jater on been confirmed by Bodil Niclsen and Marnius Nielsen
In these experiments the rectal temperature as well as the temperature deep in esoph
agus was measured and the experiments showed that the csophageal temperature
rarted 1n a similar way as the rectal temperature :n relation to the work rate

When the nner temperature of the body vanes with the work rate, the organsm
must be able to readjust the regulaung thermostat to a new level according to the
rate of work and the heat balance must be regulated 1n accordance to this new level

It was mentioned earher in this paper that each amount of heat production corre
sponds to a certain skin temp ¢ at Jow equihit and at this pomt the circu
lation of blood and the secretion of sweat start as heat regulating factors Below these
pornts, therefore, 1t 1s impossible to mamntan equilibrium, and a lowering of the am
brent temperature, and with that a lowering of the skin temperature, will result in
a decrease of the inner body temperature

Fig 10 shows the skin temperature 1n relation to the heat production at low equt
Iibrium Below the border line 1 the figure, the heat balance cannot be mamtaned
and 1n this area, therefore, the body temperature will be below the fixed setpomnt

i
‘The border line 1s drawn :n accordance wath - — 20 keal/m*hr °C, tp = ( 369+
€

];BOQ) °C and 1 stll arr Q signafies the heat production m keal/m®hr
Above the border lme the blood circulation as well as the secretion of sweat will
be related and the heat balance will be 1n equilibrium

At the upper limut the heat balance will be restricted since the blood flow and the
secretion of sweat can no longer be mcreased In humid and hot climates the eva
poration of sweat will be Iimited too mn accordance with the difference of water
vapor pressure betw cen skin and surroundings, but as long as the sweat does not ruft
or drop off, the full evaporative power will be mamntamed

Tig 10 shows 100 the relationship between evaporation and heat production and
skin temperature For instance 1t appears that a heat production of 360 keal/m*ht
and a skin temperature of 32 0° C correspond to a regulated evaporation of 250
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<calfm®hr whereas radiation plus convection plus unregulated evaporation amount
o 110 kealfmthr This heat loss c: ponds to the heat prod at the point of
ow equiibnum at t,=320°C

The account above illustrates how the heat regulation of the human body may take
place and this theory relates the heat production and the heat loss under varying
work loads and environmental temperatures

1 am indebted to Professor D Bh Manus Nclsen and to Amanuensis Bodit Nielsen for guidance
1n physiotogical questions
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Reciprocal Control of Spontancous Activity
and Reflex Effects in Static and Dynamic Flexor
7-motoneurcones Revealed by an Injection of DOPA
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J Bezostans? and § Griresex
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Abstract

Berestass, | and S Gruanex Reciprocal control of spontancous actuaty and reflex
effects sn static and dynamc flexor y-motoneurones retcaled by an tnjection of
DOPA Acta physiol scand 1969 77 106—124

Single q-¢flferents to flexors have bren studied 1 the spmnal unanesthetized cat before and
after an sntrasennus tnpection of DOPA. The y-efferents could be clasufied tn two groups, one
with 2 hurh Jevel of spontancous activaty that was decreased after an injection of DOPA, 204
another with 2 Jow level of actvity that was enbanced 2fter DOPA. Thrs» dats togther with
differences 1n refl=x behaviour Letween the two types of o motoneurones provided a bas for 2
companson with the drduced properties of dynamic and static 4 motoneurones obtamed from
studses of spindle afferents wath primary and secondary endings It could be conclud~d that
the former type 35 sdentical with dynamic and the latter with static 4 motonrurones
dynasmic and stauc neurones could be reflexly activated in the long lateney flexor reflex o<
curnne after DOPA Lakewsss both 1ypes of 4 motoneurones were actnated mn the short Jatency
flrxor reflex, the dvnamic more effectnely before and e static more effectively after DOPA-
The results suzeest thar descending noradrenerme §ibres contro) reflex actnaton and

5 acuvity of 9 1o flexors 1 a seciprocal fastuon

The snfluence of an intravenous inyrction of DOPA on the transmission 1o the sprsl
o bas Y. ourdiad axscnsseds, (Anden. et o 19662 Andrn, Dikes and Lundber?,
1966 Jankowska ef af 1967a by The action of DOPA 1s blocked f 1t 15 preced=d
tn 2n myection of substances blocking the synthests of noradrenaline or sts precursor
dopamine from DOPA thus relaung the effect of DOPA to the svnthesis of noF
adrenaline (Anden et al 1965b Jurna and Lundberg 1962) For this and othef
feasons 3t has been postulared that an intravenous snjection of DOPA acts by 28
increased synthests and 6ib of drenzline from the noradrenaline contaiiing
termnals of descending fibres (Anden e of 19662, b Jurna and Lundberg 1068)
Such fibres onginanng from cells 1n the Jower brain stem (Dahltrdm and Fuse

1 [EROILNESCO Fellow Charge de Recherches du FARS  Belpium; Present addres De
parument of Neurology Clnsjues Unnesutasres Samnt Raphae] Lemen Belgum.



RECIPROCAL FUSIMOTOR CONTROL 107

1965), were desenibed by histochemical methods by Carlsson ¢t al (1964) They also
showed that no other neurones in the spmal cord contain noradrenaline The facts
that noradrenaline 1s stored 1n large amounts 1n the terminals of nerve fibres and
that an intravenocus mjection of DOPA somehow through the formation of nor

1 1 foundly 1nfl

P the reflex to n the spinal
cord, suggest that drenaline 1s a b and some evidence from
experiments with electropt ! appl of drenaline on n

the spinal cord suggest that 1t has an inhibitory function {Engberg and Ryall 1966)
Thus 1if the above interpretation 1s correct 1t 15 possible to study the effects of an
actnation of the descending ‘ noradrenergic system 1n isolation from all other
supraspmnal control systems by injecting DOPA intravenously in the spimal cat

The present imestigation 1s concerned with the influence of this “noradrenergic’
system on , motoneurones as revealed by an njection of DOPA Experiments with
some d gic blocking sub: {phenoxyk

d that d gic path mught be engaged m the control of y moto-
neurones (Henatsch and Ingvar 1936 Ellaway and Pascoe 1965, 1968)

Muscle spindles are mfluenced by two types of , motoneurones controlling the
dynamic sensitivity and the static finng respectively of afferents with pnmary endings
(Jansen and Matthews 1962 Matthews 1962) Only ; motoneurones of the dynamic
type appear to be spontaneously active 1n the spinal cat (Alnaes Jansen and Rud
Jord 1965 Bergmans and Gnilner 1968), while static ; motoneurones acquire a
resing discharge after an injection of DOPA (Grllner Hongo and Lundberg 1967)
‘These results were obtained with the indirect method of recording from spindle af
ferents with pnimary or secondary endings Since the results suggested differences 1n
reflex behaviour of static and dynamic y motoneurones 1t was desirable to record
the activity 1n single y motoneurones 1n arder to find if they with respect to spon
taneous activity and reflex activation fall in two categories This investigation 15 con
cerned with the acuvity 1n single 3 efferents to flexors The reflex effects obtamed
from a vanety of stimult have been studied before and after an mnjection of DOPA
Some of the results have been d d in a prel y report (Berg and
Griliner 1967)

chlorp ) have

Methods

t Preparation

Experiments were performed on 16 cats operated under ether anesthesia
by anemic decortication (\oorhoeve 1960 as tmodified by Anden et al

A laminectomy was performed from L3 to L7 leaving dorsa! and entral roots intact and a
smaller one at lower thoracic level for Ips and and
muscular nerves were dissected and mounted for st:mulat on (all nerves dissected are lsted
under Abbreviations the thial (Tib) and the peroneal nerves were often left intact) The
femoral nerve and the nerve to gracihs were cut on the ipsilateral side The spinal cord and
the hund!mb nerves were covered with 1quid paraffin  After the operation the cats were
nmobilized with gallamine tnethiodide (Flaxedd May and Baker Ltd) and artf cially
respirated with a mixture of air and Oy+5 % CO» Blood pressure was continuously recorded
A muxture of lugh and low molecular dextran was admmstered 1f the blood pressure dropped

below 90 mm Hg The rectal temperature and the temperature of the paraffin pools was
ma nta ned between 36 5° and 385° C

which was followed
6¢
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2 Shmulation and recording

The heral nerves were discharge (halfl decay 45 psec) Single
stimuli, short trans (intenals usually 25 or 33 msec) or a continuous train of pulses at van
able intervals could be delnered to the peripheral nenes Single sumult or short tramns of
pulses were nesver repeated more often than once every 3rd second  Actraty mn the 4-elferents
was recorded bipolarly with Ag—~AgCl electrodes Afferent volleys were monitored through 2
surface electrode at the dorsal root entry zone of the appropriate segment

lated with a conds

3 Isolation and recording of stngle ~y-efferents

The actinity of 4 motoncurones was recorded in penpheral nene filaments to flexor musclee
mostly 1n branches of the nerve to the tenuissimus muscle The filament used lor recording was
taken as thin as posuble The intact ventral roots were stumulated bypolarly through electrodes
nsulated but for the up, 1n order to imestigate the contribution of & and 4-¢fferents from the
respective ventral roots One ventral root ew y-effe as d to a progres-
sine cutting with watchmaker forceps distally to the sumulation point, under contmuous
monitoring of the number of y-efferents still in connexion with the spnal cord After the 1sola
tion of one or mo|~,-e”ler;nu from one particular ventral root, the other ventral roots were cut
£y et Iy

UL A SO Tty i AL
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. ' . . . ydl

muscular ' afferents), FRA, ilubitory postsynaptic potential, 1PSP excitatory |
potential, EPSP
Results

1 Spontancous actitity

Fig 1 shows the actn1ty 1n two ; efferents ob 1 1n different prep. Stimu-
lation of the intact ventral root 1n A and D respectinely evokes a small and late spibe
at a fixed latency in 2n all or none fashion indicating that 1t represents a single ac-
tion potential that 15 conducted at j-veloctty (¢f Methods) The , fibre m the left
column (A—C) has a resting actinaty of 69 pps (B) that 1s abolished after an mtra-
venous injection of DOPA (C} The fibre 1n the nght column {D—F) on the other
hand has a very low resting activity, 1 pps (E) that 15 enhanced (35 pps) after
DOPA (F} Actiity in these two filaments 15 thus influenced 1n a reciprocal manner

by the mjection of DOPA In order to establish that they rep: duff types
of ; motoneurones and nat only different reactions to DOPA due to differences of
e 1 cond: it was ady to record both types of neurones sunul-

!axxwousl) Fig 2 shows the actiaty in a filament with two y-efferents Before DOPA
(B) the large diphasic unit 1s spontaneously active (63 pps) whereas the smaller but
faster umt has no resting actinity During an intrasenous mnjection of DOPA a resting
discharge appears 1n the small unit while that of the large one s decreased (C)
Soon affer the mjection the small unit 1s dommnatng (D) and some minutes later the
resting actnaty 1n the large umt has vamished but instead the small previousy silent
unit has acquired a high level of resting actinity (25 pps) (E)
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Iig 1 The influence of anntra  |A D |

\enous mjection of DOPA on the ’
spontaneous actvity I two ¥ r‘

elferents to tenuisimus recorded

ponnt
m two different expeniments A 25 msec
and D show the activation of the Before DOPA

q-efferents by shmulation of the

ventral root of S| that had been £

subjected to successive lesions un ] 1 l

tl only one y efferent was sutl [l

connected to the spmal cord L6

and L7 ventral roots were cut

The umt i the left column

(A—C) shows a spontaneous ac

vty e i et an DOPA 100mg/kg
mjection of DOPA {100 mg/kg) [}

“The right serses (D—F) allustrates

F
a unit accelerated after DOPA

Time calibrations as andicated 1 ININOVNNORAINNN

this and consecutne figures

Thus two tvpes of can be d k

Ja—
250 msec

d 1n the same prep
under the same conditions The present material consists of 15 neurones with no or
very low resting actnaty 1n the spinal state which accelerated after DOPA and 7 units
with a resting activity above 20 pps, which decelerated or were completely sifenced
after DOPA The latter type will be referred to as tvpe A (¢f Fig 1 A—C) and the
former as type B (¢f Fig 1 D—F) All neurones recorded from belonged to either
type

Hunt (1951} claimed that the resting actinaty 1n the spinal unanesthetized cat was
abolished after section of the dorsal roots Later investigations (Voorhoeve 1960
Lindsley and Eldred 1960) showed that there 15 a restdual resting activity but never-
theless the results support the notion that the resung actnaty m , motoneurones s
maintained largely by the dorsal root afferent inflow These results refer only to the
type of y efferents that 1s spontaneously actrve m the spmal ammal by Hunt and
Pamtal (1958) estimated to 40 ¢ of the total population of ; motoneurones After
DOP spontaneous activity oceurs in the type of efferent that previously was silent
(B ype) In order to see 1f this activty 1s mantained 1n a similar way the dorsal
roots were cut 1 two experiments when B umits exhubited resting actinaty The B
umt recorded 1n Fig 1 decreased 1ts resting actnsty from 39 to 30 pps when part of
the 8l dorsal root was iansected A further decrease to 16 pps was cncountered on
cuttng the 1psilateral dorsal rcots from L4 to 83 and after transection also of the
contralateral roots the discharge frequency was 11 pps The marked decrease 1n dis-
charge rate allows the conclusion that the resting actrvity that occurs after DOPA in
B umits at least partly depends on the dorsal root inflon

To give a more detailed account for the spontaneous actmity, and in particular to
see whether there 15 any difference between A and B units, a further a
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A VR B Rest.
i -4
Rt e >
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Fig 2 Reaprocal influence of DOPA on two 7 efferents recorded mn the same filament Sum-
ulation of the L6 ventral root activates two  efferents one small and one shehtly Jarger di
phasic unit (A) L7 and Sl ventral roots are cut The latter unit 1s spontancously active befor
DOPA (B), but decreases 1ts actnnty dunng an injection of DOPA (C) Some minutes aftel
the mjection was completed this unt s silent (E} in contrast to the small one that has now
acquired a spontancous actiyity

regulanty of finng and the distnbution of interspike Intenals was undertaben In
Fig 2, the A unit (B) apparently has a higher resting actnity than the B umt (E),
but the latter, on the other hand, appears to have a more regular finng pattern The
mean interval between consecutive spikes for the A unit 1s 14 3 msec (SD 4 6) and
for the B unit 37 6 msec (SD 52) The relatine vanation 1n regulanty of finng 1
comventently expressed as the coefficient of vanation (CV), re the ratio between
the standard deviation and the mean intenal For the larger umit in Fig 2 spon
taneously active before DOPA the CV 1s 032 and for the smaller (B type) actne
after DOPA 0 14 Thus there 5 a considerable difference in regulanty of firng be
tween these two umts recorded in the same preparation Precautions were taken 10
control that the spontaneous actity was at a stationary level during the measure
ments The mean CV for 5 A units was 023 and for 7 B units 0 18 The cocfficients
for the different umits are plotted versus the mean frequency in Fig 3 Each value s
d from the d of at least 50 intervals The A units have a shorter
mean intenal than the B umits Although there 1s a considerable averlap between the
coerficiens of varmaaon of A ama' 5 oy there mmgke de a amatarey G afe B ames
to have a lower value 1 ¢ a more regular finng pattern
The intersal histograms m Fig 4 represents one A unit and one B unit The lelt
istogram (A umt) has a positive degree of skew but the right appears to be more

symmetrical For a companson of the symmetry of different histograms a coeffictent
mean mtenal medmnmltr\al)

hew can be esimated 1e coefficient of skew=3
of shew standard deviation

The mean value for the mterval histograms of 5 A uruts was+043 (median +046)
and for 6 B umts+0 13 (median+015) The degree of skew for the different units
can be compared in Fig 4 All the imterval histograms of A umits were posm\']V
skewed while the histograms of B umts appeared to be more symmetric
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Fig 3 The relation between the coefficient of
variation and the mean of at least 50 k o 22
intenals for 5 A units before DOPA and 7 B T T

tervol
nt
umts aftec DOPA ° 50 " msec

In the discharge pattern of dorsal spinocerebellar trace cells {Jansen, Nicolaysen
and Rudjord 1966) there 1s a relation betwecn the duration of one interspike intenal
and the preceding one m that a short mterval 1s generally followed by a long The
present mnvestigation did not reveal such a relation i the discharge pattern of p-
motoneurones of erther type

2 Reflex effects to y motoneurones ¢iohed from prumary afferents

a) Reflex effects uith short central delay

s-motoneurones can be reflexly actiated with a central latency of 2—3 msec (Hunt
and Pamtal 1958) There 15, however, a considerable vanability m reflex excitability
of y-motoneurones 1n the spinal ammal (Hunt and Paintal 1958) Alnaes, Jansen
and Rudjord (1965) suggested from ndirect evidence that only dynamic y moto-
neurones could be reflexly activated 1n the spnal animal On the other hand, Gnll-
ner et al (1967} found reflex actnation of statc after an injection
of DOPA In the Light of these new data 1t seemed necessary to reimestigate the
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Fig 4 Histograms of the wnterval distnbmuion of consecutne spikes i an \ (n=374) and 2 B
umt {(n=196} The left lustogram (A umt) has a positne degree of skewness (+0 41) but the

nght (B unit) appears to be more symmetnc (+009) The coefficrents of skew (cf text) are
sen for 5 A and 6 B umits 1o the nght and the left of the histograms respectively~
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matter sith the direct method of recording the actisaty i ; efferents Since the shol
latency reflex transmisston from cutaneous group II and Il muscular and jour
afferents, 1 ¢ the flexor reflex afferents (FRA) to @ motoneurones 1s depressed afte
an njection of DOPA 1t 15 of interest to estabhish whether a siular effect 15 exerte
on the reflex transmission to j-motoncurones The division of ) motoneurones mto
and B umts employed in the preceding section will be used also here

Fig 5 15 a schematie dllustration of the reflex actnaton of a type A umt Eact
line mdicates one sweep (tme) and each vertcal bar shows the occurrence of ont
action potentral The sural nerve 1s sumulated at the begmming of each sweep Eact
group of records represent 10 consecutive sweeps and already at a stimulus strength
of 261 tmes threshold 4 spikes are hinked to the stmulation The very early spihet
are spontaneously occurring and 1t can be seen that they defay the reflexiy eheited
sprhe somewhat At a higher stimulation strength the spikes occur with shorter iter
spike intervals In the nght column the reflex responses after an mjection of DOPY
are shown Only one spike sometimes none occurs as a response to the same stimy

lation as in the corresponding records 1 the left column Thus the reflex responst
of the A type 1s dimmmshed after DOPA

from £ toy
Fig 6 1s a similar schematic representation of the reflex actnation of a y-moto”
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Fig 6 Reflex actvaton of a

motoneurone of the B type bx fore rad

and after an mpecion of DOPA

160 mgllg) from cutancous

Sur) and muscular (GS) af resiog

ferents at differens

strengths (single volleys)  Fou e

detarls see Fig 3 0 me

nevrone of the B tvpe Sumulation of the sural nene at weak strength ghves one
spihe sometimes two at & rather varahle latency  After an 1y njecuon of DOPA
two sometimes three spikes occur at a shorter and more stable latency and sith a
shorter mnterspihe mtersal At higher sirength this pattern 15 even more pronouaced

Essentally the same type of reflen effects can be eliited from the nene to
gastrocnermus soleus (Fig 6 lower series) Thus m contrast to motoneurones of
the A type the B type are more efficiently actvated alter an tajectron of DOPA

It s mteresting that n response to the G-5 sumulation at low strength the birst
sprhe occurs i 9 of 10 tnials but ar a higher strength of sumulanon enby 1n 3 of 10

The most bkely explanation 1 thar an early IPSP 15 evoled in addmon to the
EpSP

8603003 Asta physiol reand bol 77 I3
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ﬁ Fig 7 Reflex actnauon of an &
| 3 guu—m y and a B unt before and after an
[T ———t injection of DOPA (100 mgfkg)
F,g " 10 response 1o single sumul of
268 Yy Ty creasing strength to 2 muectlar

— nenc (ABSm) For detnls se
swel Fig 5

The effect of increasing sumulation strength, gnen 1n muluples of threshold 1
shown in the saume schemitic way for an A and a B unit 1n Fag 7 The qualitaty
effect of increastng sumulrtan steength 15 the same before and after DOPA bu
the threshold for evoking a reflex discharge 15 lower before DOPA for the A umit anc
alter DOPA for the B umt Correspondingly the reflex actisation 1s more effectine 2
higher stmulation strengths

Another way of expressing the efficiency of reflex actnation 15 0 gne the finns
inde, that 15 the ratio 1n per cent between the actual number of reflex responses ant
the number of tnals (Hunt and Puntal 1958) Table I gies the firtng mndices for 2
B umt, which was actnated 1n 5 ¢ of the tnals only at the highest strmulus strength
from the G S nene and somewhat more effectively from the sural nene After
DOPA the firmg index 1s 1n all cases above 0 and even at a strength that yielded no

Taste 1
Before DOPA DOP\ 100 mg/kg
Finag index (%) Firtng indet (%)
Affrthr o ofspikes  \Txthr No of spikes
1 i 2 3 4 5
Gs 220 O Gs 170 75 o Q o 0
680 0 530 94 0 [ 0 4
w00 0 100 100 15 0 [ :’
w00 2 400 100 100 100 72 1
Sur 134 O Sur 147 100 35 [ 0 g
210 33 210 100 10 7 0 .
1z tz 100 92 78 1"+
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spihe before DOPA the finng 1ndex was 100 € after DOPA After DOPA not only
one but several spiles occur in the reflex response At the highest simulation strength
(G-S) 4 spikes oceur in 72 Sc of the cases as compared to one spike 1n 5 ¢ of the
cases before DOPA

Hence 1t can be concluded that the reflex actuuation of A umts 1 less effictent
(cf Fig 5,7) after an ntrazenous anjection of DOPA, ahile, on the other hand,
B units are more exctable (¢f Fig 6,7, Table I

The shortest latency of the reflex response evoked from the G-5 nerve 1n g 6
ts 8 7 msec The conduction time from the intact VR to the recording site 15 3 0 msec
and the central latency including the conduction time to the ventral root 1s mimmal
1y 20 msec {¢f Hunt and Paintal 1958, Grillner et al 1969) Since the conduction
distance 1s known, the conduction velocity of the afferent fibres could be caleulated
10 be 46 m/sec, thus well within the group II range Reflex responses 1n A and B
umits were often elicited at a strength below 8 tmes threshold of the nene (cf
Tig 7) This strength can be assumed to be actinating only group I and II afferents
(Eccles and Lundberg 1939) In confirrration of Hunt and Pamtal (1938), Eccles
et @' (1960) and Voorhoeve and vanhanten (1962), we found no evidence of ex-
citatory actions from group I afferents while 1t can be concluded that group I
afferents can exert an exctatory effect on flexor y motoneurones of both types, as
was stated by Voorhoese and vanKanten (1962) This does not necessanly 1mply
that these effects are elicited from spndle afferents with secondary endings, since 1t
has been claimed that also other fibres conducting at group 1I range ongmate from
muscle ussue (Barker 1967) It 1s of imterest however, that group II afferents
onginating from muscle spmdles have been shown to have an excaratory effect on
a motoneurones to flexors thus conforming to the flexor reflex pattern (Laporte

and Bessou 1929 cf Ecdcs and Lundberg 1959)
In this

the flexor | m d (1e
to and a few to d. ) were almost invanably excited from 1psi-
tateral cutaneous and muscular nerves (cf, however, Fig 6), but there was a con-

derable diff m e bility 1n 1) of Hunt and Pawntal (1938) A’
units were usually activated \\nh a tram of spihes 1 response even to rather weak
single stmult B umts, 1¢ units with no or a very low resung activity, were some-
tumes poorly excited (cf Table Iy, but i other cases they responded with a tramn of
spikes to single smult All , motoneurones investigated could be actnated if strong
enough sumuli were used It 1s our that of ff 1t
gnes a stronger reflex response Thus the reflex effects from ipsilateral nerves con
form to the flexor refiex pattern There was no evidence for excitatory effects from
group I afferents The effects from contralateral nerves were not tested in all
neurones but when tested no consistent pattern was found Inhbiton as judged
from the depression of the spontaneous actinty or muxed effects consisting of one
or two spihes linked to the stumulation followed by a depression of the restng dis-
charge rate or no effects at all were encountered
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Fig 8 The late reflex discharee in 4 motoneurones of A and B type o curring after an mtra
venous injection of DOPA (100 mgihg) A—E are recorded from 2 hlament contatming two B
uruts _identified 1n A from the intact ventral root (Sl) and restingly acune after the injection
of DOPA (B) L7 and 16 ventral roots are cut Both a and ¥ motoncurones are actnated
with a central lateney exceeding 100 meec by a short train (4 shocks) of pulses gner 1o the
sural or the G § nenve (D E} Sumulation strength 1s gnen 1n multiples of the threshold for
the most exautable fibres Note that <pikes with small sprhe size are recruted before these with
larger <pike size m the late d scharge and also in the spontaneous bursts of activity orcurnng
late after DOPA (C) Records F—H are from an A umt identified 1n F (Sl ventral root} and
with no resung actinity after DOPA (G) A short train of pulses to the sural nene vields 2
discharge with a fong central tatency (H

b} Reflex effects with long centraf delay
The short latency reflex transmusion from FRA 1o @ motoneuron=s is inhibited after
DOPA but mstead a longlasting reflex response {100—500 msec) occurs 1n both
a and j-motoneurones with a latency of 100—200 msec in the spiral animal {An
den ef ol 19661 Stanc  motoneurones to flexors do participate n this late dis-
charge (Grillner ¢t ¢’ 1967) but it 1s not hnown whether dynannc  motoneurones
participate

Fig 8 (A—E) lustrates two B umits spontancoush actne (B aftr DOP?A
Sumulation of the G S and the sural (C D) nenes evoles a reflex response with a
latency of 100 mse~ and with a duration exceeding 500 meec Also 3 ¢ wotoneurones
1n the filament are acusated and it 1s mteresting that the onset of reflex respons 15
earher i than m a ratoneurones Within the latter group fibres wath small spikes
are activated before those with a large The order 1s reversed when the reflex response
ceases (L) Also i the spontancous bursts of actnty that often orcurs late after the
imjection of DOPA (C  the neurones are recrurted in the sam= order When record

~—
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ing frem thin filaments 1t can be assumed that there 15 a relaton between spihe
amphtude fibre diameter, conduction ve'oaty {Gasser 1941) and wotoneuronal cell
size as Judged from the mput resistance (hernell 1966) It thus appears as if, i the
late discharge rrotoncurones with small cell bodies are recrurted before those with
a large which can be nterpreted m terms of the hypothess that with the sam=
amount of trar_mutter release a larger synarti~ potennal 1s generated m 4 cell with
a lugh mput resistance, 1¢ a small c=ll #s compared to one with a low (katz and
Thesleff 1907 Henneman Somjen and Carpenter 1962 Burke 1968) In F—H the
activity m a y woteneurone of the A type 15 illustrated after an injection of DOPA
There 13 no resting actity but on stimutation of the sural nerve a reflex discharge 1s
evoked with a latency of 200 msec Since the late reflex discharge cou'd be elicited
almost imvanably after DOPA 1n both types of  motoneurones 1t can be concluded
that , rotoneurones af both A and B type as well as ¢ motoncurones to flevors
participate in the late reflex discharge

©) Reflex effects eroked on repetitive nere stimulation

in order to have a constant reflex activation when investigating the response of
primary endings to ramp stretches Alnaes et al (196>) employed weak repetitne
nerve sumulation at 40 pps Under these conditions they found evidence for ac
tnatien of dynamic but not static  motonewrones Since in our experiments all
motonenrones could be reflexly activated by single sumul 1t was of ymportance
also to consider the effect of repettne actnation at different frequencies

In Fig 9 the change in frequency (Jf) of an A and a B umt 1s plotted versus
the frequency of stmulation The A umit spontaneously actise at 75 pps 15 con
anuously ! as the freg The B unmit actne at 0—2 pps
was fired 1n response to each sumulus at very low frequencies of sumulaton but at
higher the reflex response was inhibited At 40 pps (employed by Alnaes et al 1962)
no acceleration of the efferent fibre was found When B units were actnated with
several spikes on single stimuli the reflex respop-~ =+ 1~ remelasinn foar -
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could be considerable but as the frequency mncreased the reflex response decreased
Aluays being bick to the resting level at a frequeney of 20~25 pps Hence there s
an mportant difference between A and B units n their response 10 repetite nene
stimulition Alnaes et al (1965) would have actiated only A umts

d) Reflex effects eral ed on adequate actiation
Hunt (1951) found ;-motoncurones to fleaors 1o be actnated from ipsiatera) and
inhibited from contralatertl shin regions, thus conforming to the flexor reflex pat
tern Hagbarth (1922) and Eldred and Hagbarth (1954) desronstrated that there
1s 2 wore complex orgamization of the suflex effects that cin be elicited from the
skin to «- and j-matoneurones (cf abo Engberg 1964) To (est if all , motoneurones
are actnated by adequate stimuli 1 of particular interest 1 relation to Alnaes ¢f ai's
(1965) findings that on weak repetitive stnulation of peripheral nerves there was
evsdence only of an wncreased dynamuc fusimotor acti sty

In the present experiments the shin of the paw was sumulated by pressing the
p firmly between the indes finger and the thumb Both A and B unuts could be
actnated from the psilateral side both before and after an wntravenous mnjection of
DOPA When spontaneous actinaty occurred fe¢ belore DOPA for A unps and after
for B untts intubitory elfects could be demonstrated from the contralateral side Wub
this rather crude adequate stumutus no thresho'd difference between actin2uion of A
and B umits was detected It ¢an be concluded however that all | motoneurones
i estigated responded s expected from the flevor refles pattern on adequate ac
enation of this particular regron of the hindlmnb Hence there 15 a difference be
tween adequate stimulation and repetitne nerve stimulation at high frequency, the
Iatter being unable to actinate B umts (¢f preceding paragraph)

Discussion

a) Classifteation of ¥ and B untts

The dentification of A 4nd B umits must be based on the deduced properties of
dynamic and stauc ; motoneurones which have been inferred from studies of the
diccharges 1 muscle spundle afferents These studies show that dynapuc but not
static j-motoneurones have resting actmity sn the spnal cat (Alnaes et af 1963
Bergraans and Gnllner 1968) After an injection of DOPA on the other hand the
restaog acsiaty an dynamus v otoneurnpes is decreased {Beggmans and Grilnes
1968) while the activity tn static 1s mncreased (Gnillner ef al 1967 Bergmans and
Gnillner 1968) Exidence for a difference 1 reflex actn ation of dynamse and stat¢
y-motoneurones 1 spinal cats was obtained by Alnaes ¢2 al {1965) who found that
weah repetitive nenve stunubs actnated only dynamic ; -motoneurones Since A unls
have all the described propertes of dynamic and B umts those of static y moto
neuranes 1¢ 15 concluded that A umits are identical with dynamic ; motoneurvnt
and B units with stanc The proportion of A to B units (7 13) correlates 1 hert
well to the hnown proportion of d; to static y supplying the
tenusssimus (1 3) (Bessou and Laporte 1966) A and B umiy will be selerred 10
as dynamic and static below
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b) Reflex effects to static and dynamic p-motoneurones
The late reflex discharge that occurs with long central delay 1 esoked in both
static and dynamic ; motoneurones Since these lfate refle effects occur n all types
of motoneurones they mught be comeyed by a common pathwas This suggestion
15 supported by the finding that the particip of a and appears
to be hinked to each other the a motoneurones being recrumited after the y moto-
neurones (¢f page 11 Fig 8)
and ; of the dynamic and the static type are dis

chargcd with short central delay by single volleys 1n the FRA The reciprocal in
fluence by DOP\ on the reflex discharge 1n dynamic and stauc 3 motoneurones
and the mhibitory effects exerted by repetitne nerve sumult only on the latter tvpe
of neurones right indicate that there are separate pathways mediating short latency
exaitation to the two types of , motoneurones and that these pathways can be

1 lled The dep of the short latency reflex after DOPA (Fig
5 7) oceurs n parallel m the pathways to dynamic , motoneurones and « moto-
neurones The depression in the latter pathway 15 not caused by a drrect effect on
the a motoneurones and from wmndirect evidence 1t has been suggested that the effect
15 exerted at the interneuronal level rather than on pnmany alferent terminals (An
den et al 1966a) It has been tentatnely suggested that there 15 a hnkage between
+ and dynamic y from exg with {lular recording
{Grillner et af 1963) which 1s supported by the present findings Hence 1t 1s pos
sible that the depression of the pathway to dynamic ; motoneurones abo occurs at
an nterneuronal level

The early reflex discharge 1n static ; motoneurones 1s enhanced after DOP\
This was unexpected since transmussion 1n all previously investigated short latency
pathways from FRA 15 depressed after DOPA (Anden et ol 1966a)

An increased excitabiliyy after DOPA either n static , motoneurones or 1n the
reflex pathway to them would account for this finding From recordings of the dis
charge 1t 15 not possible to distinguish between these possibilities Another factor
that might be of importance 1s the level of primary afferent depolanzation (PAD)
m the terminals of the FRA The PAD may be at a lower level after DOPA than
before (Anden et al 1966a) Hence the transmussion from the FRA to the mnter
neurones i the reflex path to a and y motoneurones would be enhanced If the
reflex arc of static neurones 1n contrast to the other pathways was nat depressed
the observed increase 15 excutabshity could be explained by the removal of PAD
That this should be of such a paramount importance for the excitabihty of static

motoneurones 15 however to us less probable and we favour the 1dea of an in
creased excitability 1n one of the neurones of the reflex path Since noradrenaline
postulated to be released by DOPA (¢f Introduction) probably 15 an mhibitory
transmutter (Engberg and Ryall 1966) 1t 1s more likely that the encountered 1n
crease tn exatability 15 due to dissnhibition than to direct excitaton of one or more
of the neurones within the reflex arc

To summanze the short latency paths to dynamic and -+~ =~tnemeanos nra
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Desc.
NA Fig 10 A model that could account for the
reflex actnaton and the generation of ¢on
.____< taneous actiuty yn dynamue (D) and staue (S
7 motoneurones and the mechanism of the

Afferent reciprocal noradrenergic control One neurone
can represeat a cham of neurones Term n;

PN
inflow e ~. with two branches are excitatory and thoe

™ with filled esrcles are ihibitory The des ending
_—__< noradrenergic fibres are assumed to liberate an
hibitory transmtter

reciprocally influenced by an injection of DOPA and further the pathway to stane
, motoncurones 15 mhbited by repettve nene stimulation 1 contrast to dyvnarc
, motoncurones (see Results page 13) A simple model that could account for these
findings 1s presented mn Fig 10 The short latency pathway to dynamic , moto-
neurones (D)} recenes imhik from d d d gic fibres The effect
15 everted qt the mterneuronl level 1n analogy with a mrotoneurones (see above)
The pathway to static  motoneurores (S) recenes collateral mhibition from the
pathuay to dynamme neurones No preferential loctton for this mhibitton 15 evident
In the spiral state single volleys from ipsilateral peripheral nenes would gie 2
reflex discharge 10 both static ind dynamic  motoneurones The pathway to stanc
, motoneurones would probably be less excitable due to the tome afferent inflow
causing inlubstion of this reflex arc On repetitive nenve stunulation the first volles
would diccharge ) motoneurones of both tvpes but the pathway tfo static would 2bo
recese nhil through the mhibitony mterconnevion With higher frequencies.
this mhubition would be effectine al<o when the next volley armves and prevent the
reflex discharge An njection of DOPA would mhibit the reflex arc to dymamc
, wotoneurones and consequently distnhubit the pathway to stauc neurones

It should be emphasized that other interpretations are possible It 1s of interest
that some , motoneurones to estensors recene recurrent whibstion (Ellaway 1968
¢f also Brown Lawrence and Matthews 1968) but it 1s not hnown whether 1t 6
distributed to both types of motoneurones

¢} Hou s the descending control of spontancous acti ity in y motoneuronts
everted?

There 15 3 relation between efficacy of transmission 1n the short latency reflex path
and the spontaneous actnits occurnng mn dynamic , motoneurones before and 1
static after DOPA  Results) Thus resung actinafy 1s largely mamtained by the
afferent nflow through the dorsal roots {cf page 4) Smnce the short latency path
15 actne m the spmal animal the resting activity i dynamic , motoneurones 15
probably mamtained thiough this path Stauc , motoneurones are spontancoush
active when both the short and the long latency reflex pathways are open Snce
the late reflex pathway appears less discnminanive (¢f page 11} we tend to 13:0:;‘
the possibility that the spontaneous actinaty n static j momnrr . mamtan
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through the short latency reflex path Ve thus tentatinely suggest that the spon
taneous actnity m dynamic and static ; motoneurones to flexors 15 mamtained
through the short latency reflex path It 1s tempting to speculate how this control 1s
exerted and to relate the disappearance of resting activity n one type of moto-
neurones to the occurrence to activity in the other type

The model of Fig 10 could account alkso for the reciprocal control of spontaneous
actinity 1n , motoneurones A continuous actinaty in the pathway to dynamic

would vz coll 1 1ntub cause a d

of the pathway to statc
neurones but on mhibiion of the former pathway the latter would be released
According to this model the spontaneous actinity 1n the two types of , motoneurones
would have the same charactenstics if the pathway to dynamic , motoneurones was
completely inhibited after DOPA and there were n other differ-nces between static
and dynarmic 3 motoneurones In the present matenal the resting actinity in static
, motoneuro~es tends to be lower than 1n dynamic and they also suggest some dif
ferences 1 the regulanity of finng and in the symmetry of the interspihe intenval

These dfl are of derab}
but do not necessanily imalidate the model

mterest for further experiments

d) Posuble functional signtficance of the control of

stalic and dynamic
motoneurones

n and y rotoneurones are coactivated 1n different reflexes {¢f Gramit 1955) and
also 1n the naturally occurring respiratory movements (Critchlow and Euler 1963
Euler 1966) and in hindimb muscles duning induced locomotion n the mesen
cephalic cat (Severin Orlovskn and Shik 1967) Both dynamic and static y moto-
neurones appear to be rhythmically activated m phase with the respiratory move
ments (Euler and Perett1 1966) Also 1 the flexor reflex that occurs with both
short and long central delay do dynamic as well as static , motoneurones participate
¢f Results} When considening the function of the streten reflex loop the phasic
actnation of , has d most and particularly the
hypothesis suggesting that the » loop funcnons as an independent follow up length
servo for the imtation of movement (Merton 1953 Eldred Gramt and Merton
1953} No proof of this hypothesis has since been presented (¢f Hunt and Per! 1960
Matthews 196+ 1967) and expeniments trying to estumate the gamn of the stretch

reflex loop have not lent support to the hypothesss (Grimt 1958 Matthens 1929
fob'o)

Although Hunt (1951) and Kobayashi Oshima and Tasaki (1932) noted the oc
currence of sy n oy the 1 of this has
been given less attention Provided that the interpretation of lhe effect of DOPA 1s

correct the descending noradrenergic system controls the spontaneous activity i
static and dynamic

motoneurones to flexors 1n a reciprocal way The noradrenergic
f bres are unmychinated (Dahkstrom and Fuxe 1963) and the conduction tme from
the brain stem probably exceeds 100 msec Thus it 15 unhkely that the system 15
engaged 1n the control of fast movements with short duratton but rather m modify
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ng the background discharge and bahineing botween dynamic and statre fusmot ©
actinaty This control 15 thus reaprocally orginized in contrast to the coactnaton
of static and dynumic , motoncurones in respiratory mosanents (Fuler and Perets
1966) and 1n the flexor reflex occurrmg with short and with long central latene
(¢f above)

Howcver, the functional signilicance of the separnon of / motoneusones mwo 2
static and a dynamic type s by no means obvious It bas been suggested (Janen
and Matthiews 1962 Matthews 1964) that the function of dynanuc 3 motonestrons
should be to provide a varnble damping of the stretch reflex loap to suit any kisd
of movement Recent findings of Lennerstrand (1968) are relevant 1o this hypathess
He dunonstrated that duning sumultancous sumulation of stave and dypamic
, motoneusones the rosponse of a pnmary «nding dunng a length decrement for
example a musculir contraction s largely dependent on the actiaty m statc
fusimotor fibres mndependent of 2 concomtant dynamie y vetnsty On the other
hand the afferent response duning 1 length increment 1s argely depondent on the
dynamic fusunotor actnaty ‘This means that the pamary ending 1s vo xay seasithe
to a length merament but not to a decronent when under simultanenus dynamic
and stauc fusimotor buas It mught be significant howcver that 1 decreased statc
acusity means an ncresed seantngty to velsaty abo durning 4 length decrement

From these results it can be nfored that an actnavon of the drscending por
adrencrgic system m the spinal cat decreases the dynamic response to a Jength
crement but at the sume time increses the affcrent actinaty duning a length de
crement ¢ g 2 muscular contraction Fhus in ths condrtion the muscle would oppoe
externally induced length increments less effcetnedy but probably contract more
efficiently since the affercnt actnaty would not decrease abruptly dunng shorteniig
(as under dynamic or without fustmotor activty) As pomted out aboe the descund
1ng noradrenergic system scems less well suited to participate sn phasic shortlasting
movements but eminent for sctung the background laved of static and dynamic
fusimotor actissty to st a particalar kind of movement On this bachg round level
of actnity a phasic actnnation from cather descending fibres or via spinal reflex arcs
could be supenmposed

No attention has herc been paid to the sccondary endings of the spindle which
gne an afferent signal hnearly rdlated to muscle longth S far thar cnly knowtt
reflex conpexion to + (Laporte and Bessou 1959 ¢f Lecles and Lundberg 1929}
and , motoneurones ¢f Results) are those of the flexor reflex (Shernngton 1910)
It shall be noted however that group [T afferents are accdderated after DOP A when
at the same time the transmusion from group 11 afferents tends to be fay
to the remosal of primary affcrent depotarization (Griliner et al 1967)

oured due
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Properties of Clarke’s Column Neurones
By
E Eioe L Feprna,'J Javsen,? A Lusosero and L Vyguioky?

Re ened 14 December 1963

Abstract

Eioe E, L Feorvs, J Jansen A Luspeere and L Vvauens Properties of Clarke's
column neurones Acta physiol scand 1969 77 125—14+

Mechamsms responsible for the hugh efficacy of svnaptic actnation of the do sal spinocerebellar
tract (DSCT) was mestigated with intraceltular recording from Clarkes column cells

The organization of synaptic connextons to the dorsal sprnocerebellar tract {DSCT)
has ben extensiely imestigated (¢f Lundberg 196¢ Oscarsson 1565 and for more
recent work Jansen and Rudjord 1965 Hongo and Ohada 1967) Like mam other
sensory neurones DSCT cells are characterized by therr very effectine actnation from
primary afferents and the purpose of the present worh has been to mesugate the
svaaptic T and cell prop: ponsible for the high efficacy of transms
sion to the DSCT Specal attention has been gnen to the subgroup of DSCT
neurones actnated from large muscl= spindle afferents (Ia) because these afferents
have m connexion also with

and a compancon with moto
neurones with thetr well known properties expecteds would b= vajuable Further
more a quanttatne comparison between discharge rates i Ia DSCT neurones and

U Present address Expenimental Research Department Ullar ut &/a Budapest Hungan
2 Present address Institute of Physiologs Umnersits of Oslo Oslo “Norwa:

Y
3Imen( address Institute of Physiology Czechoslovak Academy of Sc ences Prague Crecho-
slovakia
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Ia primary afferents 1s available as a basis for this work (Jansen Nicolawsen axd
Rudjord 1966) The present report deals with properties and the acusaton of
Clarke’s column cells monosyniptically actnated from group I muscle affercats
henceforth referred to as DSCT cells (¢f howeser, Lundbcrg and Oscarsson 196)
Landgren and Silfvenius 1968) Unitary EPSP, and certan related obsen ations are
described i a separate paper (Ewde ¢ al 1969) There 1s some overslap with the
results of a parallel mvestiganon by Kuno and Muyahara (1968) A preluminan
report of some of our results has been grven (Fide et a! 1967)

Methods

The experiments were made on spinal cats anesthetized with chloralose (60 mgfkg) TH
anumals were operated under ether and chloralose was gnen after the end of the operatiot
Laminectomes were performed in the lower thoracic regron and in the lumbar rezion [L2—
L#4) The domal part of the lateral funicle was drsested 1n the lower thoracic region and
mounted for stmnulation 1 order to allow antidromic identification of DSCT cells The o
vestigatton s baced on data from ahout 80 anudromically sdentified cells with a resting men
brane porennal sbore 40 mV For hundhumb nerves dissected see abbreviauans The nem
medeal gastrocnemus  lateral gastrocnermus  soleus  plantars flexor hallucis and distorum
longus, extensor digitorum longus and tibial anterior were 0 intact connesion with the muscle
. .- - .= The strngs pred
of 2 M potassu’
ololionet and B¢

cirate or 1o some cases 3\l AUL 1ne punaple widgrdll Ul WL (a
y ents the micto

crcurt for current application has been given by Eide (1968) In all expenim -
electrode was inserted through the dorsal column Despite the usage of electrodes wath hw',;ét
nps (1—1 5a) electrode blocking and_dmphing of the cord due 1o sticking of the electrode
to the white matter was common This phenomenon was correlated with sluggish \eml{;\l
and was fess | when the venous circulation was normal The vens “:i;ml
exposed lumbar <ezments traverse the dura separately {rom the roots and with a longite

-
ning of the dura the dura retracted and caused senous obstruction In the later expe
opening of 4 onl, a small hoe

n this serses we avorded making these extensise shis 1 the dusa but opene e
in the region where the electrode was inserted Vith this method electrode bloc mguud
dunpling was less marked This was important since our procedure of finding the cells 1™
systematic tracking as descrihed bv Hongo Jankowska and Lundberg (1968 e and
“ v A m omaale o (larke s colamn was reported by Curus Eecles 37
) - - at 1f crreulation s 1n good con d‘:ns
This 15 an important xwde 1o fiv
- foca) potentraly dusappeared M
- . - PSP excitatory postsynaptic Pﬂmu\u
N ' AD antdromie PESt posterior butps—stm.lend-leﬂguy
‘ aeus longus tertus and bress &S gaﬂ?“mruﬂ
- peroneal ubiabs anterior ang extensor die
ndritic
Results .
193!
In accordance with the expenience of previous imestigators (Curtis el\atl o
Eccles Oscarsson and Willis 1961 Hongo and Okada 1967 huno and ]::uou't

1968) the DSCT neurones are usually njured by the ntracellular mucroe! .
This s reflected 1n a high frequenes 1njury dis~harge dechne of membrane Pm{aund
and eventually mactnanon of the spike mechamsm Such signs of myury “ﬂ:drd m
in varymng degrees in all the DSCT cells penetrated Some cells hum:\:r 9{650/67
an apparently steady state of moderate injury with membranc potentials of
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Fig 1 The effect of hyperpolanaing current on the action potential In this and most of the
following figures upper traces are \mracallular and lower traces (mm the dorsal cu!umn m lh;
ng
h—

D for A—D and n L for E—N Supenimposed traces in all record: Resting membrane potent al
62 m\ K atrate electrode

mV With constant hyperpolanzing current the increased spihe actnaty of these
neurones could be controlled and the cell might remain apparently stable for pro-
longed periods (sometimes more than 2 hrs) generating action potentials of up to 90
mV Most of the observations that are presented below have be=n obtained from such
penetrations and it 3s believed that they illustrate <ome of the physiological properties
of the cell The possible distorstons ntroduced by cell mjury and transmembrane
polanzing currents which were usually employed should however be hept in mmd
in the interpreparation of the obsenations

The actron potential

The spike potential 15 shortlasting and folloned by a brief hyperpolanzing overswing
(Fig 1) In 20 cells with spike potentials abose 50 mV the duration measured to
peah of the overswing ranged from 038 to 080 msec with a mean of 057 msec
There 1s close agreement with the value reported by huno and Myyahara (1968) In
cells 1 good condition the spike potental often shows only moderate signs of separa
tion 1n IS and SD components In Fig 1 the two components are only barely visible
even when a second antidromic spike 15 evoked after a short interval 1 a hyper
polanzed cell (D) SD spikes can folfow repetitne stumulation as high as foa/sa.s.

“ H
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1 primary afferents 1s wailable s a basis for this work (Jansen Nicolaysen a
Rudjord 1966) The present report deals with properties and the activation
Clirke's column cells monosynaptically actnated frem group [ nuscle afferer
henceforth referred to as DSCT cells (¢f howerer, Lundberg and Os-arsson &
Landgren and Silfvenius 1968) Unutary LPSPs and certam related obsenvations:
described 1 a scparate paper (Lide et al 1969) There 1s some orerlap with!
results of a parallel insesigation by Kuno and Miyahara (1968) A prelimn
report of some of our results has been gnen (Fide ef af 1967)

Methods

The expeniments were made on «pinal cats anesthetized with chloralose (60 mefke)

animale were of erated under ether and chloralose was gnen after the end of the operat
1 aminectomies were performed in the lower thoraeie remion and m the lumbar region (L
14) The dorsal part of the Interal funicle was diwse ted an the lower thoracic regon ¢
maunted for stimulation i order to allow anudromie identification of DSCT eelis Tie
estigation 15 based on data from about 80 anudromically sdenufied cells with a resting
brane potential above 40 m\  For hindlimb nerves dissected see al bresitions The nenet
medial g lateral gastrocnemus sofeus plantans flexor hallucis and o guor
longus extensor digitorum longus and tilxal anterior were in intict connevon with the mus
— e . . tet tem The stunes 3

N of 2\ potatt

. follower and *

ctreust for current apphcation has been gnen by Eide {1968) 1n all experiments !th ‘m:'l
electrode was mnserted through the . "

ups {(1—1 5x) electrode blocking a2 - N

10 the white matter was comman 1

circulation and was less pronounced when the venous aurculation was normal neates
exposed lumbar segments traverse the dura separately from the roots and with a fonei w!
opeming of the dura the dura retracted and caused venous obstruction In i€ later npcfn ;
0 this series we avoided making thewe exensive shits mn the dura but opened only @ en27 0
i the region where the electrode was tnserted With thus method electrode bhﬁf ! :lo
dimpling was less marked This w1s smportant since our procedure of finding the cells 10
systematic tracking as described by Hongo Jankowsha and 1 undberg (1968) Feckr s
A virtual absence of fo al potenuals m Clarke s colurn was reported by Curtis B ]
Tundberg (1958) It has now been regularly found that if circulation s gt;o i fn
Nular focal synaptic ¢ Is can be recorded This 1s an important guide |
the Clarke s column When ¢ J d these focal p ynapic poter ®
Abbreviations DSCT dorsal spino cerebellar tract LPSP, excitatory nvsls)nﬂp“md e
IPSP inbubntory postsynaptic potential AD anndromic PBSt posierior \mtvs! s’“’u“mm\
SPAL superficial peroneal muscles (peroneus longus tertws and brevs s
soleus T\ tbialss anteror DP deep peroneal (ubialis antemor and estesnso
longus) IS imibal segment SD soma dendntic

Results

at
In accordance with the expenence of previous imvesgators (Curtis e nlf ::;:
Eccles Oscarsson and Willis 1961 Hongo and Okada 1967, Kuno and } o
1968) the DSCT ncurones are usually injured by the ntracellular xmcrot\tﬂ“"“
This 1s reflected m a high frequency injury discharge, dechine of membrane P"!’un
and eventually mactivation of the spike mechanpm Such signs of injury Wl'l""mdl
n varying degrees 1n all the DSCT cells penetrated Some cells howew;r, s:
! mjury with b f tials O

an apparently steady state of
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a 220 D 20
0 e = 20mse.
Izo m
3 ’ ©o F G
- test fost
#\/_ /R0t N 200
= Lf -
Ismv 2o 40 miec
Fig 3 b change dunng the afterhvper

of
polanzaton Sirele anndmnu: volless in & B D and E and double antidromic vollevs n C
and G Obsene with doub e vollevs 1n C and m the
«nele trace ;0 D where the anudmmxc «pike 1s evoked soon after a «pontancous spike F and
G show 30 meraged sweeps Hyperpolannng pubes {7 n&) were applicd throush the reco-ding
electrode m F upper trace 1s the unconditioned test 2nd lower trace the effect olmoanndmmx:
vollevs In threc smuar measurements in this cell the mcrease in conductance was 59 and
13 €7 10 nA steadv hvperpolanang current in A—E and 15 nA m F oand G Traces in G as 1n
F but without current pule Resting membrane potential 32 my  h-citrate electrode

present After two d spikes the delaved depol. m
response to the second 1s erther decreased at ven short intervals or comrderabh 1
creased at somewhat longer ntervaly (hern-ll 1964} In DSCT cells the delaved de
polanzation of the second spike reaches the same level of depolanzation as that fol
lowing the first spike and this 15 true ever at different levels of polarzation (Fiz 1
J—\) Similar findings were made at longer mtenials (Fig 1 C) onh 1n a few
occasions the second spike was followed by an mcreased defaved depolanzaton

To tgate the aftethvperpol It was necessans to stop the resting do
charge with hvperpolanzning current In this state the hyperpolanization has a dura
ton of 30—50 msec and 1ts amplitude does not exceed 2 mV  The afterhvperpolan
zauon decreases markedhy even with small hvperpolanzing current. The cell in Fig
“” had a resung membrane potential of 60 m\ znd discharged <pontaneoush mn this
state (A) as well as dunng passage of hvperpolanzing current of 4 nA /B With 2
current of 5 nA the spontaneous finng ceased (C) The stnhing decrease 1n after
hnperpolarzation when the current was raised from 4 to 2 nA may b= related to the

pp e of the resting harge and with 15 nA there 1 no trace left A further

mncrease to 2> nA did not give any reversal of the afterhvperpo’anzanon The ef
fective resistance of the cell was 102 Mf? which suogests that E and J were obtained
at a membrane potentiat of 76 m\  This 1s far below the equilibrium potential of 80
mY found for the afterh polanzation 1n (Coombs Eccles and Fartt
19332 [Itss unlikely that even the 25 nA current hvperpolanzed th= cell as far as to
the potassium equilibnum potennal

‘When two antidromic vollevs were given 1n quick succession the amplitude of_‘lhr

>
9693003 4cta phynal scand Vol T 17
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test B ADotest € ADstest D AD+tesy

1004 0na 304 / 3a
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— —
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Fig 4 E dunng the afteihyy Depol. ® pulses wer

ghen trough the recording electrode A Current pulse of 10 nA just frses the cell i 3l
traces B o firng aflter single anudromic spikes [ENERS LI N e e
13 nA E—G s in upper records but with

and with the test finng the cell 1 about half .

testing intenals at slower sweep In the gra

exaitability (reciprocal of threshold) has been plotted as a function of tme after a single anu
dromic volley (ordinate Same cell as in Fig

afterhyperpolarization increased considerbly (Fig 3 B and C) The hyperpolanz
tran following esther of the two shocks was of all or none  nature 1if the strength of
the second antidromic shock was chosen <o that some of the stimult fatled to excite
the avon two clear steps of afterhyperpolartzation appeared It can therefore be cot
cluded that descending wnhibitory effects (¢f Hongo and Okada 1967) did nof
contnbute to the responses m B and € Record D in [ig 3 shows that m cells with 2
resting cischarge there 1 also summanon of afterhyperpolanization of an antidromical
ly evoked and a spontancously occurning spthe The amplitude 1s increased and the
nterval to the next spontancous spike prolonged

In motoneurones the conductance during the afterhyperpolanzation increases by
about 40 per cent (Ito and Oshima 1962) In DSCT cells there 1s a much qm\”g
change as revealed by tests with the comventional rectangular pulse techmque Recor
F illustrates an experiment with about 10 per cent ncrease in conductance it
legend} However double anudromic volleys were employed for these measurements
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v e o - Trmes rane potential displacement evoked bs hyper

1 EPSP from PBESt B \embrane potential
zular current pule A and B consst of 50
ML Sneeps L senmogtitmi puot ol e decay of the EPSP in A and of the establish
ment of the i B Resting potential 43 my 6 nA steady hyper
polanaing currens ACl electrode

since ro appreciable change was obsenned during the afterhyperpolanzation of a
single antidromic action potential

The excitabiity during the afterhyperpolarization was i estigated with brief de
polarizing pulses applied throug the recording electrede (Fig 4) The intensity of the
current was adyusted to threshold for firng Durning conditioming with a single ant-
dromte volley the threshold current wcreases frem 10 to 13 aA (A—D) and with
double antidromic volleys from 10 to 15 nA The graph shows that the decreased

excitability lasts for 50 msec which corresponds to the duration of the afterhyper
polanzation

The EPSP and the response to injected current pulses

Eccles ez o {1961) reported that ;p many DSCT cells the monosynaptic EPSP from
groep I muscle afferents had a double decay the depolanization rapidly declined to a
prolonged residium which was interpreted as caused by a prolonged transmutter ac
von In the present i this residual depol. was not observed in
hyperpolarized cells n good condition as 1s illustrated by the averaged records
Fig 5 The ume course of the EPSP 1s very sumlar to that found i motoneurones
(Eccles 1957) The ! t plot shows the app: 1y exp 1 decay
with a tume constant of 52 msec Record B shows the effect of an mjscted rectangu
lar hypespolanzing pulse The graph shows a rapid imual displacement of the poten
tal which can be theoretically expected (Rall 1960) followed by an approximately
exponential build up with a time constant of 40 msec 1e rather stmilar to that
found for the decay of the EPSP In two other cells the time constnt of the EFSP
decay was even shorter than that of the potential displacement produced by hyper
Fpolarizing pulses, 4 msec versus 54 msec for the pulse 1n one cell and 3 2 versus 62
msec 1 another cell These findings grve no reason to believe that there 15 a long
Yasting transm tter action Likewise the short duranon of unitary EPSPs (Esde et al
1969) suggests a shortlasting transmitter action at the svnaptic sites on DSCT cells
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tentsal without current 80 mV  h-cutrate clectrode

We have confimed that group 1 FPSPs mav have 2 revidual depolarization as de enbed b
Eccles et al (1961) The two phases of decay are often but not always found in cels severely
damaged by the mpalement Concenably these FPSPs may be recorded from the soma the
fast phase gnen by the damaged soma membrane and neight ouring region of the proumal
dendrites and the slow phase by electrotontc spread from more distant intact regions of the
dendntes Howeter in some cases the late rendual [ hzse may hase a slower decay than the
group 1 EPSP in DSCT cells in good condition Tt s possible that the record ng in th ese cast?
15 from a dendnite and that the late phase represents the electronically slowed FPSP [rom othet

dendntes

Remroval of the EPSP by the spike has btn used to study the transmitter action it
motoneurones (Eccles 1957) The nteraction between EPSPs and spikes m DSCT
cells gives results which at present cannot be unequnocally intcspreted In A Fig 6
2 spike 15 evohed from the summit of the EPSP and after the brief overswing a d¢
polanzation follows which 15 much larger than the delayed depolarizaton folloving
the antidromic spike In D the orthodromic sumulstion was reduced to thresho'd for
finng Whether a spike 15 exoked or not from the susamit of the EPSP the succeeding
decay of depolarization fo'lows approximatcly the same course and asin A The d¢

polanzation after the « rthodromically eve ked spike 1s larges than the defaved depol

nzation after the antidromic spike (E) The expl. for the prol 1 depolanzt

won i A and D cauld be cither rebuilding of EPSP caused by surtinal of transmitte?
action or an mcrease of the delaved depolarization With regard to this problem it ®
relevant that a similar phenomenon occurs 1 the interaction between the EPSP and
the antidromic spthe at lirger condinoning tesung intersals (F H) In all these
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current on the group 1 EPSP M
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records but to 2 decreasing degree with increasing ntenals the depolarization fo!

Icwing the condit cned antidromic spike 1s larger than the de'aved depolirzation
of the taconditioned spihe For a detailed comrpan on supenimposed averaged records
are shown for the longest intenal (I} From what has been reported above in this
sectton 1t 15 unlikely that EPSP rebuilding due to pro‘onged transmitter action could
eccur after long conditioning testing interals 11 T and H It 15 tentatnels suggested
that the synaptic depolarization of dendrites causes a more effective antdromuc in

ras on of them and consequently an increase 1n the delaved depotanzaton We have

< d the al L that the dend regicn where the exaitatory
svnapses are located 15 not m\aded by the spih~ However since the group I afferents
on pi 1 dends (S hai and Albert 1935) thrs explanation s
hardly cnmpauble with the hypothesis that the delayed depolanization recorded 1n
the soma 15 caus=d by electrotontc spread of the dendntic spihe to the coma
In th~ interpretation of the present results it must be conudered that the EPSPs
were recorded during passage of steads hyperpolanzing current The effect of current
passage on the EPSP was mvesticated as allustrated 1n Tig 7 and 8 In Fig 7 a
disynaptic IPSP was evoked by Iow threshold afferents  presumably Ia) 2nd a mono-
synaptic EPSP frem hieher threshold afferents ( presumably Ib) The graph and the
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Fig 8 The effect on the group I EPSP from G S of steady liyperpolanizing current of 1n
tensities indicated n cach record (A—D) and on the abscissa of the graph E—H Restine
discharge and discharge during passage of steady hyperpolarizing current of indicated strergths
Resting membrane potential hefore series 1n A—D 55 mV and afterwards when L—H vere
taken 50 m\ RCI electrode

sample records (D—F) show the cffect of depolanzing current The IPSP did not
interfer with these measurements since 1ts onset occurred after the peak of the EPSP
With increasing depolarization the EPSP decreased and eventually reversed (F and
Jraph) as has been found 1n motoneurones (¢f Eccles 1957) In depolanzed cell
the EPSP increased with currents gining a repalarization towards the resting mem
brare potental The effect of a hyperpolarization on the EPSP 1s iflustrated tn Fig
8 The fowest value of hyperpo'arzing current at which the test EPSP did not evoke
a spike was 25 nA The current effect on the resting discharge (E—G) suggests that
a hvperpolarzing current of 15 nA brought the membrane potential close to it
resting value Hence 1n this expeniment we do not take nto account the effect of
hyperpolanizing current i the range 10 nA abowve the resting membran-~ potenm’
corresponding to some 10 mV potential change Hj perpolinzing currents above th
value produce a mederate decrease in the amphtude of the EPSP This corresponds
to the findings 1 motoneurones (Eccles 1907) This effect may well be caused b
anomalous retfication as shown for motoncurones (Nelson and Frank 1967)

Tt 15 important to employ hyperpolanzing current 1 the study of EPSPs in DSCT
cells At alow level of t p | the orthod; volley evokes a spihe ke
potenttal which can be graded (Fig 3 n Curns et al 1958) In these cases st 1s 10!
possible to differentiate between the EPSP and the local response or parnial spike
esohed by 1t The targest group 1 EPSP obsered during hyperpolanzation to a lev
waere the maximal EPSP did not evoke spihes was 30 mV Values between 20 and
30 mV were obsenved 1n a number of DSCT cells (¢f also Eide et af 1969} The
values are appreciably higher than those (about 10 mV) found m motoneuroncs mw
anesthetized cats (¢f Lccles 1957) This difference between DSCT cells and moto
neurones 15 not only due to a higher mput resistance in the former The effecin¢
resistance measured 1n 10 good DSCT cells ranged from 09 to 23 M7 with a meah
of 14 M2 These values are comparable with those found m  large motoneuron®
(Kernell 1966) However larger values for the mput resstance of DSCT cells bt
been reported by huno and Miyahara (1968)
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Fig 9 Finng produced by mjected current pulse A—D Depolanzing pulses with current 1n
tensities given tn each record These records are <amples from a series used for the plot of the
current frequency relationship In the graph open circles gne the mean frequencies dunng the
entire pulse and filled circles the mean frequencies when the first 30 msec of each pul<e 15

excluded Resting membrane potential 53 mV 17 nA steady hyperpolarizing current hecitcate
clectrode

Fining by synaptic and winjected currents

DSCT cells 1nvanably respond to mjected depolanzing current with a repetitive dis-
charge which, except at current intensity very close to threshold, fasts as long as the
current is apphied Fig 9 shows the effect of a relatively short lasing pube There 1s
a linear relationship between current and frequency up to more than 300 mmp/sec
the slope 1s 10 6 smpfsec/nA 1f 1mpulses are counted dunng the whole duration and
9 3 ump/sec/nA if the first 30 msec, the pericd of fastest adaptation 15 excluded In
many cells the linear rel. was d for freq: as high as 600/scc
but at higher values the slope decrcastd Slope constants of the same order of magni
tude were found when mvestigated with pulses of similar duration as in Fig 9 but
occastonally higher values were encountered the maxumal being 40 mupfsec/nA It 15
not known 1f DSCT cells with such steep slopes had a lugher effectne tesistance

Fig 10 shows that full adaptation 15 only atrained when the current 1s alloved to
flos for more than 05 sec. The steady state slope constant for the cell in Fig 10 15 6
impjsec/nA Aeasurements 1n the steady state as in Fig 10 1 7 cells gave values be-
tween 5 and 9 with a mean of 6 7 imp/sec/nA

The significance of the wide range and high degree of hneanty of the finng
frequency brane current 1s emphasized by the behaviour of the
DSCT cells during sumultaneous synaptic and injected current activanon Our data
¢ from one cell are presented 1n Fig 11 The top records { 4 B) show that a hyper-
# polanzing current of 10 nA reduced the background firnng from 120 to 40 1mp/sec

.
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At both these lesels of polarizaton a steady synaptic actsation of the cell by a 10t
Ioad en the TA tendon mcreased the finng frequency by approsimately 85 mmp/
Thss 15 illustrated by the left hand lower graph of Fig 11 which shows the lnt
summatton of the effects of muscle stretch and the njected current

Further evidence of the linear behavour of these cells 15 obtamed by considen
the membrane potential changes to these o types of simuli The depolanzation
the cell produced by the synapuc actiity was measured when the cell finng »
presented by a 20 nA hyperpolanizing current The average depolarization of ¢
cell 1n the steady state was approximately 10 mV' (Fig 11 C) The displacement
the membrane potential during current stmulation was esumated from the effectt
resistance of the cell which was 09 M2 This makes 1t possible to present the &
on the finng frequency of the cell as a function of the estimated membranpe potent:
at the vanous levels of actvaton (Fig 11 nght hand graph) The obsenat®
appear all to fall along a straight line with a slope of 85 1mp/sec/mV

The same type of data obtained from another cell 1s presented m Fig 12 A
for this cell there was an algebraic surmmatson of the effect of myected and synapt
current in the steady state Each nA of current added or subtracted 9 5 mp/sec 3
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Fig 11 Comparsen of the effect of injected current and muscle stretch Cell with monosynaptec
group 1 EPSP from the DP nerve and effective actnation by a beht stretch of the anterior
ubial muscle & Restngy discharge and discharge by loading the TA tendon with 100 g {(n
the steady state ahout 05 sec after application of the load B Same but dunng 10 nd hyper
polarang current G DC record of depolarizavon produced by loading the TA tendon with
100 g durng passace of 20 n% hvperpolanizing current Durauon of mic'e sirewch 075 see
left record onset of stretch with firng middle record after 035 sec and nicht record end of
stretch The mean depolanzation 1n the muddle record 15 abour 10 m\ In the left graph the
smpulse frequency s platted against the load without current and with 10 A hoperpolanzng
current The effectine resistance of the cell was 09 MD and 1 the neht graph the mpulse
frequency 15 plotied against the estimated membrane potential chanee produced by muscle
stretch and injected cufrent Restng membrane potential 43 my  A-citrate ele trode

cording to the polanty of the current regardiess of whether 1t was applied during or
sithout muscle stretch and comersel a 100 g load on the musele tendon increased
the finng rate by approuimatels 40 imp/sec irespecure of the intensity of simul
taneously myected current The average <teads state depalzrizztion of the cell caused
by the synaptic acthamon deterrmned as 1n Fig 11 was approximatels 6 mV
Examples of the disp! of the b

F during current pulséS are
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Fig 12 Companson of the effect of injected current and muscle stretch A monosvnaf
EPSP was evoked from low threshold group [ afferents 13 the FD! nene and a discha
produced by light stretch of the FDI muscle A Impulse frequency without and wth load {
or 100 g) of the FDI tendon during hyperpolanzing current of 35 and 7 ni With 10

steady hyperpolarizing current a 100 g load gave a depolanzation of 6 mV (not llustratec
D Injected hyper and depolarization current pules as indicated 25 aseraged sweeps

Steady state potential displacement by injected current pulses plotted from secords such
tllustrated 1n D The cffective resistance 18 about 1 6 M B Impulse frequency plotted agan
the estrmated membrane potential displacement produced by muscle stretch and mjected ¢t
rent as indicated Resting membrane potential 50 m\  KCl electrode

gnven n Fig 12 D and presented n the diagram C From this the effective resistant
of the cell was estimated to 1 6 M2 Again the finng frequency of the cell presentet
as a function of the esimated membrane potential fits a straight line with a slope ¢
59 mmp/sec/mV  This type of relationshtp suggests an equnalence of synaptic an
1njected current for the actnaton of the DSCT cells

We have some evidence that the above results arc representative for the ph
logrcal properttes of the DSCT cells and not to any large extent influenced by the
Jury caused by the impalement In one DSCT cell finng rates were compared befor
and after ympalement This neurone was monosynaptically activated from group 1

ys10
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afferents m the G S nene and effectnely actnated by light stretch of the soleus
With e i ding the resting disct was 10/sec and with a 100 g load
on the soleus tendon the steady state firing rate was 53fsec After impalement of the
cell (resting membrane potential 53 mV) the resting discharge was 2%/sec and 1t i
creased to 63fsec with a 100 g load Hence under these different recording conds
tions a constant muscle stretch added virtually the same number of impulses +3 and
+1 imp/sec respectively

Discussion

In this discussion of factors significant 1n explamning the effective synaptic exeitation
of DSCT the properties of these neurones will be compared with those of motoneu
rones (¢f Eccles 1927}

There are mmportant differences m the action potential of DSCT cells and moto-
neurones The shorter d and p d hyperpol g overswing of the
spike potential in the DSCT cells suggest that the permeability changes duning the
spihe are adapted to allow high discharge frequencies Our results suggesting a high
safety factor for mmpulse propagation from the 1aitial segment to the soma are in
complete agreement with those of previous investigators (Curtis ef of 1908 Hongo
and Okada 1967 hune and Myahara 1968) In addiion 1t 1s postulated that propa
gation from the soma to th= dendrites occurs with a fugher safety in DSCT cells than
in motoneuron=s This postulate 1s based on the more regular occurrence of the
delayed depolanization 1n DSCT cells than in motoneurones {(Grimt hernell and
Smuth 1963 Kernell 196¢ Nelson and Burke 1967) and its behaviour during double
<hock stimulation and polanzing current Ve hase no mndependent evidence that
the delayed depolanzation 15 caused by the dendntic spike but base our interpreta
tion on the reasonable suggestions forwarded by Granit hernell and Smuth (1963)
and hernell (1964) Support for this interpretation has been obtained from an ana
Ivsis of a similar phenomenon 1n the stretch receptor neurone {Grampp 1966 b)

It 1s generally believed that the afterhyperpol disch frequen
cies i neurones {Eccles 1953) In view of the very high discharge frequencies 1n
DSCT cells 1t was of particular interest to mestgate their afterhyperpolanzation
mechimsm There 15 general agreement that the afterhyperpolarization w DSCT
cells 15 smaller and brefer than m motoneurones {Hongo and Okada 1967 huno
and Miyahara 1968) After a single antidromic spike 1ts magnitude wsually does not
exceed 2 mV and 1ts duration 15 between 30 and 50 msec  \s n motoneurones (Ito
and Oshima 196%) there 1s a summation of afterhyperpolarzation from two anti
dromic spikes This summation may contribute to the negatne senal correlation be
tween the duraton of neighbounng intervals in DSCT neurones activated by muscle
stretch (Jansen ef al 1966 but ¢f Walloe 1968} There 1s only a small conductance
change during 1he afterhyperpolarization and 1t therefore seems doubtful whether
the afterh as m Goombs ¢t al 1953a) 15 caused by
an to p wns The alternative possibility that it may
be caused b) an actne (ranspor! 1s unhikels 10 viev of 1ts high senaitivity to hvper
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polanizing current (Fig 3) Another possibulity 15 that the membrane potential of
these particular neurones to a larger extent than what has becn generally assumed
for nerve cells 15 dependent on the sodium conductanee as, for example, in the pace
maker cells in the heart (Trautwein 1963) An mactnation of thes codium con
ductance by the spike and 15 slow build up po.ssbly in conjunction with a decline of
the potassium conductance could explain the afterhyperpolarization at Jow mem
brane potcana's Such a mechanism would have a high sensttivaty to hyperpolanizing
cutrents, and could operate without appreciable conductance changes dunng the
afterhyperpolanzation This possibility 15 presented as a working hypothests

The discussion of the mechamsm of the afterhyperpolanzation also has relevance
with regard to the resung discharge, which 1s so charactersstic i DSCT eells (La
porte and Lundberg 1956 Jansen ot a!/ 1966) A resung discharge remams after
deafferentation and was assumed to be caused by an exaitatory nfluen ¢ from inter
ncurones { Holmgsist Lundberg and Oscarsson 1956) The high degree of regulant
of the resting discharge {Jansen ef al 1866) led to the suggestion that each mter
neuronal impulse only gives a small depo'arzation, 1e that the presumed inter
neuronal bombardment should gne a steady depolanzation (Jansen ef al 1966)
Howmever an inherent pacemaker activity of the cells would equally well account
the regulanty of the low frequency background firing

Wlnle there scems to be smportant differences 1n the action potenual in DSC
cells and motoneurones there 1s Iittde estdence to suggest quahtatine differences wit
respect 1o the EPSP evohed from Ia afferents This 1s rather susprsing an view ¢
the prevous findings regarding multiple ducharges in DSCT neuranes Laporte !
al (1956) found that a pure Ia volley comctimes gave a double discharge and it
cellular records revealed rebuilding of the monosynaptic group I EPSP after th
orthodsomc spike 1 Curtts o2 al 1959 Eccles ez al 1961) This suggested a lond
tasung transmitter achion and support for this hypothesis was obtamed by Eccles ¢
al (1961) who showed two phases of decay of the EPSP the secand phase ber”
sery slow The present imestigation bas resealed that as sn motoncurones the grou{
1 EPSP 1n DSCT cells 1 good condition has a mono exponcntial d-cay with a uo
constant that would be expected from the passne elcctrcal propertics of the mf:
brane In agrcement with Runo and Mnahara (1968 1t 15 suggested that 1t
transmtter atton 1 shorlacung  probably wot exceding thet tmatoneuron’s
Several factors masv contributc to the apparent rebwlding of the EPSP after tht
spike First the group Ia volley mav b> omewhat wore asynchronous in 1ts arﬂ"‘:
10 Clarke s column as the distance 15 longer than o motoneurones and the wlOﬂ“P
slowed down m the dossal columns (Lioyd and Mclntyre 19201 Since lhc;I:‘nd
potennal of the DSCT celfls appears very early on the rising phase of the Epfhouzh
the sptke has a veny short duration rebuilding of the LPSP may occur even

T
L
the duration of the transmitter 2ction 1s not longer than i motoneuroncs (e

ot

huno and Mnahara 1968 Second the EPSF produced from the synaptic N;: :
e

proximal dendrites (Szentaguthar and Albert 1950 mav faciitate the m\ahc .

the dendnites and gne a larger delaved dcpolanization which would have ¢
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pearance of rebulding {or surinal) of the EPSP since in both cases the decay 1s
determined by the passive properties of the soma-dendntic membrane The delaved
depalarization could gne re-excaitation as found 1n stretch receptor neurones {Lyza-
girre and Kuffler 1935, Grampp 19662) It would be of nterest to study this
mechamsm 1 the cuncocerebellar tract, the forelimb homologue of DSCT The
neurones of this pathway often gne 5—6 impulses i response to a single group 1
volley (Holmgqyist, Oscarsson and Rosen 1962)

Expectedly Ta impulses would be more effective in finng DSCT cells than moto-
neurones since the maximal EPSP 1s larger, 1 our expenments 30 mV’ versus about
10 mV’ 1in motoneurones (Eccles 1937) Runo and Miyahara (1968) report EPSPs
up to 62 mV 1n DSCT cells but since they stimulated dorsal reots these large EPSPs
may haie been recorded from DSCT neurones activated from cutaneous afferents
(¢f Lundberg and Oscarsson 1960)

DSCT cells differ from motoneurones {¢f Granit Kernell and Shortess 1963) 1
that they invanably respond to mjected depolanzing current with a maimntamed dis-
charge The measurement of the finng evoked by mjected current shows a linear
relationship between frequency and strength of current as has been found in moto-
neurones (Granit, hemell and Shortess 1963) and 1n pyramudal cells 1n the pen-
cructate gyrus {Creutzfeldt Lux and Nacimiento 1964) Kuno and Miyahara (1968)
reported a non linear frequency-current relationship but this analysis 1s not compar-
able with ours since the frequency was calculated onlv from the intenal between
the first two spikes In the steady state of fining after the minal adaptation the hine-
anty holds true within a remarhably wide range in DSCT cells while 1n motoreu-
rones a secondary range with a steeper slope appears with stronger currents {Ker-
nell 1965)

Granit, Kernell and Shortess (1963) described the frequency-current relation by
the slope constant 1mpysec/nA Howerer, for a gful companson of b
properties n different types of cells this constant should be expressed not 1n current
but m depolanzation produced by the current Our mean value for the effectne
resistance gnes a slope canstant of about 4 8 imp/fsec/mV’ Kernell (1966) reports a
slope constant of 2 impfsec/mV for the pnmary range of finng i motoneurones
Also for cortical cells a slope constant of about 2 imp/fsec/mV can be calculated from
the data given by Creutefeldt et al (196%) Like motoneurones cortical cells have
targe and longlasting hvperpolanzanons between 50 and 80 msec (Phallips 1936
Creutzfeldt et al 196%) The higher slope constant in DSCT cells correlates with

therr smaller and briefer afterhy perpolanzation

In the secondarny range of motoneuronal finng Kernell (1965 found a slope con
stant of 4 6 ynp/sec/nA {as compared with 17 m the pnman range) Lsing the
ralue of 1 MO for the effective resistance in large cells  (Rernell 19661 and as-
suming that the resistance 1s not radically changed i the secandar range it appezre
that this constant expressed tn m\ 15 of the same order 1s for DSCT cells Possibly
the afterhyperpolanizations m motoneurones 1n the secondans range of firing and
1n DSCT cells have a similar operatie power
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hernell (1965) has correlated the slope constant 1 the secondary range of finng
with a changed tine course of the afterhyperpolaszation which seems to be as
socited with the disappearance of the delayed depolarization and possibly caused
by a blockage of dendnitic mvaston (Granut, Kernell and Smith 1963 ¢f however
Kernell 1968) The finding that the frequency current relationship 1 linear m
DSCT cells within a much wider range than in motoncurones may be associated
with the higher safety factor for impubse propagation between the different parts of
the DSCT neurone (¢f above)

The prediction (Gramt Kernell and Shortess 1963) that espenments with cu
rent mjection gives mformation, which is meamingful with regard to the synapt
activation of neuropes 1s supported by the finding of a linear addstion between t
discharges evoked by mjected current and muscle stretch An even more direct proc
was obtamed from the two cells 1n which the synapuc depolanzation by musc
stretch was measured 1nd compared with depolanzition produced by njected ew
rent Since the depolanzations evohed by the synaptic current and the myected oo
rent have 1dentical effect on the finng rate 1t 1s postulated that the extrmsic an
intrinsic currents generate impulses at the same site, presumably the nrtral segmen
as has previously been suggested for the generation of impulses by single orthodroms
volleys (Curus ¢t ol 1958) The hnear frequency current relztonship within such i
wide range 1s important 1n understanding the lincar relationship between the mea
frequency and muscle length found in Ia DSCT neurones (Jansen and Rudjor
1965) The finding that the slope constant (xmp/sec/mm muscle length) 15 approxt
mately the same mn DSCT cells as wn primary Ia afferents (Jansen and Rudjort
1965) must be conjomntly determined by the mtensity of the synaptic current evohed
from all Ia afferents comerging to each DSCT cell and the effectine resistance o
the cell which determmnes the depolanzing effect of the synaptic current

The~ properties of motoneurones have often been taken as characterstic for
neurones 1 the CNS Our findings and those of Runo and Myyahara (1968} shov
that DSCT cells in many respects have other properties which seem well adapted
for their function to transfer sencory signals and operate over a wide frequency rang®
Possibly this applies not only to other sensory neurones but also to other tpes of
neurones m the CNS Hongo and Rotke (to be published) have found that spin®
cenvical tract neurones i many ways resemble DSCT neurones and to some ﬂ‘lﬂ“
this holds true also for spmal interneurones (Haapanen kolmodin and Skogiurd
1958 Hunt and Kuno 1959) The rmotoneuronal properues on the other hand
seem well sutted to subserve low frequency finng and a high degree of integratio®

s\
Thus work has bren supported 1y the Swedish edical Research Councll (Projess Yo 1
94 05A)
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Abstract

EwmE, E, L Feorva,J Jansen, A Lunoserc and L Vynvicky Umitary componenis
n the actiwation of Clarke’s column neurones Acta physiol scand 1969 77
145158

In response to muscle stretch umtary EPSPs were recorded from group I actnated dorsal
spinocerebellar tract (DSCT) neurones The size of the different urtacy EPSP vaned apprec:
ably the largest was about 5 m\ The nisc tme and decay times of the umtary EPSPs vaned
only between 0 2—1 msec and 1—3 msec respectively The esumate of the number of primany
SEN T e RS % par Al chivy

The probabihity of firing of a neurone through a presynaptic pathway 1s largely deter
muned by the number of primary afferent fibres converging on to the cell and by the
synaptic effect of each presynaptic impulse The latter can comensently be measured
as the umtary EPSP (u EPSP) for cxcitatory synapses Jansen Nicolaysen and Rud
Jord (1966) suggested that large u EPSPs might explain the charactensuc irregulan
tv of finng of dorsal spino-cerebellar tract (DSCT) neurones when adequately ac
tivated by muscle stretch and this suggestion has since been supported quantitatiseh
by Walloe (1968} However the earlier expertmental studies on the synaptic activa
ton of the DSCT neurones contain no report of large u EPSPs (Curtis Eccles and
Lundberg 1958 Eccles, Oscarsson and Wilbs 1961 Hongo and Okada 1967) In a
paper which appeared during the preparation of this article huno and Muyahara
11968) have described u EPSPs of DSCT neurones some of which had large amph
tudes Their ongmn 1n a particular group or groups of primary afferent fibres were
not deternuned In the present examimnation of the question large u EPSPs hae
1 Present address Expenmental Research Department Ullo ut /8/a Budapest Hungary

* Present address Institute of Physiology Crechoslovak Academs of Sciences Prague Crecho-
slovakia "
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been demonstrated dunng adequate synaptic actnation of the cells, and some of
their propestses shall be deseribed Some of the results have been presented in 2
prehmmary report (Exde et al 1967)

Methods

The present observations were obtained during the series of expe. ts 1 h
preceding paper (Eide ¢t ol 1969) penments feported in i

Results

Unutary LPSPs Ecen without any speailic synaptic input the majonty of DSCT unus
showed appreciable, quite rapid fluctuation of membrane potentral (Fig 2) Vhen
the appropriate muscle was stretched the amplitude of this synaptic nosse increased
and there was usually a shift of the DC levcl of the membrane potential 1n the de
polanzing direction (Fig 12, Exde et ol 1969) A precise analysis of the additon!
synaptic noise gencrated by the muscle stretch was nmpossible 1n untts with pr-
nounced resting synaptic noise However, 1n 9 of the 24 DSCT umits examined the
resting b, T 1 was suff) ly stable to permit a cletr dentification of
the components of the synaptic actiity evoked by the streich In these cases the
synaptic actvity consisted of charactenstic rapd depolarizations followed by a slower
more or less exponenual return of the resung potential towards its resting value The
character of this ‘synaptic noisc” can best be llustrated by some ongmnal records
shown 1 Fsg 1 Without load an the tendon there were only small and rregulr
fluctuations of the membrane potential (A) On loadmg the tendon the tpicd
fluctuations appeared Their time course agrees in general with the tme course of
the EPSP elcited by a synchronous group I volley (Eccles et of 1961 Exde et d
1969) At Jow levels of stretch a single u EPSP mught recur at regular mtends
(Fig 1 Q) The degree of regularsty measured by the spread of the distnibution of
intervals between the u EPSPs was the same as that of the hughly regular finsg
pattern of muscle stretch receptors (Erde et al 1957} At higher degrees of streich
the same u EPSP could be recogmzed from its time course and amphtude (Fig 1
D) Its rate of appearance however was hugher and this agrees with an ongm a2
muscle stretch receptor The frequency increase was within the range of static sens
trettres of the prumary cndings of soleus muscle spindles ( Jansen and Matthews 1962}
Duning prolonged extensions there was furthermore a slow progressive declne 1n the
frequency of the u EPSP (Fig 1 B C) corresponding to the adaptation of the
muscle stretch receptors (Matthews 1933) Wath increasing muscle stretch addtiona!
unttary, rhythmic EPSPs were recrutted (Fig 1 D) When two or more u EPSH
comcided 1n tme their depalarizations were summated
These observations establish these potential fluctuatons as u EPSPs with 2 hugh
degree of certamnty In addition they provide somc fess direct information onyls";
type of receptors actvaung the neurone under study The lowest threshold 1 Ed
was evoked for 15 sec with only a 10 g load on the tendon Dunng the lox g
transient at least two or three other umts were also present An even more P




i

.
]

UNITARY EPSP S I\ DSCT CELLS 147

without load
Sol 20g
BMe— e s
c A \ A % \ \ L
Sol 509
P YR WUS RN WS NN U VR VI NS N ¥ O P WS TV O
100 msec
onv

Fig 1 Umtary EPSPs of group 1 activated DSCT neurone A Stable resting membrane poten
tial without load on the soleus tendon B 20 g load on soleus tendon about 4 sec after the
loading transient C Same about 7 sec after loading D 50 g load on sofeus tendon about 8
ec after loading transient Resting membrane potential 60 mV h-atrate electrode 10 nA
hyperpolarizing current

nounced transtent activation was observed with 20 and 50 g loads This agrees with
the hugh dynamic sensitivaty of the prnmary endings of muscle spindles The tendon
organs are less dynamically sensitne and their thresholds to passive extension of the
saleus muscle 1s higher than that of the receptors generating the u EPSPs of Fig 1
Thus does not exclude that tendon organ afferents may comerge on Clarke s column
neurones actinated from prnmary endings of muscle spindles such as suggested for
nstance by Eccles et al (1961), and we have no independent evidence on this some
what controversial point
The mamn problem about attributing the u EPSPs of Fig 1 to activity an first
order fibres from spindle primary endings 15 the absence of synaptic acuvity before
the muscle was loaded It 15 common expertence that something hke 50 ¢ of the
pnmary endings of soleus fives spontaneously at a low rate even in the de efferented
preparation With a fair number of afferents converging on the cell {see below) 1t s
unlikely that they should all lack sp actiaty The activity 15,
however svery sensitine to the experimental conditions and mlghl well be less common
i the present experiments with rather extensi e iberation and separation of the mdt
vidual components of the triceps muscle Neither can we exclude a possible effect of
the anesthetic on the spontaneous activity of the primary endings This nference 1
supported by the obsen ations of two other Clarke s column cells in the same expert
ment. These were actnated hy r.ngmll\ low theeshald melr_h recegtars and showed
only very small and unch of F n the ab
sence of muscle stretch

Ore group I activated umit of the present senies required approximately 50 g load
on the TA tendon for stretch activation Presumably this was actnated from tendon

organs of the muscle In other respects the u EPSPs of this unit behaved like the
others described below

As mentioned above u EPSPs mught also be present before the muscle was
stretched These u EPSPs might be simular to the stretch actinated ones An C(ampIE
.ud

)
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without load
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Fig 2 Unitary EPSPs of GM DSCT neurone A Muscle unloaded mitrally B 100 g load «
G\ tendon release at arrow Resung membrane potential 40 m% h cutrate electrode 20 0
hyperpolarizing current

15 given n Fig 2 The ongin of these EPSPs have not been definutely determing
In some instances such resing synaptic activity would disappear in the pero
immediately following release of the muscle from a rather heavy load (Fig 2) an
recover gradually duning the following few secs A sumilar behaviour 15 commonl
found mn muscle stretch receptors Hence st 1s suggested that this resting synaptic 20
tivity 1 due to primary afferent activity In other cells however the resting synsp
tic actvity would continue without apparent alterations also 1n the release period
Such activity did probably not onigimate m the muscle that was stretched 1t maj b
caused by interneuronal synaptic actinity or by prumary afferent activity from othet
sources

However the important pomt 15 the positnve dentification of some u EPSP
generated by primary afferent actenity The nse tune of the u EPSPs was rather
umform as Mustrated by the sample records (Fig 3 A) and m the scatter diagram ©
the rise time versus peak amplitude of u EPSPs recorded m the same cell (Fig s
B) Same of the scatter 15 due to genuine differences in nise time of different 1ad
vidual EPSPs Thus 15 iflustrated by Fig 3 C which shows a sumilar plot of the i
times and amphitudes of one individual EPSP recorded from the same cell The
scatter 1s clearly less than i Fig 3 B and since errors of measurement and record 02
noise were the same for the two groups of data 1t appears that there were small but
sigmibicant differences in rise tme and rate of rise of indwvidual u EPSP Ths ﬂP;
phees to all units of the present senes The nse times of the u EPSPs dit usually 20
vary by more than a factor of three In the one cell with the most pronounced
ferences 1n time course of the u EPSPs thewr nse times ranged for 0 2—1 msec

The tume course of decay of the u EPSPs was also found to vary moderately I
three different cells the time to 50 o decay ranged between 1 and 3 msec 174’";‘
from the one cell 1 which 4 mdividual u EPSPs could be followed are given :he
scatter diagram of Fig 4 It appears that there are considerable overlap betweernt e
decay tunes of the different umts but the largest and most rapidly nsing one #ppe
to be the most rapidly decaying one as well



LNITARY EP5P's 1N DSCT CELLS 149

\
A AN J\'\N\ _,‘\J\ _k“ l2mv

—_—
10 msec
EPSP
Bmv [
3 B °
s
- °
a 4 @
"t 58
o % 9, g
3 1 a?
° 8 ot
2 °; 508
-
H]
1 . o
090
04
o5 U msec os 1 msee

Fig 3 A Sample record of umtary EPSPs from the cell of Fig 1 Rapid time base B Ruce
tumes to peak of a series of consequtne unnary EPSPS of one neurone plotted against amplitode
of EPSPs Same cell as A Data obtancd early after loading transient with 2 50 ¢ load B Ruse
tmes sersus amplitude plot of one indwidual urstary EPSP Same cell as A Data obtained
from a penod with 20 g load on sleus tendon

In conclusion 1t should be emphasized that the time course of the u EPSPs of
Clarke s column neurones 1s rather umform when pared with the correspond:
Ta actvated u EPSP of motoneurones These have been reported to have nse times

1
between 02>—2 5 msec and decay times (to - x peak amplitude) between 1 and 10
e

msec (Burke 1967)
A further property of the DSCT neurones which prevented the determunation of
the ume course and the amplitude of the u EPSPs was often obsenved At a certamn

e
-
5
. L
3 : )
v ve 7 P
%
Fig 4 Decay tmes from peak to 2 37 TE
o0 per cent decay of four dif A D *

ferent umitary EPSPs plotted
agamst peak amplitude The data
from each umt has a separate
symbol Same cell as Fig 1 o




150 E EIDE, L FEDINA, | JANSEN, A LUNDRERG AND L VYALICKY

S04 hyperpol
A restng [ S0l 50g
s
= Mld LRSI
30 nA hyperpol 2mvl
£ restng o S S0g

e L AN NS
100 msec -

degree of depolarizanion the cells tended to generate local responses or aboruse sp!
n resp: to synaptic This 15 1ll d mn Fig 5 With 1 5 ni yp
polanzing current the resting membrane potential of this cell was sttble wd mode
ately notsy (Fig 5A) Duning stretch actisation (B} sharp fluctuations 1 membra
potential occurred These were of varble amphitudes often with equally rap
nsing and falling phases With 1 30 nA hyperpolanizing current the resting mer
brane potential was less naisy {C) and u EPSPs of typical time course appeared ¢
stretch acttvation of the cell (D) The contammnation of the u EPSPs with local r
sponses was sometimes difficult to recogmize during the expcriment Such recon
were obviously useless for the analysis of the properties of the u EPSPs Previous
published records of resting synaptic nowe (Eccles ¢f al 1961) may largely cansistt
local responses

The EPSP of Clarke s column cells A possible alternatne method to study the?
EPSPs and the number of afferent ftbres com efging onto each neuronc 1s by electntt
stimulation of the muscle nerve Grading the electrical stmulus finely one may ob
serve steps n the development of the summated EPSPs and these steps correspor
10 the recruitment of one additional afferent nerve fibre An example 15 shown
Fig 6 It 1 record of superimposed EPSP elicited by a constant stimulus strengtt

ABSm il

Fig 6 Compornd I . n oy "

S ——— IZ MV nerve sumulated by « 4
Supertmposed sweepr

5 msec w\ K atrate elee
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Fig 7 A. Unitary EPSPs of DSCT neurone dunng a 50 g load on the soleus tendon 10 54
hvperpolariang current B VMaumal group 1 EPSP to GS nene stmulation. 60 nd hper
polanzng current. Resting membrane potential 60 mv  hecitrate electrode

Two suzes of EPSPs were evoked presumably because the highest threshold nene
fibre was just activated in about 50 §¢ of the tnal> In some cells three or four such
steps might be determined but 1n many other cells the steps were difficult to disun-
guish and the EPSP appeared to grow almost continuoush with ncreasing stumulus
intensity within the group I range Ths 1s presumably due to the fact that as more
and more u EPSPs are recruited, each of them with an appreciable random vana
von n amphtude {Fig 1 and further descnption below) the total amphtude vana-
non will increase, and possible steps due to the addition of new units will be obscur-
ed Accordingly, the method of finely grading the EPSPs did not appear suitable for
the study of u EPSPs nor to determmne the degree of comergence on the Clarke's
column cells

The maumal group T EPSPs are useful by providing a measure of the total group
T nput to each cell This, as has been stated repeatedly before may be very powerful
Group I EPSPs of 15—22 mV peal amplitude were frequently observed The ratio
between this maximal group I EPSP and the average size of the u EPSPs should
provide an esumate of the number of primany afferent fibres converging onto the
cell The average size of the u EPSP was esumated from records hike Fig 7 A with
a strong stretch of the muscle, sufficient to acuvate all its pnmary endings These
receptors usually have thresholds less than 20 g (Hunt 1954 Harvey and Matthews
1961) From such records the amphitudes of all u EPSPs in an 02 or 0 4 sec penod
were measured and their average size calculated Durning this penod all the pnmany
endings converging onto the cell should have generated at least some u EPSPs Ex
cept for the possibilsty of occasionally missing some of the smaller ones an acceptable
estimate of the average unst size should be obtained The data from four different
cells are given 1n Table T

The number of fibres converging onto each cell has been calculated as the rano be
tween the max EPSP and the average umit size multipled by the factor

1
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Tane [
Unit Auscle Lod Max EPSP Average Convergence
umt nze
e Sot 50g 23 m\V 275 mV 2
un Sol 50g 17 my 16mV 14
100g 18m\ 13
un GM 20g 14 mv 106 mV 16
u FDL oog & mV Q36 my” fz

This factor corrects for the nonlmear summation of the EPSP (Martin 1966}, and
70 mV was used for Vy (the drning potential of the EPSP) The data suggest that
a hmited number, 12—16 primary afferent Ia fibres comverge onto each second
arder DSCT celt
The determination of the maximal EPSP 1s subject to some uncertainty To measure
the maumal EPSP 1t was necessary to present ihe cell from finng This required a
strong hyperpolanzing current The estimate of convergence ginen in Table 11 ob
tamned from measurements of the maumnl'_EPSP i strongly hyperpolanzed cells
while the u EPSPs were measured at a membrane potential which presumably was
only shightly abase the resting Jevel We have, however, i a linnted number of
cells, examined the effect of hyperpolanizing currents on submaximal EPSPs and
our observations suggest that the Clirke’s column cells (Exde ¢¢ al 1969) i the
respeet behave rather like Hjyperpol. the & beyond th
salue of the resting membrane potential has Iittle effect and may even moderateh
reduce the amplitude of the EPSU (Coombs, Eccles and Fatt 1955) We have therer
fore ignored this romplication n the estimate of the degree of convergence

Finng threshold In addition to the total number of primary afferents con
verging onto each second order neurope and the size of the u EPSPs the finng
threshold of the cell will wfluence the transfer of the signal and the firng paier®
of the second order neurone It 1 however difficult to obtain an estynate of ¥t
normal finng threshold of the Clarkes column neurones Ths is because the eells
were xopred by the sucroelectrode and most of our weful records were obtamned
during the passage of a constant hyperpolanizing current {see Eide et af 1969)
This current undoubtedly affects the size of the u EPSPs as well 2> the finng
threshold of the cell and not necessanily to the same extent in terws of the mem
brane potenual The current employed was usually the smallest which would pmﬂ;:
the cell finng without a load on 1ts muscle, and this presumably means that the :;
membrane potential was rawed yust above its normnl resting Jevel We therefore X
lieve that our of firing threshold and amphtude of u EPSPs are ﬂ:i
too far from the physiological values The best measurements of hinng lhrcsh;‘u
was obtaned dunng stretch activation of sufficiene intensity to fire the second o .
neurones (see Fig 5D} For two of the three cclls from which such pbsen W
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A e

Fig 8 Distnibution of amplitudes

of mdradual umtary EPSs A

Aean amphtude 4 3 mV', SD 042 ° bl
mV_ Number of obscnalmns 151
B Mean amphtude 08 mV, SD
012 mV Number of observations
81 The data of A was obtained
from a neurone with a 60 mV
resung potenhal dunng 10 nA
hyperpolanzing current B was
obtaied from a cell with a 35
mV resting potential dunng 17 o Tml . - 3
nA hyperpolarizing current 3 ‘ s emos o1 g0 @smv

3
3

were obtained, the average size of the u EPSPs was 275 and 13 mV and the fining
threshold was 58 and 29 mV, respectinely For the third cell the values were 093
mV (average EPSP) and 6 mV (threshold) It appears therefore that for these
three cells the simultaneous occurrence of a presynaptic mmpulse mn 21, 22 and 63
first order fibres on the average would be sufficient to activate the second order
cell Of these figures there 1s reason to stress that as little as between 2 and 3 pre-
synaptic impulses may fire the postsypaptic neurone

Quantal content of the unitary EPSP A final pmpcn) of lhe u EPSP desene

consideration Even an indinidual u EPSP shows apf phtude 1

(Fig 1)} The most common expk for this n 1! analyzed
n great detail for the neuromuscular junction (del Castillo and ha(z 1954) 1s that
there 1s a quantal release of from the t Is and that the

release of each quantum 1s governed by a probability law If so the fluctuations of
amplitude of the u EPSPs are due to variations in the number of quanta releaced
by each presynaptic 1mpulse For the neummuscu]ar endplate the Poisson distn
bution describes the amplitud dequately (Martin 1955), and 1t ap
pears reasonable to adopt the same model for the synaptic transmission to the Clarke s
column neurones, at least 1tially

Examples of the distribution of amplitudes of individual u EPSPs one with a large
and one with a small average amplitude are given in Fig 8 It appears that the
distributions are fairly symmetrical and approvimately gaussian This applies to the
amplitude distributions of all the u EPSPs which could be confidently identified 1
the present matenial, and 1t ndicates that the average number of quanta released
must be fairly large, since the Poisson distribution approximates the normal distribu
tion only for large average number of events This 1s supported by the observation
that we have been able to follow a rthythmic u EPSP for many hundred occurrences
without any failures in the tran

TN
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Tasee 1
Unst WEPSP Mo ofebs X m\ smy me & Lia
1 m
15 m [ic] 43 043 100 0043
m 82 43 038 7 0037
(2) k)| 20 018 121 0017
(2) 64 25 023 1o 0023
3 28 18 aze 79 0073
1G] 24 14 023 36 0039
10 o 23 17 018 79 0021
[¢}] 2¢ 09 012 61 0015
@ s is 031 25 0060
12 m 26 12 0zt 35 0034
@) 3z 13 017 58 0022
@) 24 g 022 65 0078
5 n 56 095 015 39 0024
4 [iN 81 075 012 4 0018
1 m 318 225 D23 66 0036
@ 287 124 019 43 0028

Within the Possson model of transmutter release one can obtan an esumate of
the mean number of quanta (m) released per presynaptic impulse from the relation
1
vy
of the amplitude distributions of u EPSPs A summary of our obsersations are ghet
m Table 2 The present estimate of m 15 subject to & number of unprosen assuwp

trons and approximations We shall return to that in the Discussion Even s0 315
interest to mention some of the data of Table IT The first point 1s the large number
of quanta released by each presynaptic impulse For our best umts {15 (1--2)) of
which ongimal records have been shown i Fig 1 m s as hugh as 100 In threein
stances we have computed m for different sections of the record from one umt. I#
0 of these the mean ampbtude of the umt was rather different (225 mV and
17—09 mV} in the two sections This was undoubtedly due to changes 1 the
recording conditions The u EPSPs could be confidently recognized from thel
threshold of appearance and time course of adaptation In spite of the changes 10
mean amplitude of the (wo u EPSPs the estimates of m were reasonal by corsisten!
(121110 79—61)

Withm the quantal release theory the
y=mq where g i5 the aerage change in membrane potenual due to the
a smgle quantum The values for g are gnen in Table 11 Corrections {or nonlmfﬂ;
cummation of quania has not been apphed since even die peak of the unit EPS]

ship (Martn 1966} m=

sD
where CV 15 the coeffiient of varation (.,—
mean,

average size of each u EPSP is given ]
refease of
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15 presumably far from 1ts equilibnium potential The values given for the quintal
stze (q) deserve some comment Since they are all released by homologous Ia af
ferent fibres one would expect their size to be approximately constant It 15 found
that they vary with more than a factor of three In the comparnison between different
cells this may be due largely to differences in m:mbmne potential But 1t appears
that even for difft u EPSPy ded 1y in the same cell the
quantal size may van with more than a factor of two {U 15} This can be ex
plained by differences 1n the locaton of the svnapses with respect to the pomnt of
recording presumably within the soma This should be reflected 1n the time course
of the EPSPs As mentioned aboive there were only minor differences 1n time
courses of the different u EPSPs But as shown theoretically by Rall {1967) even
moderate differences n the time course of the EPSP (Fig 3 +4) wmplies appreciable
differences 1n EPSP amphtudes recorded 1n the soma

Discussion

The large vanation in size of u EPSPs 1s a charactensuc feature m DSCT cells
The amplitude of the u EPSPs generated by the same group of pnmany afferent
fibres certamnly vaned over a tenfold range from a fraction of a mV up to about
5 m\ By companson the amphtude of the u EPSPs evoled from the same pniman
afferents 1n motoneurones only rarely esceeds 1 mV (Burke 1967 1968) Since these
low amplitudes are found also n motoneurones 1 which the input resistance 1s
hugher than 12 DSCT cells (Burke 1968 Eide et af 1969) 1t 1s postulated that Ta
afferents have a more effective synaptic transtmtter action on DSCT cells than on
motoneurones The amatomical correlate of the large u EPSPs 15 presumably the
gant synapsis of Szentagothar and Albert (1933) located on the proximal dendntes
of the neurone

The demonstration of large u EPSPs mn the Clarhes column cells supports the
suggestion that the charactenstic 1rregulanty of finng of these neurones might be
due to such EPSPs produced by impulses 1n primary afferent fibres com erging onto
the second order neurone (Jansen ef af 1966) Recently evidence has been presented
that also the much less pronounced irregulanty of finng of motoneurones 1 ac
counted for by the random and of f ptic p i
(Calvin and Stevens 1968)

The estmates of the degree of convergence of primary afferent fibres onto each
second order neurone were farrly consistent and suggest that something hike one third
to one fourth of the primary endings of an ankle muscle projects to each second
order neurone The values of Table I are based on a simplified model of excitatory
synaptic action estumating the number of comerging fibres (™) as the ratio of the
shunt conductances of the maxunum EPSP and the mean u EPSP (Martn 1925)
With a slightly more complex model including the membrane capacity 1 parallel
with the membrane resistance N 1s given by the rano of the maumum rate of rise of
the maximum EPSP and the mean u EPSP (Marun and Pilar 19641 The rate of
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change of the membrane potential is less accurately measured than the amplitudes
of the corresponding potentin] deflections For our * best” cell however the value for
the maximum rate of rise of the maximum EPSP was 30 V/see and the mean value
for the u EPSPs was 32 V/see Accordingly the degree of comergence (N) becomes
9 This is considered as reasonably close to the value for this cell {15) 1 Table J
which was 12 It 1s clear, however, that these methods for the estiunation of the de
gree of comergence will tend to gne the mmmum pumber since small EPSPs
are more casty overlooked The present numbers can possibly be regarded as
estimates of the functional degree of comvergence Primnry afferent fibres producing
even smaller EPSPs than the ones imcluded in the present analysis are presumably
equally ummportant for the activation of the el A recent study suggests con
vergence to each motoneurone by virtually all Ta afferents from the homonymous
muscle (Mendell and Henneman 1968), but the number of functionlly significant
contacts may be much smaller (Burke 1968)

The tentative explanation of the fluctuations 1n amphitude of the mdiniduil
u EPSPs depends entirely on the applicabiity of the Powsson model of quantat
release of from the p ptic fibres The usefulness of this model has
been convinengly d trated at the lar endplate particularly because
that preparation permuts a direct measurement of the quantal size (runtature ¢ pp)
and the possibility of altering the probability of quantal release by changes in the
e composition of the bathing solution (del Castllo and Katz 1954, Martin
1966) Ewvidence for a quantal release of transmtter has been obtaned also at 2
number of neuronal synapses such as the sympathetic gangh of frog (Blackman
Ginsborg and Ray 1963) and chickh (Martin and Pilar 1964) the frog spinal cord
(Katz and Mileds 1963) the cat motoneurone (Auno 1964) and the squid stellate
ganghion (Miledi 1967) However the question of whether the relense of transmitter
quanta can be adequately described by the Powson model abo for these synapses has
nat been finally settled

For the Clarkes column neurones there 1s at present no possibihity of a direct
measurement of the quantal size or of expcrimental aheration of the probability of
release of quanta The justification of the present estumates of quantal content »
therefore only the possible analogy with these other synapses At synapses of the
central nervous system one can think of alternanve explanations for the vanation n:
size of the individual umt EPSPs which would invalidate the present estumates &
quantal content If for mstance each presynaptic fibre supphed many termmat
branches to each neurone a varsable number of these branches might be 1nvaded by
cach presynaptic spske Such a system undoubtedly could explaim the observed van
ation af the u EPSP but would require a fairly high degree of presynaptic branching

But also within the Porsson model a number of assumptiom which 2t best are

to the physiological will nfl the estumte of the

q:x;ntal content The present treatment (Table I1) requires that there 1s 3 ‘:fl:

number of quanta available in the presynapuc termnat and that there 182 s‘ .
probability of release of each of them in response to a presynaptic impulst Furth
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wore, the calculattons of Table 2 assume a constant size of the indnidual qu
and they 1gnore the effect of recording noise on the measured amplitudes

these factors will increase the vanability of the u EPSPs amphitudes and theret
crease the CV  Accordingly the quantal content has been underestimated Fe
neuromuscular endplate the effect of the vanauons 1n quantal size 15 neghgib!
this 15 not necessanly so in a neurone with the synaptic termunals dustributed

a dendnte The mmportance of these two factors 15 difficult to assess witho
independent measurement of the quantal size In conclusion the mam ment ¢
present quantal analysis 1s to suggest the possibthty that a large number of g
may be released by each presynaptic impube Ths 1s 1n contrast to the obsery
on the spmal motoneurones at whach as little as one quantum may be release:
presynaptic smpulse m collaterals of the same prnimary afferent fibres as those

with 1n the present paper (Runo 1964} Less commonly larger u EPSPs w
greater quantal content have been observed i motoneurones (Burle and N
1966)

The data of Table I1 suggest that the aserage elfect of a quantum of rel
transmitter 15 some 2010 pV depolanzation on the Clarkes column cells
motoneurones the average depol of a of releas
the same Ia afferents has been given as 100 4V (Runo 1964) but more recer
sults suggest figures as small as 2030 % {Jack. Miller and Porter 1967 \fe
and Henneman 1968) Further expenments are required i order to determin

ficance of this app 1 1n quantal size 1n motoneurcnes and L

cells

Compared with motoneurones (Burke 1967) u EPSPs 1 DSCT cells show 1
Yess varanon in time course Tt 15 therefore not likely that the at least tenfold |
in size of the u EPSPs m individual DSCT cells can be explamned exclusne
dilferentral location of 12 synaptic contacts on the somadendntic membrane A
Ikely explanation 15 that the difference 1n size largely depends on the quantal
tent However our results (Table EI) can at the most give an indication of st
relationship A much larger matenal 1s required to elucidate this question an
this purpose an analysis of small u EPSPs might be particularly valuable

g;hg t;n;xk has been supported by the Swedish Med cal Research Council (Project o
2
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Abstract

AreeLsErG, B and T Jewvesnoc A dorso lateral spinal pathaay mediating informa
tion from the mesencephalon to dynamic fusimotor neurones Acta physiol
scand 1969 77 159—171

In cats anesthetized with halothane, the actvity of primary muscle spindle affercnts from the
long digatal flexor muscle of the hind Limb was recorded Repetitne electncal stumulation 10 2
restaicted part of the mesencephalon m the tegion of the red nucleus caused a rather selective
increase m the sensiumity of the spindles fo length changes (dynamic sensitnity) During smele
shock stunulation i the same region, a response consicung of two positine wases could be
recorded 1n the ventral medulla or 1n the dorsal part of the lateral funsculus of the spinal cord
By malung restricted cord lesions 1t could be shown that the pathway transmutting the mesen
f'Ph"‘!"i mﬂuence_l‘n dyramic fusimotor neurones was also located in the dorsal part of the

It has been rep d d {Appelberg 1962, 1963, Appelberg and Emonet-
Denand 1965, Appelberg and Molander 1967) that the dynamic sensitmaty of ex-
tensor as well as flexor muscle spindles in cat hind limb muscles may be selectnely

mncreased by electnical sumulation in the phalon The phalic region
effective n this respect compnses the caudal parts of the red nucleus and 1ts imme-
diate surround; Tuding the medial | dinal f: lus {Appelberg and Mo-

lander 1967) A medullary region corresponding well to the infenor olnary nuclear
complex was also found 1o yield spindle effects of a sumlar nature when electneally

lated (Appelbesg and Molander 1967) This medullary region showed signs of
monosynaptic actisation when the halic region was lated by single
shocks {Appelberg 1967) Such stimuli also evohed a later response in the medulla
Just ventral to the obve It appeared reasonable to assume that this response repre
sented actiity 1 outgomng fibres from the olnary nucler It seemed possible that

159
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A B c [}
LESIONS
ABOLISHING
CENTRAL INFLU-
ENCE ON DYNA-
MIC SENSITIVITY

F 4 H I

LESIONS NOT
ABOLISHING
CENTRAL INFLU-
£NCE ON DYNA-
MIC SENSITIVITY

Fig 1 Tracmes of senes of transverse sections through the spmat rord at €,—~C, lesel Shaded
areas indicate lessons made with watchmakers foreceps during the experments In the expen
ments represented by tracings B, D and H the dorsal columns were remosed dunng the opera-
wons

watchmalers foreceps at the Ci—C_ level of the spinal cord A number of such le
sions are illustrated 1n F1g 1 In the upper row {A~~E) are shown lestons which pre
vented the MesADG {rom 1nfl g the dynarmc i In the lower
row are lesions, continuously increasing 1n size from F to 1, which did not break thr
pathway It1s evident from the figure that only the dorsal pari of the lateral funiculus
(DLF) on the left side 15 essentral for the spindle effects to be elicrted by nght sided

phal 1 in some e however, 1t was observed that a
dorso-lateral cord lesion on the right side shghtly decreased the MesADC influence

on the spindle {compare the effect of nght sided cord stimulation descnibed n sec-
tion 111 a)

I1 Response in the dersal part of the lateral fumiculus to contralateral single shock
MesADC stimulation

As descnibed previously (Appelberg 1967) and mentioned in the introduction single
shock sumulation within the MesADC caused a long latency response in the medulla
Just ventrally to the infenior clivary nuclear complex Such a response with a latency
of 38 msec 15 shown 1n the upper record of Fig 2 I To the same strimulus a micro-
electrode 1n the DLF of the C.-segment recorded two positine waves onc with a
tatency of slightly less than one msec (08) the other with a latency of 43 msec 1n
this case (lower record m 1)

Within the whole material considerable vanations in late wave latencies were otsenned The

5 Tesponse was recorded 1n 21 different cats and its fatency vaned from 32 10 4 % mac with
a mean of 39 msec At the medullary level the wave was recorded n 10 caes at Jatencies from
28 to 41 msec (mean 35 msec) In mdmidual experments Jong latencses at the Gy level
generally vecurred together with long meduftary latencies Occannnally, hioweser thir fatrneirs
at the two levels could be surpnistngly simlar ond in one caw the medullary latency wis
longer (4 1 msec) than the spinal one (39 msec  The great vanations 1n respanse latency in
different experiments as well as the 13st mentioned ohservaton are meont likely depemiden WONR
the recording electrodes bemng placed differently within the fitse Fundle sometumey .
predominantly from coarse fibres, somctimes from thinner ones X i



162 B APPELBERG AND T JENFSKOG

E@
H
Fig 2 Tracings of transverse sec
tions through the spinal cord at
C,—C level
A~ lesions (shaded areas)
aliolislung double wave respome
]

(see text) at a recording ste
» caudal to the Jesion
D—G  ceptre of markings
(black dots) 1n electrode st
from which double wave respon o
f| were recarded
1 In G and m H the black dots
g alo indicate «pors from wheh
dynamic sensifinity of spindles could be Ingreased by electrical stunalation The lesion an the
left s:de 1n G also dimmushed the mesencephalic effect on spindles 1n that expenment 1 20
superimposed records from ventral medulfa’ (upper) and from DIF of te C, segment of the
spnal cord (lower} showing responses to single shocks m the VMes ADC

DO

Thae the long latency waves m the medulla and 1 the cord represented activly
in the same pathway was indicated by the following observations

1 Double shock stmulation 1 the mesencephalon with vaning pube tenal
revealed the same charactenstic interacuon irrespective of whether the medullary or
the Jate spinal wase was studied Usually the response to the sccond stmulus was
completely nhibited (100 ¢z} during 40—50 msec after the first response but then
rapidly grew and became facilitated at around a 70—90 msee interval A lengthening
of the inhibition penod duning d d h was noticed but this
sas not further studied

2 Smgle shock stmulation 10 the region of the late medulliry response could
completely block the apg of the late spinal wave to mesencephalic symula
ton Such an interaction was observed if the medullary sumulus was introduced 1~
msee aftes the mesencephalic one (as will be understood later this was most Tkl
due to collision of antidromuc and orthodromic actisity in cortico-spinal fibres)

3 A leston (radiofrequency heating) 1n the responding medullary region conld
parnally or completely abolish the late spmal wave evoked by MesADC stmulation
Such experiments will be fully desenibed below {sections Nl bandd Fig 4 and 6

In Fig 2 spinal lestons abolishing double wave responses (34—-C  as weh o
smarkings in electrode sites with such responses { D— Gt ate shows and support the
abose suggestion that this 1s a response localized to the DLr

That the two waves represented activigy tn spinal tracts rather than synapuc 3
s in spmal telays was imdscated by two facts
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1 A double ware respanse of a similar nature could be followed through the
length of the spinal cord and was thus recorded both 1 theracic and lumbar spinal
segments In the Lq region the latencies of the wates were about 25 and 80 mscc
{compared with approumate means of 08 and 39 msec at C level) Conduction
distance between C and Ln may be estimated to be about 200 mm The conducton
velocities for the Fastest fibres in the two tracts would thus be about 120 m/sec and
50 mjsec respectinely Of the two major tracts descending in this part of the cord
the fibres of the rubro-spinal tract are known to conduct at velacties of between 41
and 123 mfsec {Tsukahara Toyama and Rosaha 1967) and the fast component of
fibres in the cortico spinal tract to have a mean velocity of 50 m/sec (Bishop Jeremy
and Lance 1953 Lance 195%)

2 The two waves could be recorded not onty by means of electrodes m the cord
but abo from a dissected and caudally cut dorso lateral faseiculus

11T dttempts to proce or disprove the relationshp betucen any of the tao wates n
the double warc response and the pathuay to dynamic fusimotor neurones
a) The spinal cord lesions shown in Fig 2 G do not indicate merely the positions of
recording sites of 2 double wate response m thus experument but alsa pownts from
which dynamuc spindle sensitnaty could be increased Such a stumulating effect could
also be obtained from the site marked with a black dot in Fig 2 H Furthermore the
lesion on the left side m G considerably decreased the stimulatory effect on a muscle
spindle from the MesADC on the nght side The pomt on the left side 1n G indicates
the centre of the radsofrequency lesion which was small but the exact size of which
was difficult to evaluate

Many ecperments were made combining the techmque of makmg cord lesions
abalshing the double wase response and simultaneously observing centrally evahed
spindle effects Such an expenment 1s ustrated 1n Fig 3 Recordings A and B show
the spindle s reaction to a hnear muscle stretch without (A) and with (B) central
stimulation The dynamuc sensittvity of the spindle 1s seen to be strongly mereased m
B At that stage of the experument a typical double wave response could be recorded
m the dorsal part of the lateral fumculus 1n the C spmal segment {upper recording
to the nght) After the G; lesion shown in the tracing no change m spindle sensitn ity
could be elictted (D to be compared with C} and the Ca double wate response was
practically absent (lower record tn the night) In no wstance was it possible w such
espenments to make lestons damaging the pathways comeyng the two posime
waves without loosing also the MesADC mfluence upon spidle dynamc sensitivaty

In many of these experiments the effect of different depths of anesthesia on cord
responses and on central spindle nfluence was also studied In such studses the short
Tatency spinal wase-was shown to be of no importance for the MesADC spindle ef
fects This wave revealed atself to be very resistwnt to anesthesia while the central
effects on spmdles were always abolished even by dy T of the anes
thetic Jesel Such a sensitnity to anesthesia was however abo noted for the long
latency spial wave and in fact 1t may be sard that anesthesra mduced disappearance
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b

Fig 3 A—D, Instantaneous frequency recordings from primary muscle spaindle atferent from
the long digital flexor vauscle before during and after 4 mm extension of muscle ar ahout 8
mm/sec A and C are controls wlule B and D were obtamed dunng repetitine sumulation 1
the MesADC In A and B the spinal cord was 1atact, C and D were recorded after the DLF
lesion shown in the tracing to the right The lesion also abolished (lower superimposed record
to the right) the double wave response recorded caudally to the Jesion (upper record to the
right) The period of extention 13 indicated by the oblique Iine below recording

i ly to a dusappearance of

of the late spmal wave 1y occurred
MesADC influence on spindles

b) At this stage of the investigation 1t seemed reasonable to assume that the short
latency spinal wave was due to actisation of the rubro-spinal tract It also appeartd
Iikely that the long latency spinal wave recorded during single shock MesADC stumt
lation represented activity 1n the pathway from the mesencephalon to dynarme fust
motor neurones Attempts were made, therefore, to localize the extent of the ares
showmng 2 late uave sesponse sn the medulla Posubly, by such 2 procedore, ihe
course of the tract at this level would be revealed and perhaps the expected add
tional relay in the pathway found The outcome of one such experiment 1y demon-
strated tn F1g 4 On the dorsal vtew of the bram stem 1n B 1s shown the posiion o
tracks with (filled circles) and without {open circles) a late wave response It can b
seen that the response could be recorded throughout the entre feagth of the brait
stem from a rostral pontine leve] to the beginning of the spmal cord Characterstical-
1y, the response crossed the mudlne at the transition between wedulla and cord
Histological controls showed the crosstng to occur exactly at the Jevel of the p,muud-\l
tract crossing In A which 1s a tracing of a hustologreal section through the rosnt
medulla at the Jevel indicated by the thin horizontal line 11 B, the cousse of ane &
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Fig 4 B s a dorsal view of the cats bram stem (cercbellum removed) Filled circles indicate
tracks from which a late wave response of the type shown m Cyet could be recorded Open
circles ind cate tracks without such response

A 15 a tracing of a transverse section at the level indicated by the thin honzontal hine 1n B
Part of the most lateral track at this level 15 seen with a lesion made 1n the centre of the
responding region.

shows supenmposed records obtained in medulla and 1n the first cervical segment before
and after the Jesion 1n A

Abbreviations Cerebell Cerebellum Ol sup Olna superior Pyr pyramid Med Medulla
Cy first cervical segment G colltculus infenor BP brachism pontis CR corpus restiforme

the tracks 15 shown together with the position as well as the extent of a thermo leston
made 1n a point with a typical late wave medullary response (recording Med mm C)
The centre of the lesion 15 1 the pyramud and the lateral part of this structure 15
destroyed by the lesion This led to a strong duminution of the late wave as recorded
ata C, level (compare lower recordings marked C, before and after lesion 1n C)

<) It was thereby clear that the late wave in the medulla and 1n the cord rep
resented actnity not i olnary efferents but rather m pyramudal tract fibres It
seemed unlikely though that the mesencephalic sumulus could spread as far as to
the ceyebral peduncle The long latency of the response already at pontine and
medullary levels also seemed to furmsh further evidence against such a direct getna
tion of pyramidal tract fibres In a few expeniments therefore responses to MesADC
stimulation were looked for 1n the cerebral cortex and the effect of cortical coolng
or ablation an the late spinal wave was tested Such an expeniment 15 Wustrated m
Fig $ The mesencephalic stmulus caused a typical double wave response 1 the Ca
segment {A;} The latency to the second wave was in this case 3 8 msec The same .
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A Cc i
"
2 H
L)
] Big 5 A, 20 supenmposed recors
from the DIF of the C segment
A same from the senson moter
cortex close to the lateral end of the

)
cruciate sulcus
B, and B smilar record ngs o>

D
B
'y d taned during cooling of the cortes
with 1cecold Ruinger s solution
C, and C_ sumlar record ngs ob
2 tammed dunng rewarming of cortex.,
& D superimposed records from the
300pV DLF of the C segment dunng single
shock stimulation of the cortical area
Msec recorded from 1 A—C

stimulus also caused an evoked potential in the cerebral cortex 1n the region of the
cruciate sulcus (Az) This response consisted of two positive negatne waves the finst
of which was succeeded by the second one so quickly that its negatne phase was
usually concealed The latencies measured to the start of each wave were 15 and 30
msec It is noteworthy also that the cortical and spinal responses were ely~ited from
strictly the same depths in the mesencephalic sttmulating electrode track The stim
d ble cortical resp was only slightly lower than that

lating threshold for a
for a detectable late C wave Duning application of ice cold Ringer s solution to the
cortex the cortical resp was derably d hed the second wave being

relatunely more mfluenced than the small first one (Fig 5 B and C, Note that the
decreased response size 1s partially due to short circwiting by the applied Runger)
The cortical cooling also caused a dimmnution or disappearance of the secand spial
wue (Fig 5 B))

Duning recovery from cortical coohng the distance between the two cortical waves
was seen 1o be mereased the latency of the second one amounting to about 3 8 mse¢
while that of the first one was unch d A parable length of the latend
of the late spinal wave to 4 5 msec was simultaneously recorded In Fig 5D 2 double
wave response (arrows) recorded 1n the DLF of the C segment to stmulation o
the cerebral cortex 15 shown The waves appear with latencies of 1 and 2§ wmsec

d) From the functional point of view 1e with regard to mesencephalic mfluence
on muscle spindle behaviour the expenments employing cortical cooling were of
considerable interest Tt was constantly observed that the cooling could comp
block the transmission of the late spinal ware without nfluencing the effect of repett
t1ee mesencephalic stimulation o spindles This was the first experimental obsertd
tion mdicating that the late spinal wave caused by single shoch MesADC st

fetely

ymulation

e
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L- double wave response 1n Ca to s ngle shock MesADC sumulat on
H late medullary wae recorded tn centre of Ie ton shown In upper tracing
response after Ies on_Late wase 15 absent
mi: fﬁmrd ng from the rubro-spinal tract 1in medulla 1 centre of leson shown mn lower
ing

L. C, tecording after this sccond leston Only traces of rubro-spinal tract wave remains
M same as L but sumulus strength and gan of ampl f er ncreased

might after all not be due to synchronous actnation of the tract directed to dynamic
fusimotor neurones

To add further proof to the view that neither the short latency (imsensitne to
anesthesia) nor the long latency (sensitie to cortical cooling or ablation) waves 1

the spinal response to MesADC 1 actually had anything to do with the
pathway under investigation experuments of the type illustrated 1n Fig 6 were per
formed This exp started by d a wspical spindle influence from

the neephalon (B to be compared with the control A) Single shocks applied
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1o the mesencephahe stimulating spot caused a double ware response i the DLF m
C: (G} An electrode was then placed in the medulla m a posttron where the medu!
lary Jate wave was recorded (H) A Jesion was made around the g of that dec
trode This resulted n the disappearance of the Jate wace 11 C. (I} while the
mesencephalic influence on the spindle was unchanged (G, D) In the upper trarne
of a sechon through the medulla 1t s seen that the lesion partially destroyed the
pyramid on the nght stde The medullany electrode was then moved to 2 laters)
positiont 10 the medulla on the Jeft side, where the rubro spmal tract 15 kpown 1
pass The recording of a rubro-spinal tract response 15 seen 1 b and the extent of
the leston made sn this region 15 demanstrated sn the fower tracing to the neht
After the lesion the carh wave in € was praciically absent (L) When the strength
of stimulation was ncreased three times and the gamn of the amphfier doubled onls
traces of the two waves could be seen (M) Followmg the rubro-spinal lesion the
spmdle was influenced to the same exent as presousty (E F)

v Spontaneous rargtions in dynam senstgrily

As previously reported (Appelberg and Molander 1967) the level of  control
dynamec sensiaty of the spindles may differ considerably between different e
periments and also change during an experiment It was recently shown that such
spontaneous sanations in the actroty of dynamic fushmoor neurones may be 18
duced from the bramn and are thus mdependent of segmental reflex actvity (Appel
berg apd Jeseskog 1968) It was repeatedly obsened i the present expenmtnt
that the descending pathway responsible for this vanable mfluence upon the dynamie
fusimator system does not descend in the dorsal part of the latera) lomicuht
Spontaneous vanations i dypamic sensinvity were thus often obsered following
cord lesions tnlaterally destroying the dorsal parts of the lacral funscuty fef Appel
berg and Jeneshog 1968 Fig 1C)

Discussion

The expenments described succeeded mn localizing a tract directed 0

fusimotor neusones to the dorsal part of the lateral fupsculus On the rth
the expenments farfed to give any information concerning the course of the 1%
at & medultary level or to establish a connection between the tract and an an:um‘r;c
cally defined descending system Two major systems descending in this part of .
cord 1c the rubro-spinal and cortico-spinal tracts could be elmmnated as \’;“:‘
of importance for the contact berween the mesencephalon and the dypamie \)I:ed
reator system Vedel (1966, found that lesions m the medullsry pyramd abol: "
cortical wnfluence upon dymamic fussmotor neurones Appelberg and '\iulmli’
(1967) considered st possihle that such pyrapudal lesrons might have lnflutnccdl:u

the mfenor oine which was shown by them to srnrlarly actnate the dymmdlf !
rmator system [t can sull not be excluded that the two systems are fact lhfa"‘ e
but studied at different levels by the different authors This would mean ¢

d)mml('
er hand
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stinulation of the sensory motor cortex might act via the red nucleus and the n
tenior olive The other possibilits namely that the mesencephalic stimulus should
mfluence the spindles via the senson motor cortex and the cortico-spmal tract seems
to be excluded by the present expenments

Only two other descending tracts are known to pass in the dorso-lateral part of
the cord nameh the so called domal reticulo-spinal pathway d d by
physiotogical methods {Engberg Lundberg and Rsall 1960 1968 a) and a mono-
amergic svstem emanating from the raphe nucler (Brodal Taber and Walberg
1960 Dahlstrom and Fuxe 1965 Engberg Lundberg and Ruall 1968b) It scems
reasonable therefore to pursue the present work bv paying special attention to
these two known systems It cannot be excluded however that an additional hither
10 unknown d lateral system exists S 1 1 local

d to the in
fenior olnve also caused an ncreased dynamic sepsitiaty of spindles {Appelberg and
\Molander 1967) It was observed then and has been repeatedh nonced that even
quite small lesions 1n the olnary region seriously reduced the mesencephalic influence
on spindles

Appelberg and Emonet Denand (1962) found that mesencephalic sumulation
also 1psilaterally to the spindles used for recording was effective 1 mfluencing the
dynamic behaviour of the spindles In the present expeniments only contralateral
stimulation was employed but on the other hand 1t was observed that stmulanon
m the dorso lateral parts of the cord 1¢f Fig 2G) could evoke tdentical spindle
effects from either side As rentioned 1n secuon 1 1 the reults 1t was alo oc
casionally obseried that dorso-lateral card lesions on the nght side shghtly dunin
sshed mesencephalic effects on the spindles The double wave cord response to
v | 1 was seen on the nght side also (Fig 2G)
However this was probably due to current spread to the other side of the mesen
cephalon since 1t disappeared when the sumulating electrode was moved slightly
more laterally From this 1t seems reasonable to assume that the connection between
the mesencephalon and the dynamic fusimotor neurones 5 a crossed one Probabhy
howeter the influence of each tract at the segmental level 1s bilateral When due
to cumrent spread the halon was bil. 1 lated night sided cord
lesions therefore shghtly reduced the effects on the spindles

The long latency positne wave that could be recorded n the medulla or m the
dorsal part of the lateral fumculus of the spinal cord was proved to be transmutted
via the cerebral cortex It 15 diffreult to interprete the disappearance of the waie
duning cortical cooltng or ablatton in any other way The exact nature of this trans-
mission cannot be revealed hov ever m(houx further expeniments It 1s to be ex
pected though that either of two p v different h 15 b

| Axons of small pyramudal tract (PT cplls are known to send collaterals 1o the
cells of the red nucleus (Tsuhahara Fuller and Brooks 1967 1968 Exatators col
laterals from small PT cells are also gnen to large PT cells Phillips 1959 Arm
strong 196> Brooks and \sanima 1965 Takahashi hubota and Uno 1967) A
stimulus. applied 1n the red nucleus mught therefore anudromically imnvade the
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avons of the small PT cells This would lead to an exestation of the large PT celly
also, the axons of which would then transmut the solley to medullary and spinal
levels The distance from the red nucleus to the cortex 1 about 20 mm and the
mean conduction velocity of small PT cell axons has been estimated to be 14 mfsec
(Bishop, Jeremy and Lance 1953, Lance 1954) One synapse on the Jarge PT cells
may be expected to require a maxunum of 07 msec The mean conduction
velocity sn Jarge PT cell axens 15 about 50 mjsec (same authors as above) and the
distance from cortex to medulla 1s about 40 mom Tis would mean an ascendmg
conduction time of 14 msec, a synaptic delay of 07 msec and 2 descending con
duction ime of 08 msec {compare with the obsenyed latency of 1 msec from cortex
to Caan Fig 5D), 1¢ a sum latency of 29 msee which 1 considerably Jess than the
measured rean of 35 msec

2 At Jeast one major 1scending system passes  the imimedrate vicsnty of the red
nucleus, or rather through the nucleus, namely fibres from the cerebellum destined
for the red nucleus stsclf and for the ventro lateral nucleus of the thalamus (VL)
(Jamsen and Jansen 1955) These ibres have been shown to conduct at a selocity
of 10—20 m{se¢ (Uno, Yoshida and Hirota 1967 as cited 1n Eccles Ito and Szenty
gothai 1967) They are also known to make monosynaptic contact with the VL cells
If the axans of such cells have similar conduction velocitses and monosynapticall
contact farge PT cells a total loop time™ from the red nucleus (o the medullan
pyramud of about 3 6 msec may be estumated This 1s very close to the observed mean

It was somewhat surpnising to find that when rubro spinal and co tteo spinad
waves were abolished by suttable lesions, no resy to MesADC 1! g
mamed 1 the DLF This may be explamned in different ways One possibility 5 of
course that the recording electrode being placed in a position for maximal record
ing of rubro-spinal and cortico spmal waves, did not record acuvity n a tract with
a somewhat different focation Provided that the tract to dynamic fusimotor neuron®
15 polysynaptic this would also reduce the possihilities of actnating 1t by single
shacks Another possible explanation remarns namely that the MesADC stumulus
acts not through a tract acting by 1self on the dynamic fusunotor svstem but tnstead
perhaps by releasing actnty in another descending tract

It 15 of considerable interest also to once more stress the Jact that spomamo“‘
centrally nduced sanations mn dynamuc sensitnaty of spindles may still occur after
mlateral DLF lesians This mdicates that there 1 at least one wore system segulat™
a system g more ventrally M
1968) have demonstrated ¢
neurents
o of

the activity of dynamic
the cord In fact Bergmans and Grillner (1967
eastence of a monoamnergic mhibitory control of dynamic fusimotor
Spontaneous vanations In such a system may perhaps occur under the con

the present experiments

237001
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Elicitation of Reflex Vagal Relaxation of the
Stomach from Pharynx and Esophagus in the Cat
By
H Asransssson and G Janssoy

Recened 20 December 1968

Abstract —

AwramavssoN, H and G Jansson  Ehestation of reflex tagal relavation of the
stomach from pharyny and esophagus i the cat Acta physiol scand 1963
77 172—178

Dustension of different parts of the esophagus in chloralosed cats causeq prompt and pro-
nounced relaxation of the stomach Even shight distension was sulficient to shert g Sinc el
tion, and the degree of relaxation vaned with that of the esophigeal distension The s“"}‘l‘
relaxatory response was shown to be due to elwitation of a vago-agal reflex to the “D‘mf.‘
The response tould be ¢ -

vagotomy It cauld net

relaxation_obtaned by

stomach It 15 conclude
: recorded tn connection with pharyngealt
xation pattern described plays an ewenty
feglutition

A previous study of the reflex control of gastric mothity revenled the existence of‘:
vago-ragal relaxatory reflex (Jansson 1969) Llectnic sumultion of afferont \:;]vn
fibres at near supradiaphragmatic or cervical levels produced proncunced re "
relaxatton of the stomach The efferent pathway of this reflex was the vagat el “
threshold “relaxatory * fibres first descrsbed by Martinson (1965b) These effere?
fibres whether activated reflexly or direct, eheit gastne relaxation esen nlre;b:r
sinstration of atropine or guanethidine It was thought that the relaxatory l““h
might be imolved in  receptne relixation” of the stomach, ¢ g in connection
swallowing

The present study was undertal A ¢ g
pharyngeal and esophageal parts of the gastro-intestinal 17act are ca;?bm
ducing refles gasine relaxation ta the vagal tugh-threshold relaxatory i

fsms 1
ken to explore whether receptor mechanisn
P
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Matenial and methods

28 cats weighing 25—3 9 kg were deprned of food for 23—36 hrs before the expts After
induction with ether they were anesthetrzed with chloralose 40—60 mgiks bw

The method used for recording gastric motility has been descrbed previously (Jansson
1969) Stomach solume was recorded at constant low intragastic pressure (4 to 8 em HaO)
wath a large rubber balloon t1a an esophaseal catheter and 2 volume reservoir connected to a
float recorder The volume of the emptied balloon was about 15 m! which 1s included 1n the
figures below

For dstension of dufferent parts of the e«ophagqus another rubber balloon 2 5—7 cm long
{1n some expts adjustable 1 position) was placed round the polysiml catheter fitted to the
stomach rubber balloon By means of a resenowr the esophageal halloon could be distended to
aranable extent with smultaneous recording of 1ts volume chanees 112 a connection between
the resenoir and a float recorder The lowest tntra esophageal pressure recorded i anesthetized
cats was —+ to —5 cm H,O dunng quiet breathing (Botha 1939 and personal observations)
The intra-esophageal pressure was measured from 3 _zero reference lexel placed about 5 cm
below the level of the ccophagus of the supine cat The csophagus was uwally hept distended
12 mn (range 4 sec to 20 min)

The pharynx was mechanically sumulated by touching the mucosa wath a forceps or a glass
rod Degluntion was epeatedly induced by such 4 tactle mmujauon or by applying 04—06

electrodes were to a Grass 54
\ and a pulse duratton of 01—+ msec were uced

To ehmmate the reflex gastoic respanses to esophageal and phaningeal stumulanion ewher
both vagal nerves were cut or temporanly blocked by cooling to 0° C This was performed by
placmg about 1 em of the cervical seament of the nene 1n a groove of a metal tube which
was perfused with 1ce water

1In four expenments the :plml cord was mmseued between (6 and C7 and in two the spmal
medulla was y subdural f 15—2 ml of 2 ¢ hdocame (N\ylocan®
\sgl[:) through a fine pol)e(b\lene catheter

lood pressure was record ded by a mercury manometer connected to a calhelcr plactd
1 a femoral artery Atropin

of 01-—20 mp/sec at 3—I2

02— mgikg bw 1 a tor . . .o
CIBA) was gaen 1n 2 dowe . . .
(Flaxedl® May & Baker) .
Artificial was then by a pump
Results

Esophageal distension Inflaton of the csoph:\geal balloon with 2—20 m! of arr or
water (Fig 1) duced a p 1 y response of the stomach within
5—7 sec. It could not be blocked by atropine but was elminated by vagotomy

Fauly mod, d of the esopt was usually suff to elicit these

reflex gastric relaxations ¢ g an mcrease of the pressure m the esophageal balloon to
2—5 cm Hno above the reference level (see Methods; Stepped increases of the

cor increased the gastric relaxation (Fig 2) Even
%xte lom] esophageal d|s!enslon with a small balloon 1n the cervical upper or lower
thoracic segment was efficient. Furthermore even a brief distension lasting only a
few seconds produced a clear gastric rel Upon c h ! disten
sion for 10—20 nun the stomach remamed relaxed until the ballocn was deflated
(Fig 2)

The reflex gastric relaxations were mostly considerable 1n magnmitude (see Fig 2)
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ARTERUL 8L.000
PRESSURE, mm Hy

GASTRIC VOLUME
m)

ESOPHL DISTENSION
TS, S

Fig 1 Cat 30 hg Gastre solume recorded with 2 balloon method at constant pressure of 8
em HyO Esophageal distension 33 cm H_O by inflation of 18 ml 1nto the esophageal balloon

Reilex gastric relaxation on t 1 d, tefore {left panel) and after {middle
panel) blocking of cholinergic exaitatory nemous actvity with atropine (05 mglkg bw )
Reflex relaxation persisted after atropine but was no longer obtairable after actte b lateral

vagotomy at cervical level

Thus a 10—15 em H O increase in esophageal pressure for 1—2 mm regularl

produced a 3060 ml increase of gastric volume 1¢ the gasine yolume could be
more than doubled {Fig 2) The reflex relaxations persisted after admmstration of
atropme (<5 mg/hg bw ) as well as after guanethidine 1n doses known to block
adrenergc reflex effects on gastric motility { Jansson and Martinson 1966} They als
P d after spwnal or spinal h The s1me was true whent
Fiaxedi® was given to cmunate reflex movements of skeletal muscles

In all experuments however the reflex gastric relaxations disappeared aftef
cervical or supranodal transection of both vagal nerves (Fig 1 3} or by cooling of
the vagal nerves to 02 C In the latter case they could be reproduced after sewars

ing the nerves ‘
After complete vagotomy gastric relaxations which exhibited the charactenstics &

the reflex responses could be mduced by electric simulation of the dustal ends of the
divided vagal nerves with mmpulses strong enough to actnate the efferent relvaton
fibres to the stomach (Fig 2—4)

Pharyngeal sttmulation Mere touching of the mucous membrane n the phann¢
with a forceps or a glass rod elicited prompt gastric relasation i lightly anesthetized
cats (Fig 3) The mechamcal sumulation usually nduced single or repeated deglut
tons thereby mduced gastric relasations were superimposed upon each other un
the fast swallow (Frg 41 la some ammaly spontancous swallowing moverme
were observed to be accompamed by gastnc relaxanon Furthermore  repett”



REFLEX \ AGAL RELANATION OF THE STOMACH 175

30PN (IST PRESSURE. WAGAL EFF STHL
D i
.

LR
[Tty
’1 M
VOLUME  (md) [
Y

iy

Fiz 2 Cat41kg Atropine 05 mgfkz
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swallowng movements followed by superimposed gastric relasatory responses could
be eliaited by applymng 20 €% ethanol to the phannx All these relaxations persisted

after atropine but not after vagotomny though deglutition could then still be observed
(Fig 1)

TDhscussion

The present study d d that mechanical I of the pharvnx and
esophagus 1nduced reflex gastric relaxations These relavations resembled those pro-
duced by afferent vagal sumulauon (Jansson 1969) That the refex elicited by
esophageal distension was of vago-vagal nature was evident from the fact that the
response could stll be produced after exclusion of all spmal connections but was
abolished by vagotomy

Tt 15 further clear that the vagal relaxaton nenve bibres Jansson and Martinson
1965) comstitute the efferent pathwas for the reflex studied These fibres ehait 2
gastric relaxation which persits after cholimergic blockine agents and sympathicolvtic
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Fig 3 Cat 25 kg Atropine 05 mgikg

Left panel Rellex stomach relaxation snduced by touching the mucous membrane of aboral
parts of the pharynx with a forceps and by esophageal distension (15 em H O} Swallowint
movements were obsened on mechamcal pharyngeal sumulation

Right panel These responces were no longer demonstrable after vagotomy immediately mm:j
2o nodose ganghon Stomack relaxation tduced by stmulation of the distal ends of the dinid
vagal nerves (8 imp/sec 2 msec, 8\ )

drugs (Martinson 1965 a, Campbell 1966) whch also charactenized the refiex gastre
relaxations presented mn this study Morcover this reflcx response closely mimich
that ok d by drect stimul. of the vagal rel 3 fibres n all other respect
(Fig 2, ¢f Martumson 1965a) It 15 therefore concluded that these reflex gast

{ licsted by hamcal 1 of the pharynx and the esophag®
and obsersed 1n connection with swallowing movements—are mn the efferen
hated by the hgh-threshold vagal rel y hibres

t dree

uon
3
The vagal nerves are hnown to convey afferent nerve fibres from all pats of th

esophagus (Kuntz 1953 p 207) and such Dibres probably constitute the afferent
Ik for the reflex gastric relaxations induced from the esophagus Swallowing €3
however also be elicited by pharyngeal sumulation of regions with afferent ner;;’
1n the glossopharyngeal and tngemimnal nerves (for ref sec Doty 1968, p 187
It 15 therefore possible that at least pare of the afferent fibres acuvated dun;f
pharyngeal sumulation and swallowing belonged to these reries instead of 10

vagal ones
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Loer panel After “low cenvical sagotomy mumslar st muli ehicited repetine swallows but
without gastnc relaxation Electnie efferent stimulation of the divided vagal nerves (4 imp/ec
2 msec 8 %) produced relaxatory gastnc response Esophageal distenson 70 cm H © 14 ml

Actnation of afferent vagal fibres by esopt 1d ¥ pp mechano-
receptors and 1n the rat esophagus Andrew (1926 1957) demonstrated sensory
endings that caused afferent disch on esoph and duning propul

P
esophageal contractions It appears likely that such receptors are muohed m the
esophagro-gastric  vago vagal relaxatory refles
The mode by which the reflex gastric relasations were ehcited in the present study
suggests that they constitute an integral part of the complex autonomc co-ordination
of deglutstion. Thus 1t was shown that swallowing mosvements were accempimed by
reflex stomach relaxation The phenomenon of gastnic receptive relaxation 1s old
knowledge but little or nothung has so far been known about the nervous mecha
nisms msolved Cannen and Lieb (1911-—12) observed gastric relaxation during
swallowing 1 the unanesthetized cat alreads when the bolus passed cervical esopha
geal parts and Veach (19261 observed gastnc rel upon esophageal d
Lind et al (1961) reported fundus pouch relaxation m the dog duning the act of
swallowing The present findings strongly suggest that gastnic  receptive relaxation
dunng normal swallowing 1s y or only a conseq; of an actnation
of the high threshold vagal relaxaton fibres to the stomach

V2-692003 Acta phy of scand Vol 77 12
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Another smportant aspect of gastric “receptive relaxation” 15 the ability of the
stomacht to adapt its volume to tncreasing amounts of food {¢f Grey 1937—18) 1n
earlier experiments (Jansson 1969) a vago-vagal reflex gastne relaxation was mduced
by sumulating afferent vagal fibres, at Ieast some of which probably orginated i
the stomach wall However, adequate activations of possible gastac receptors
volved 1n such * gastro-gastric” reflexes cannot be demonstrated with the technique
used 1n the present study, but such svestigagions are i Progress
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Abstract

Grannowy, L, L, Lunjanova and B K Siesyd The effect of marked hyperventila-
tion upon tissue levels of NADH, lactate, pyrutale, phosphocreatine, and adeno-
sine phosphates of rat bramn Acta phystol scand 1969 77 179—190

In order to study the effect of pronounced hyperventilation upon the redos state of brain
tssue rats were hyperventilated with air and measurements were made of the cortical level
of NADH using the mucrofluorometric method of Chance Control measurements were made
of the tissue concentrauions of lactate, pyruvate, ATP, ADP, AMP, and phosphocreatine
dunng and after the hyperventilation It was found that when the rats were hypencatdated
to artenal pCOy levels below about 20 mm Hg, the NADH fluorescence imvanably mereased
Although part of this increase may represent a hemodynamic artefact due to a decrease 1n the
tissue blood volume, a Jarge part of 1t should represent a true reduction m the NADH/NAD
system With hyperventilations of this degree there was a proporuonally larger increase in
lactate than 3 pyruvate and thus an increased lactate/pyrusate rato, but there were no
changes in ph or n ad except for a <mall but significant
ncrease in the AMP concentration The NADH increase duning hypenentilation was shghtly
decreased when pure oxygen was wl %
€Oz was given The expenments thus strongly suegest an mncreased reduction i the NADH/
NAD system of the bram dunng pronounced hypenentilation

We have recently reported that bypensennlanon to artenal pCO,> salues below 25—
20 mm Hg leads to an increased lactate/pyruvate ratio in the cerebral cortex, and
n cisternal cerebrospinal flutrd (CSF) of cats, as well as to an mereased NADH level
n cortical tissue of rats (Granholm and Siessd 1968, 1969, Granholm, Lukjanova
and Sies;d 1968) These results strongly suggest that pronounced hyperventilation
leads to tissue hypoxia provided hypowa 1s defined as an increased reduction 1n one
of the man oxdoreduction systems of the electron transport chamn However, such
2n interpretation of the results was comphicated by the fact that the ATP/ADP and

*On leave of absence from Institute of Biophyvics, Academy of Science Moscaw, USSR,
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the phosphacreatine/ereatine ratios of the cat cerebral cortex were normal or near
normal (Granholm and Stesjo 1969 see also Hohorst Betz and Weidner 1968)
The present paper gines a full account of the measurements of cortical NADR
levels 1n the rat, but 1n order to eluctdate the matter further pssue concentrattons
of lactate pyruvate phosphocreattne and ad phosph were d n
the same species under identical experimental condittons The results strongly 10
dicate that pronounced hypenenulation leads to an mereased reduction m the
NADH/NAD system and 1t will be discussed 1f this reductton can be interpreted 2
a hypovic equnalent 1n spite of the fact that the concentragrons of the energy reb

phosphates were upheld

Methods

Male rats of the Wistar stramn weighing 300—100 ¢ were anesthetezed with 1 phenol sibits)
{150 mg/kg) and tracheotormized Siv amimals were anesthetized with 70 Co NeQ and 30 ™
Q after induction with dwinylether Ventilation was ma ntained with a Palmer mun sture
respirator and the ammals were 1mmobilized with tubocurarine chloride ( Tubocurann
Vatrum) 1p The Oz and CO; concentrations of the msprred gas were altered by delvern?
gas mixtures of known composition to the respirator One lemoral artery was canmulated fo
blood sampling and for blood pressure recording with an electro manometer (Elema o
holm) Blood was anaerobncally drawn from thes canaula duting the eperiments and analyeed
for pH pCO: and pO: at 37° C with the help of microelectrodes (Radiometer Copenhaten
and Eschwedler and Co hiel) A 20—-30 mm? area of the partetal cortes was exposed # o
a denuists burr through 2 longitudinal skin snasien The dura was left antact and 1t ¥

carelully controlled that a blood free field was obtamed . oi
For the recording of the ketics of oud d changes of antracelh by
the 1 o bed by Chance et al (1962) was used The s gnal fom

a chart recorder The excitation ent’s™

the ph lep was and el
from a 1kW mercury arc was used filtered through a 306 mu prumary filter Two secon !
mg) peakng @

filters (Wratten types 2 and 47 A) gave a broad pass band (400—500 £
450 ma The microscope was focused on an area contaming a minsmum of +isible blood v¢ v
Optcal fields of 300 u were used A long focus lens (working distance about § cmj ¥
used so that small changes tmn the worbing dstance due to the motion of the Vran ;\n
changes in blood volume did not seriously affect the intensity In order to further m“,ml
the effect of tssue mosement the focus was adjusted so that 1t kel shghily below 1he rod ‘
surface The fl changes were il d the deviat ons nbs:ma! "
the actual expertmental situatian with the tatal deflect on obtained during the admlmulrﬂm
of nitrogen gas us the increase in fluorescence from the baseline to the po nt o te:2 -
of cardiac actinuty was taken as the standard reference and all other fluorescence (mu-d
were calculated as a percentage of this standard reference FHowever the [luorescence }\3; o
further after ] e moment of cardiac arrest 10 an approvimately exponential fashion For  be
experiments i which thes anoxic plateat was recorded tre flupreswence ch;ngts o
eulated as a ncrease n anowa (see Results and B scwt of,
Since the fuorescence recorded 15 sensitive to changes in the blaod content of the w
5 control experiments were made in order to test the elfect of gross changes i e d ot
content of the ussue In these expeniments one carotid artery was hgaltdl;\j ca:ﬂ o it
subsequent injections of a hrebs Henslert solution n order to flush the bd o da:nzx o
wpstlateral hemisphere Before this was done the NADH level was recordes 1R o
wunistration of mtrogen gas When the anoxic platean salue for NADH was asvfﬂm “ded and
uissue was flushed with the haemoglobn free solution the new NADH ralue \w’a‘ e eall
the tissue was then illununated and inspected ensunng that the pal vessel
emptied from blood e
‘lpgmups of rats were used to study the la‘rme py;u;;zeb.’ka"l;l' a:\?;g\‘az'ﬁmae:ddﬂjr’m‘”é
reatine m the parts of v
iher pronounced hypervent lation In all groups the tssue was ‘m““p,l,:(é?,aulgﬁgj e
nitrogen 1t a plasuc fupnel fiited into the longnudinal shon mrmon, (m‘m!" aroup e
group tn which no craniotomy was made served as a control se)ncs :ynd o e 1
Brain was frozen after 10 fun of pronounced hypenientilation with arr
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Results

The main object of the present experiments was to study the oxidoreduction state of
the NADH/NAD system of the rat bramn i pronounced hyperventilation by means
of direct NADH recordings (I), and by means of lactate/pynnate measurements
(H) In order to allow an mnterp of the fl signals control meas
urements were made by administening pure oxygen or CO-containing gas muxtures,
or by studying the effect of flushing the tissue with a haemoglobinfree solution In

order to factitate an interpretation of the ussue lactate and pyruvate concentration
changes the ussue

were measured

of phosphocreatine and of ademine nucleotides

I Fluorometne sn v12 0 measurements of the tissue NADH levels

The ussue NADH levels were recorded 1n 50 rat experiments after prehminary
methodological trals 1n about 25 armals In the following the results obtained
the mtrous oxide and 1n the phenobarbital series will be described together since
there were no sigmficant differences between the groups In each amnal, one to
three periods of hyperventilation were carmed out In two of the ammals pure

oxygen was admimstered dunng the hyperventilation and 1n 10 expts , 3—5 ¢z CO:
was gnen duning h 1 overventl:

As mentioned 1n the method section all fluorescence changes were compared with
the increase in fluorescence at the moment of cardinc arrest during mitrogen breath-
mg In 15 expts tns wncrease n the NADH level was compared to the totsl increase
m NADH dunng mtrogen admimstration In these expenments the imcrease in
fluorescence at the moment of cardiac arrest amounted to 27—91 per cent of the
total increase 1n fluorescence duning anovia with a mean of 60 per cent A typical
example of this 15 shown m Fig 1 which shows that the NADH level increased
abruptly 10—15 sec after the mitrogen breathing was started In all these recordings
there was a temporary break 1n the NADH cune which comnaided with a fall in
blood pressure, and a secondary rapid nse m NADH when the blood pressure had
dradinad ' very ow levels, approaching a pPlateau vallue approximately 10 mn after
the onset of the admimstratton of the nitrogen gas

A The effect of hypercentilation Fig 2 shows a typical semes of events dunng
repeated hypenentilations to an arterial pCO  below 15 mm Hg Dunng the first
hvperventlation the NADH increased by 3+ per cent of the NADH increase ob-
tained at the moment of cardiac arrest dunng mtrogen breathing (arrow) while
the second and third hyperventilations led to NADH increases of 33 and 27 per cent
of the reference deflection After the first hypen there was a p
overshoot of the base line lasting almost 12 min while the second hypcm:nulauon

i
o~ rs
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Fig 1 NADH fluorescence recorded through the mtact dura mn a phenoharbital anesthetizzd
and ymmobslized rat The figure shows the increase m fluorescence obtarned when the 10
sprred gas was changed from ar to N2 Arrow indicates carcdiac arrest In tlus and in mod
of the following figures the NADH increase from the baseline in air breatiung to that obumid
at the moment of cardiac arrest was taken as the standard reference deflection (about 60
of the total NADH increase 1n anowva)
Fig 2 Increase 1 bram surface NADH (luorescence in three consecutne periods of hpef
(denoted by course hnes) Dunng the first two hypenentilations the
arumal was breathing arr During the third hypenentdation, €7 CQOz was admuste
during h 1 oven 12 causrng a return of the fluorescence 10 :';
baseline Note overshoot of fluorescence after the first hyperentilation and after the <tart %
the CO: admumstration The sampling of artersal blood gave iregular increases 1 t
fluorescence (S, see text)

was followed by a much less pronounced overshoot During the third run mechant
cal hyperventilation was maintained when 4 55 CO. was adminsstered This fed 1©
a complete normalization of the NADH level after a transtent overshoot of the bt
Ime The end of the experiment shows the increase in fluorescence obtained durint
admunistration of nitrogen gas with the pont of cardiac arrest dicated (arron)
The effects of hypenentlation on the NADH levels hase been summaruzed ¥
Table I, which hsts the blood parameters and the NADH changes caleulated -"5':
percentage of the standard reference deflections It can be seen from the table ﬂ";'
the NADH 1ncrease during the hypenentlation was around 25 per cent of 1
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Tastz 1 The changes in NADH concentration of rat cerebral cortex as studied by spectrofiuoro-
metry duning repeated hypen enulations and intermediate periods of normal ventilation
‘The periods of hypery ¢ntilation lasted on the average 14 min and the intermediate penods
on the average 16 mun Means & SEM arc ginven The arterial pCO, and pO, are expres-
sed 1n mm Hg, the actual bicarbonate coneentration 1n mEg/l plasma and the NADH
changes 1o per cent of the change from the baschine to the value obtained at the cessation
of carchac acitiity during mtrogen admimstration

n pH  pCO, Ac _ pO, NADH NADH Maumal

HCO, mer ©, resutution “over
shoot™ °,

Control values 14 7402 335 200 80 — — —
£001 12 207 136

First hypenventila- 14 7707 126 158 9%9 24 - -

uon 4002 205 05 50 3

Fiest intermediate 11 7392 276 174 905 — Complete  18::81n
period 4002 11 £07 55 10 of 11 10 of 11
Second hypenen- 10 7682 124 144 968 29 — -
tifation 4002 £02 08 465 4

Second iaterme. 6 7409 327 207 837 —  Complete Ji5m
dute period £002 £51 424  L69 n50f6 3of6
Third hypervenata 5 7642 114 120 8;9 28 - —

tion +£001 01 04 29 8

standard reference level srrespectne of 1f the period of hypenventilation was the first,
second or thard 1n the same expenment Since the NADH increased to a farrly stable
plateau value duning the hypenventlation the calculated values approximate steady
state values The Listed overshoots of the base line after the hypenentilations
represent the maximum values obtamned soon after the resumption of normal vent:-
lation, since most of the overshoots normalized within 10—15 min

B The effect of CO4 admtnistration In 10 expts 3—5 ¢ CO; was admimstered
dunng the hypenentlations cxamples of which are shown mn Fig 2 and 3 In 4
&xpts 7—8 <3 CO) was given 1n nor f g 3 that these
concenmuons led to clearcut dccrcases in the NADH concentrations recorded
Table II summanzes these expeniments showing that 3—5 ¢ CO dunng hyper-
A d the NADH ded while 7—8 S5 CO: 1 normocapma led
to 2 mean decrease 1n the NADH concentration recorded of about 40 €

C The effect of O, admnutration The effect of admunstration of pure oxygen
15 shown 1n Table 11 and illustrated 1n Fig 4 When oxygen was given 1 normo-
capma (mean artenial pO, about 85 mm Hg) there was a small bur consistent de-
crease in the NADH concentration recorded, which on the average amounted to
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% NADH chonge
100, AIR 7%€0,
50

Suninutes

AR e e 5%, €O

¥ig 3 Tilect of COz admumsira
tion (5-—8 %) on the NADH
fluorescence of bran cortes m 3
rat during  normal  sentation
{upper tracing) and dunng con
tnuays  hypercentilation  (lower
tracmg)

16 per cent of the standard reference deflection This clfect of oxygen was con
firmed under bypersentilation 1 two experimients

D The effect of gross changes i the blood 1olume As desenibed n Methods
the effect of changes 1n the tssuc blood volume was studied by flushing the ussue
with 2 hacmoglobin frce solution when the tissue NADIH concentrition was ap
pronching the anoxic plateau value In two of the ongmal five experments the
flushing seemed to remove all the blood from the rdd of wspection and the dfect

Tante I The changes i the NADH concentration of rat cerebral cartes Ay studied by spectro
flyorometry during adminustration of oxygen or carbon dioxide The induced changr?
were studied both i normal ventitation and sn hyperventlation The NADY changtyae
expressed in per cent of total change from baseline 0 the increase at the cessapon
cardiac actiwity duning sdministration of mitrogen gas Arternal pCO, ind pOy ar¢
expressed i mm Hg

n Gas con AMean  Mean  NADIH decrense
centration pGOs  pO,  percent
per cent

Effect of O, durng normal ventdanon 7 100 e 3236 10

Effect of O, during hypesventdation 2 100 8e 3737 7

Flect of CO, durtng normal ventila 4 78 07 070 38

tron

Effect of CO, during hyperventiation 10 35 35 1300  Return to bae-
hine an 910

Overshnot Mt

180 7/10
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of flushing could be compared to both the effect of pronounced hypenentilaton
and to the NADH deflection tn anovia In these experzments the NADH concentry
tion recorded increased by 21 and 29 ¢, respectnvely, of the fotal increase in the
NADH dunng anoxia {see Discussion) while the effects of pronounced hvper
ventilaton in the same expeniments were 32 and 20 ¢, respectively These results
are 1illustrated by Fig 5

E The cffect of blood samphing Tig 2 and 4 show that irregular mcreases n the
tissue NADH concentrations were obtained each tme an artenal sample (S) was
withdrawn (see also the previous figure 1n Granholm Lukjanova and Sies)d 1968)
Since the sampling of artenal blood was found to be associated with a small de
crease in blood pressure two control experiments were made with measurement of
the artenal blood pressure duning the sampling of the usual 35—+ glass capillaries
It was then found that this sampling procedure resulted in a fall of blood pressure
of 1533 mm Hg to a minumum level of 60 mm Hg The pressure was then
normalized 3-_3 min after the samphng

I Enymatc

d of hssue metabolites
Table 111 shows the results of the of the cone of lactate
Pyrusate, phosphocreatine and adenosine phosphates during and after a penod of

% NADH change
Fig 5 The effect of flushing the AlR--Ny
bram with a haemoglobintree solution
o8 the NADH fluorescence recorded o
from the brain surface of a rat The
anmal was first hyperventiated and
then subsequently made amouc by 50
means of administration of nirrogen
g3 When the fluorescence was ap-
proacking a platean value the tisue —
was flushed and 1t was venfied by m 5minutes
L];;;:on that the tissue was free of hypervent lation
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Taviz 11 Concentranons and rayos of Jactate, pyruvate, ATP, ADP, AMP and phosphocreat ne
study The metabolite concentrations are given 1n mmoles/ kg of wet tissue Per cent
significant (p<<0 001) increasc of La Py and La/Py, and an increase of AMP, statutt

changes gradually & bhed duning the sub normal venttl; Hy I
001
a pcoO,  Hb 9, 1,0
Controls [ 386 160 785
+1.2 03 203
10 myn after onset of hypenientilagron 6 147 176 770
+09 *06 +04
3 mun after terminauon of hypers ennlation L 297 174 88
+07 =03 +03
15 mun after termination of hypervenulation [ 297 LS 786

07 08 +03

10 min of hypersenulation as compared to a control group m which no hyper
venulation and no cramotomy had been performed No controf group with csano-
tomtes was made since other studies from the laboratory {hjaliquist Nardimr and
Siesjo 1969} hate fi d the d lactateff ratio and the mcreased
AMP concentration i the rat bramn dunng marked hyperventilation The table
shows that although the lactate and pyruvate concentrations and the lactate/pyrusate
ratios sncreased appreciably during the hypervenulation there were no significart
changes 1n the other metabolites except for a shight mcrease 1n the tissue AMP con
centration It was particularly noticeable that the tissue phosphocreatne and ADf

conc were unchanged n spite of a of the artenal pCO  to below
15 mm Hg It should also be noted that there were no significant changes in tht
tissue ADP concentration 3 imn after the ter of the hypervenul re 3t

the point where the NADH measurements revealed an overshoot of the baseline (se¢

Discussion)

Discussion

There are 2 number of expenments which indicate that hypersentlagon Jeads 10
tisue hvpoxia 11 the bram Thus 1t 15 well known that hyperventilaon reduces the
cerebral blood flow amounting to a decrease of about 50 per cent with extreme
degrees of pCO reduction (hety and Schimde 1916 Alexander ¢2 ol 1965} Cﬂ!:‘
comitant to this decrease i blood flow there 1s a decrease 1 the relatie o‘qg!’
tension measured 1n cortxal ussue {Sugioka and Davis 1960 Meyer and Gv;'“
1960) It has been repeatedly discussed of this decrease 1n blood flow, and ll:;br;
crease 1n oxygen tension are associated with a true hypoxic state in the \)s‘mc‘ ol
1 some tadication that the function of the tissue 1s changed since hyperientilavo
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n the rat bramn durmg vanations i ventilation comparable to those in the spectrofluorometne
water refers 1o wet brain tissue  Means & SEM are gnen —— Hypen entilation caused a highh
cally sigmficant at the 5 per cent level (0 05~ p=>002), as examuned with Student’s t test These
tion also seemed to cause & decrease of tissue water, sigmificant at the 2 per cent level (002> p>

La Py ATP ADP AMP  PCr Lajy  ATP/ADP
0748 o071 277 028 010 540 108 98
+0027 000 £003 2001  £001 =014 =07 104
3310 0198 275 028 01> 528 168 100
£0336 10013 00t 2002 002 009 10 =06
1714 02 285 032 otz 547 152 a9
L0236 0011 1003 £001 001 2012 18 =04
1189 0080 274 028 012 539 149 100
+00,8 10004 1006 %001 1001 =009 06 +05

accompanied by a slowing of the EEG {Davis and Wallace 1942) However, none
of the studies quoted has gnen unequivocal proof that hypervenulation leads to a
lowenng of the oxygen supply of the ussue of such an order that tissue hypowua 15
present. Recently, Cohen Alexander and Wollman (1968) have shown that pro-
nounced hvpen entilation 1n man leads to an mcreased glucose uptake and to an
increased lactate production of the brain These results, as well as those presented
by Plum and Posner (1967) by Leusen and Demeester (1966) and by us (Gran
holm and Siesjo 1968 1969) show that hypervenulanon s associated with an
mcreased rate of glycolysis i the tissue but this s no conclusive proof of the
presence of tissue hypoxia since alkalosis has been found to increase the rate of
ghyeolysis without apparent signs of an interference with the oxygen consumption
in bram and muscle tissue {Domeonkos and Huszak 1939 Scheuer and Berry 1967)
However, the fact that the augmented gheolvsis of the tissue m hvpersentilation
decreases under hyvperbanc conditions (Renich «f al 1968) more strongly suggests
that the lactate production 1s partly of an anaerobic nature
The present have our prel y reports (Granhol
Lukjanova and Siesip 19681 w. shawing, thar qr:mmmrrd. hypenennlanon. leads ta
2n mncreased tissue lactate/pyruvate ratio and to an ncreased NADH fluorescence
from the rat cercbral cortex. These results thus seem to provide conclusive evidence
of an mcreased reduction 1n the NADH/NAD svstem and thus possibly of tissue
hypowa (see below) However before we can accept these findings to prove the
eustence of hyperventilation hypowiz thus defined we must discuss 1f the methods
used mnvolve artifacts of such a nature that they complicate the interpretation.
Measurements of the tissue NADH concentrauon with the microflu

method of Chance et al (1962) mvolie the possible source of error

ine

14
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changes m the amount of haemoglobin i the field of measurement Thus 1 15
well known that haemoglobin absorbes a substannal part of the excrtation enerpy
and of the fluorescence emussion (Schmtger ¢f ol 1967 Chance and Schoener
1962) Thys factor has been imvestigated by Chance et al (1962) who computed
that about 23 per cent of the fluorescence 1s absorbed by blood in the bramn a
figure which fits well with those measured 1 our control experiments (sce Resulis
and Fig 5) This means that part of the fluorescence changes recorded s hyper
and hypocapnia, represent hemodynamsc artefacts due fo an ncreased hemoglobm
concentration 1n hypercapnra, and a decreased hemoglobin concentration 1 hypo-
capnia It 15 also possble that the fluorescence increases recorded durmg the
sampling of artenal blood (sce Results) 15 at least partly due to such hemodyname
factors but the lactate/pyrus ate changes measured by hjallquist, Siesjo and Zuetnms
(1968) mdicate that a wranstent hypoxia may be mohed 1n even very moderae
decreases of the artenal blood pressure

There are strong reacons to believe that the fluorescence changes recorded m
hyper and hypocapria at least tn part represent true changes in the redox state of
the NADH/NAD system Thus although a part of the fluorescence decrease durmng
hypereapnia may be due to an increased blood volume, concomitant to the m
creased cerebral blood flow the results obtamed with admimstration of pure oxygen
1n nonmocapma sndicate that the increased oxygen supply during hypercapma
vohes a real oxsdation of NADH In & the fluorescence 1ncrease vecorded
amounted to 15—20 ¢ of the maximal deflection in anoxia {sce Results) whilea
complete outflushing of the blood from the tissue may increase the fluoresvence be
2025 €¢ (Chance et af 1962 and present results) It 1s not known if the reduced
blood flow dunng pronounced hyperventilation will gne any significant reduction
of the zolume of blood in the field under inspection but it 15 1mprobable that the
blood yolume will be reduced by more than 50 ¢ Ve thus have to conclude that
part of the fluorescence mcrease n pronounced hypenentilagon molves a true
merease 1 the NADH concentration

The concl that p d hyper
1n the NADH/NAD  system 15 fully confirmed by the measured inerease in the 4
sue lactate/pyruvate ratio Thus 1t has been repeatedly pointed out that the lactate/
pysuvate and the NADH/NAD  systems are coupled m a steady state '"L“;
(Biicher and Alingenberg 192§ Huckabee 198 Hohorst 1960 illamson um
and hrebs 1967) However since the steady state reaction between the two rrd,;"
systems mvolves hvdrogen 1ons the true ¢y toplasmanc NADH/NAD ratio can ;7 i
be calculated 1f the hvdrogen 100 conct 15 known (¢f Tobin 1954)d “«
previous paper we have shown that the lactate/pyrusate ratio changes n aceor an

I leads to an 1 reduction

ut that

with the changes 10 the ussue hvdrogen 1on ¢ n hyp b o
the increased lactate/pyruvate ratio ;n pronounced hypenentiation 15 10

it h the hydry 1on di ! b between the redox systes®

with the g i

P q
te that it indicates an mereased NAD reduction | Granholm and Siesjo e
This conclusion 15 supported by the findings of Leusen Wesne and Dem



BRAIN REDOX STATE DURING HAPERVENTILATION 189

(1968, and I eusen personal communication) wha showed that tn 11tro, when the
arculation factor 1s absent the increased gheolytic rite at low CO  tensions (and
thus at alhalotic pH values) was accompanied by a decreased lactate/pyrusate ratio

It thus appears proven bevond doubt that pronounced hypenentlation 1s ac-
companied by an increased tissue NADH/NAD ratio However, such an increase
cannot immediateh be equated with tissue hypoua If 1t 1s agreed that ussue
hypoxa 1s best defined as an increased reduction in the important redox systems of
the tissue, and if the NADH/NAD svstem 15 considered to be a good sndex of the
redox situation 1n the electron transport chain the present results obviously indicate
that p ed hypenentil 1 ac d bv tssue hypowa Howeser of
15 agreed that uissue hypowa 1s not manifest until the tissue stores of energy nch
phosphates are being depleted (see Hohorst Betz and Weidner 1968) the present
results show an increased NAD reduction but not tissue hypoua The small
crease found mn the present cxpeniments 1n the tisue AMP concentration dunrg
hyperientilation 1s indicatnne (¢f Chance et al 1963, Minard and Davis 1962) but
cannot give full proof of hvpoxta Until further expeniments have been carmed out
this important question must evidentls be left open Probably such expenments
should malve a study of other cytoplasmtic and mtochondnial redox systems and
should also be directed towards possible regional changes i metabolism

Supported by the Swedish VMedical Research Council (Project B68-14% 263-04) and by
Magnus Bergyalt s Suftelse We are indebted 1o Professor Stephen Thesleff who kindhy lent us
the Chance mucroepectrafiuorometric equipment
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Changes in the Activity of Isolated Vascular
Smooth Muscle in Response to Reduced Osmolarity
By
Ocor Jonssov

Recened 23 December 1968

Abstract

Jovssov, O Changes in the actiity of wsolated rascular smooth muscle 1n response
to reduced osmolanity Acta physiol scand 1969 77 191--200

The effects of hypo-osmolarrty on the spontancous actnity of the smooth muscle mn the 1solated
postal vein of the rat have been studied n solutions with vared 1omc composttion A com
panson between the stumulatory effects of Jowered osmolanty and mereased (R Jo mmdicated

fact that the membrane potential of smooth muscle 1s more dependent on the transmembrane
concentration gradsent for potassium at higher levels of evternal potassum concentrations

¢ stunulatory effects of hypo-osmolanty are markedly reduced at a low [Na Jo but are not
considerably alfected by comparable reductions m [K o or [Clo This indicates that the

transmembrane sodum 10n gradient 15 imvolced 1n the by which h
:;cnes the spontaneous actmty of vascular smooth muscle One possible interpretation is that

xht W;Ihng of the muscle cells 1n hypotomic solutions causes an tncrease 1n the permeability of
e cell membrane to the relatively Jarger sodm on

In an earlter study concerning the effects of extracellular asmolanty on the actvty
of vascular smooth muscle 1t was reported that procedures which could be expected
to make the muscle cells swell mcrease therr spontaneous activity and tice tersa (Jo
hansson and Jonsson 1968) It was proposed that these effects were not a conse
quence of changes m the 10me concentration gradrents across the cell membranes but
alsa due to + t 3 the p to the different ions The
Present investiganon describes in more detall the effects of reduced osmolanty on
the spantaneous actnaty of the rat portal ven The onic mechamisms behind these
effects were studied by varying ly the il 1 and the
concentrations of sadrum potasstum and chlorde 10ns




180 L GRANEOLM, L LUKJANOVA AND B X SISO

Grasniorst, L and B K Smspo, Signs of cerebral hypoua i
CBasel) 1908 3¢ 337-—3381 g bral hypoua in hypenentlation Experienta

Gravnors, L and B K Siesjo, The cifect of hypercapra and hypocapma upon the certhre
spmal flud lactate/puryeate roncentrations and wpon the lactate, pyruvate, ATP, ADI,
ggose;g!;ocrzcggne and creatrne concentrations of cat bram twsue Acta physol seand 1969

H Y, Der Reduk stand des Drphosphopyndin-Nukleotid: 10 lebenden
Geiwebe Dussertation Uniernity of Marburg, 1960,

Honorst, H J, E Bevz and A WEDNER, Relation between energy rich substeates tame
redox changes, and EEG duning and after hypowa In “CBF & CSF”, ed by D H Iopa,
?IIAB Lassen, B K Siesjo and E Skinkoy Seand ] ¢hr Lab Inpvest 1968 Suppl 102

Hucsasze, W E, Relationships of pyravate and lactate dunng anatrobic meeabolsm |
g{;d;;; infision of pyruvate or glucose and of hypenentilation ] ¢hn Invest 1958 7

Kety, § 5 and © F Seuwor, The effect of actve and passive hypenentilation on cerebra!
bload flow, cerebral o¥ygen consumption, cardiac output and blood pressure of normsl
young men [ clin Invest 1946 25 107119

Kyarrquist, A, M Naront and B K Stesgo, The regulation of extra and ntracellular aod
Base parameters m the rar bram during hypes- and hypocapma Jcta physiol scand 1969
76 485—49%

Kyarrguist, A, B K Smsjo and N Znetnow, Effects of mereased mtracrangat presort
on cerebral bload flow and cerebral venous pOz, plO2, pH, factate and pyswate ta dogs
Acta ghysiol scand 1969 75 267275

Leusew, I and G Deasrster, Laciate and pynsuate 1 the bram of sats duang g
sentilatson drch ntern Fhys Hochem 1366 74 2534 ¥

Leusew, 1, ] Wexse and G Demexster, Acd/base and lactate/pyrmvate changes 10 S
and brawn In “CBF & CSF”, ed by 1 H Ingvar, N A Lasen, B K Sieyo and E S
hoy Scand ] clen Lob Tnuest 1968 Suppl 102 1 G

Meyee, 3 § and F_Goror, Metabohe and tue effects of bypeneotlston
Arch Newral (Chic ) 1960 3 539352

Mivaro, ¥ N and RV Duvis, The effects of electroshock on the acd soluble phosphata
of rat braws | Bral Chem 1967 237 12831282 Jaum

Pris, F and ] B Possex, Blood and cerebrospsnal fld lactate dusng hyperentilat

Amer ] Plosal 1967 212 864—870
Postes, U, Acd-base changes wn rat bram Qunng acute respratory acidlosis and baseo™
Ae1o physol seand 1966 68 152—163 T

Regvicrr, M ] Dickson J Crark, M Heopss and § ] Lawsestses, pes
cerebral cireulatory and metabolic changes duning hypocarhia sn man n.udles x:\‘nd T
Lane mibey an"CBF & C5F", ed by D H llnﬁ;zar,x{\' é-\ Lassen, B K Ses®
Skinhey, Seand [ clin Lab Invest 1968 Suppl 4

Scnzuan,‘] and M N Bepry, Effect of slkalous on ghycolyna tn dbe solated rat peart Amet

Physiol 1967 213 1143 1148 -

Scw/x\m:xn, H, R Scrovtz, Tn Bicusr and D W Lussers, Comparatve gui’;‘z”’"" 7

studies on Tat Iver w oo and on ssolated, perfused, hemoglobin free diver Bud

Z,

1965 341 334339 ot
Secioka, K and D A D, Hyp;gw:nn!;uon with oqgen~—a possible cause of cerel

b Anesthetology 1960 21 13514

D B T wrins 2o Ruemes uf hsdvagen tane on lactate and pyrasate of bload Amet !

¢ Is %G;‘HM? 601603 de
hy 5 —d

“I};L)M,IO(SO“, D H Parhicis Lusp snd H A Kress, The redox suate of free r}xct‘)gﬁﬂ;"‘l‘ 07
adenme d leotsde 55 the cytoph al hondrsa of rat Iner Brockem 1.

514--527




ACTIN ITY CHANGES AT LOWERED OSMOLARITY 193

A

11— —rY
SULL
I ..

Fig 1 Isometie record ngs of E
mechanical actiity 1n 1solated rat o

%

portal vein Responses to lowered [m
osmolanty (A—C) and to s —_—_—
creases in the potassium 1on con

36 meo e K71
centration (D—E) =

described 1n Fig 1 2 and 3 below were performed 1 order to elucidate the role of
the [k ]/ ] ratio m the responses of the portal vemn to lowered osmolarity

Mechancal responses of the portal vein to different degrees of hypo osmolanity
and to wcreases m [k Jo respectively are shown in Fig 1

A decrease 1n osmolanity by 28 mOsm/l (Fig 1A) resulted 1n an increased fre
quency of the but therr amplitud d almost unch d The
higher degree of hypo-osmolanty —55 mOsm/l applied 1n Fig 1B resulted n a
sustamed mcomplete tetanus the peak tension of which hardly exceeded that 1n
the control penod These responses may be compared with that produced by the
four fold increase 1n [K 1, shown 1o Fig 1D where an increase m the amplitude and
duration as well as 1n the frequency of the contractions were seen The positive
chmnotmplc effect 15 more pronounced in B than m D indicating that a reduction

n osmolanty by 55 mOsm/l exerts a stronger membrane excitation than the four
fold increase 1n [k |,

A contratture (see further below) developed when the osmolarity was reduced by
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dyn 1
no: [ \:".\}

B —

dyn
800, _Wb\\f‘/ﬁ
[ Fig 2 Lffects of hypo osmolarny

0 of vanations 1 [A*]) on a contrac
caused by a 6 fold increase 1n
potasssum jon concentration (36 1
K+/1)

c A Reduction in the osmola

I“ﬁ corresponding to munus 30 mm
o NaCl/} at a [K*]> of 36 meq/!

800 N B Reduction 1n the osmolanty «

{ responding  to  smnus 30 mm
NaCl/l at' a (K*]) of 18 meq/]

— C Increase in [K}o from 36 me
(£ to 51 meqf!

105 mOsm/l (Fig 1G) It should be noticed, however, that within some munutes £
contracture began to return towards the level of passive tension The sluggish ons
of the excitations seen 1n Fig 1A—C depends on the fact that the muscles had bet
exposed to an NaCl low solutton containing sucrose before the periods of hyp
osmolanity The sucrose thus had to diffuse out from the extracellular space befo
the hypo-osmotic solution could influence the smooth muscle cells It appears fro
the uptake cune of sucrose-'C 1n rat portal vemn (Arvill Johansson and Jonsso
1969) that this ehimination of sucrose from the extracellular space should be practica
Iy complete within two mun This agrees well with the fact that the maximum ¥
citation was deyeloped within a couple of minutes after the change from the sucrose
substituted to the hypo-osmotic, NaCl-low solutton

Fig 1E shows that a 6-fold mncrease 1n {K ], also gave a contracture tension ©
about the same magmtude as that imually obtamned 1n Fig 1G (note the differenct
in call ), but the p co was well sustamed m contrast to thal
produced by hypo-osmolarity If the ceils behaved like perfect osmometen 1n the ¢
periment of Fig 1 there would be a maximal decrease 1n [k ], by about 37 per cent
1n response to the largest of the reductions i osmolanty (C} Thus it 15 «vident that
the decreases in [k /K ], produced by the reduced tomicity in Fig 1A- C are smut
when compared to those resulting from increases i [K }s (D—F) The excuaton
to hyp larsty cannot therefore be simply atenbuted to the mduced

o
changes 1 the potassium gradtent he
The expenments presented 1n Fig 2 and 3 were performed in order to studv ¢

effects of hypo-osmalanty ar a high level of [K Jy At the beginning of the recording
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smv[l L N

Fig 3 Swnultaneous recording of
electrical and mechameal actvity
m m portal vem
pontaneous actnaty
normzl Rrebs soluuon
enth min n_ an 1sotonic
Rurebs solution wath 36 meq K*/1
62 mmoles NaClfl and 60
mmoles sucrose/l
¢ Change (arrow) from the
solution m 3b to a medium of
the same 1onc compoution but
from which the sucrose was re
move:
d Seventh mun m a hypo-
osmot ¢ Rrebs solution  (minus
Z}{:!,mmn[es NaCl{l} with 18 meq

n Fig 2A the muscle had been exposed for 10 min to an 150-osmotic solution con
@mmng 36 meq K fl 1¢ about 6§ times normal and 1t was therefore m a state of
sustamned contracture Duning the period indicated the preparation was exposed to a
solution of the same romc composition but with osmolanty reduced by 55 mOsm/l
(see Methods) It can be seen that the response to this reduction 1n osmolanty was a
transient inerease in the contracture tension

In Fig 2B the same degree of hypo-osmolarity as 1n A was matched agamst a
stmultaneous decrease m [k ] from 6 times to 3 times the normal Before and after
the period indicated the muscle was exposed to the same 1sotonic solution as during
the control period 1n Fig 2A When the 1 and the T 10n
ton were simultaneously reduced in Fig 2B the nhibitorv effect of the decrease
m [R]o seemed to overshadow the stmulatory effect of reduced osmolanty as
Judged by the fact that the contracture was replaced by an mcomplete tetanus

The effect on the contracture tension of an ncrease 1 [k ], from 36 meqft to 54
meq/l 15 shown 1n Fig 2C Tt should be notced that the augmentauon of the con
tracture produced by this 50 per cent increase in [K o 15 quite comparable to that
produced by the hypo osmolanty tn Fig 2A

Flg 3 which 15 taken from a sucrose gap expeniment illustrates the electncal and

to red: 1 osmolanity at ligh potassium concentrations

stmilar to lhose of the expeniment in Fig 2 The spontaneous activity 1n normal
Krebs solution 1s shown i Fig 3a The phasic contractions were well correlated with
spike potentials occurring 1n bursts which lasted for 5 to 10 sec In b the muscle had
been exposed for 10 min to a solution with the same composition as that used n the
control periods of Fig 2 7¢ an 1sotonc solutson with 6 tmes the normal potassium
10n The cell memb were depolarzed no action potentrals ap-
peared and a contracture had developed When asn Fig 24 the asmolar::z‘z{ the

”
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Fig 4 Lffects of hypo osmolanty
at a jow {¢] and at a more
nomal NaCl concentration (d)

a2 Normal Rrebs solution

b Tenth mm 1 an approu
mately gsotonic Rrebs  solution
with 32 mmoles NaCl/l and 187
mmales sucrose/]

< Filth mia in a hyy mmotic
Rrebs soluton (242 mm/l}
with 32 mmoles NaCl{l and 120
mmoles sucrose/]

d Fifth mtn in a_hy po-osmotic
Rrebs solution (225 mOsmil}
with 92 mmales NaCljl

solution was reduced by approximately 60 mOsmy| (arrow n Fig 3c), the mem
brane potential was somewhat further depolarized and the contracture tension ang
mented Howener, when the same degree of hypo-osmolanty was applied together
with a reduction in [K | from 6 to 3 umes the normal (Fig 3d), there was a re
polarization, spikes reappeared and phasic contractions replaced the contracture
{compare Fig 2B)

‘The results reported 1n Fig 2 and 3 indicate that the effects on muscle actnity of
hypo-osmofartty and of ncreased [K o, respectively are quanttasely more compar2
ble when these sanations 1n the environment are superimposed on an 1tially eh
level of [K']o than when such vanations are induced at normal {K ], (Fig 1)

It was suggested 1n an carlier study (Johansson and Jonsson 1968} that the 1n
hibtory effects on the portal vem of increased osmolarity was not simply meduted
2:a changes 1n the concentranons of intracellular 1ons but also by vanations 1 the
membrane permeabilities to the 1ons A relatively greater decrease in the permeability

to sodium than to potasstumn would help to explain the marked mhibtion of activity
1 The d below were de i to deter

m hyp p P
rmune whether the sodium 1on was of special 1mportance for the effects of reduced

osmolanty obsenved m the present study 1f a change in the membrane permeability
1o Na were an essental factor 1n the response to hypo-osmofanty one would expee!
that such responses would be relatively weaker 1n Na -deficient solutions (sec further
below) Fig 4 shows a sucrose gap recording from an expeniment performed on the
basis of this argument The spontaneous activity of the preparation m normal Krets
solation 15 dllustrated 1n Fig 4a In b the muscle had been exposed for 10 mn 102
solution which was approximately notomc but contaned only 32 mmoles NaCf
The pattern of actnaty after 10 min in this solution was quite comparable to that l;
the control period When the osmolanty of this medium was reduced by 60 mO«ﬂ;(
*he frequency of spike p Is and ¢ ns mcreased to a very smalf exte
~
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Fig > Eftects of hvpo-osmolanty at a
low €1 concentraton (c) and effects
of increases m [h o at a low and
normal NaC] concentration {d e}

a Normal Rrebs solut on

b Tenth mn 1n an jsotomc Krebs
solution with 32 mmoles \aCl/l and
90 mmoles sod um ethanesulphonate/)

¢ Bifth mn 1n a hypotonte hrebs
solution with 3% mmoles \aCl/l and
60 mmoles sodium cthanesulphonate /L.

d Fifth min m an ssotonic Krebs
soluton with 37 mmoles N\aCl/l 167
mmofes sucro-efl and 24 mmoles
Ra

e Fifth min 1n an roton ¢ Rrebs
solut on with 104 mmoles NaCl/l and -
73 mmoles hCif1 W ser

(Fie 4c) This moderate excitation caused by hypo-osmolanty at the low extra
cellutar \aCl <hould be compared with the much more conspicuous
stmulation of the smooth muscle seen m Fig 4d where a comparable reduction n
osmolanty was induced at 2 \aCl concentration of 92 mmoles/l In the latter case
the muscle exhibited continuous spike firng and an incomplete tetanus The results
shown 1n Fig 4 thus lead to the conclusion that hvpo-osmolanty excites the smooth
muscle to a degree which 15 greath dependent on the prevailing level of N\a and/or
Cl m the medium

The expenaent illustrated wn Fig 5 a—¢ was d n order to d:
wether the mability of the hypo-osmolanty to stmulate muscle actnats 1 Fig e
was due to the low sodium or to the Jow chlonde 1on concentration Record a shows
the actiaty 1 normal hrebs <olution In b the muscle had been expesed for 10 mm
to a hrebs solution 1n which @0 mmoles \aCl/l were replaced by equimoalar amounts
of sodwm ethanesulphonate 1 ¢ this solunon had a normal [\a } but a [C1] which
was reduced to the same level as in Fig tc¢ The muscle actisas 1n Fig ob was quite
comparable to the control state (a  In ¢ the sedium ethanesnlphonate concentra
Hon was reduced by 30 mmoles/l which hould ene a ssmilar reduction 1 osmolanty
as the solutions applied 1 F1o 3¢ and d The excitagon produced by hvpo-osmolarnn
1 this C1 low solution resembled that obtained n Fig 4d where [C1] was closer to
normal It does not seem th 2 1f the Cl ¢ 1s of entical mportance
for the effects of lowered ormolanty

To exclude the possibilits that the portal vem 15 generally esatable 1 Na
deficient solutions the st mulaton effect of a four fold increa i [R 1, was tested
n an isotonuc medium contamn~ only 37 mwrmaoles \aCll Fir oad  The response
obtained under these condittons 1 quite symular to that cen mn de where the potas-
$lum concentration was ircreased four times at a more normal concentration of NaCl
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1t thus seems as 1f the smooth muscle can be depolanzed and mechanically actnated
by potassium in a normal manner at low [Na‘], whereas hypo osmolanty turned out
to be rather tneffective under such errcumstances

The possible iafluence of a low [K'], on the sttmufatory effects of reduced osmo
lanty were examined m some expenments It was then found that the excitation
produced by a d n lanty by 55 mOsm/l at a [K'y of 1 meg/t was of
about the same intensity as that caused by this degree of hypotonscity at a norrmal
{K*)s Thus 1t seems as if the potasstum 1on concentration 15 fess 1mportant than the
sodium 101 concentration for the effects of hypo osmolanty on the spontancous 3¢
tivaty

Discussion
The response of vascular smooth muscle actnity associated with increased cell
volume may be of pathophysiological nterest as it has been shown that, in hyper
tenstve disease, the vessel walls contain more water than normal Such water-loggng
has been found n the renal artenes of patents with essental hypertension and
artenoles of rats with experimental hypertension (Tobian and Bmon 1832, Tobiun
1961, Tobian et al 1961) Tobian and Binion discuss the possible inftuence of th
passise swelling of the vascular wall on the blood flow resistance The demonstration
of a stimulatory effect of suelling of the muscle cells on the spontancous actvin
n ssolated vascular smooth muscle suggests that the observed water logging n ihe
artertes of hypertensives may lead to an increase 1n vascular tone and perhaps m

vascular reactiaty
The mechancal responses to lowered osmolanty illustrated 1 Fig 1 show that

Iyp y primanly enh the freq of the c while anin
crease n [K ] both the amplitude and the freg of the c s
It should be noticed that the d of each compound ¢ was longer
when the muscle was exposed to d [K ], than to hyp: Janty At more

drastic red m ) tension develop 15 1oy { as shown in Fig 1€
where the contracture tenston dechned towards the passine tension level after onh 2
few minutes In experiments where electrical and mechamical actvity were record

simultaneously depolanization of the cell membranes and cessaton of spike acH:U
were seen during the development of the contracture 1 such hypo-osmotic medi
Bue repotinzzavn could moe be demonsiated ar whe dechne of the rmuzctu;:
These observations are n agreement with those of Blinks (1965) concerning !

He
contractile responses of frog sheletal muscle in different anio-osmonc solutons d!
biy reduced 1n sol with markedd

found that the tetanus tension was ¢
Towered osmolanty
exaitatory res
(10’1:‘:n osmola:(\ {far mstance — 35 mOsm/l) were haweiver well sustanes
for prolonged penods of exposures
A comparson between the excitation ca
~a-molanty reseals that a reduction i osmolanty by about
A

te reduc
ed in the present study at more modtra
ponses obtained P .

used by ncreased (K] and by P>
20 per cont (Fig 1B) b2
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a more marked y elfect on the sp actwaty than a four fold n-
crease m [K'], (1D), and that a reduction 1n osmolarity by 37 per cent (1C) has
about the same effect as a six fold increase 1n [K], {1E) Provided the smooth
muscle cells swelled like perfect 1n the hyp: il {K*], would
decrease 1n proportion to the reduction in extracellular osmolanity It 1s evrdent from
the companson 1n Fig 1 that the effects of lowered osmolanty on muscle activity
at *normal levels of [k'], are not enurely mediated z:a changes n the [K]/[K ]
ratio

On the other hand when similar expeniments were performed at an uually hugh
tevel of [R*], a 20 per cent reduction 1n osmolanty caused a weaker exatation than
a 50 per cent mcrease m [K*], (Fig 24 and C) and the depolanzing effect of this

degree of hyp ! was outbal dbya 1 lowering of [R] by
50 per cent (Fig 3) Ths change n the relation between the effects of increased
{& ], and of hyp: 1| when the p 1on 1n the control

situation 15 increased from the “normal’ 6 meq/l to 36 meq/l may be atunbuted to
the fact that the membrane potential of smooth muscle 1s more intimately related to
[B1/IR1, at the hugh levels of [K*], (Holman 1959, Marshall 1962, Axelscon et al
1967) A smlar increase 1n lhc importance of the potassilum concentration gradient
on the resp to . at higher p 10n conc was
found 1n an earlier study (Johansson and Jonsson 1968)

An addinonal factor might be that the sodium chlonide concentration was some
what lower 1n the expeniments where the effects of reduced osmolanty were tested
at a higher [R*], than at the normal [k ], The experiments illustrated m Fig 4 and

3 showed that the excitanon caused by a reduction 1n osmolanty was strongly
dependent on the actual sodwm on concentmuon 1n the solution The excrtatory

response to hypo 1 was not p n Cl deficient (Fig 5¢)
or K'deficient solutions but 1t sEcmed to be cntically dependent on [Na’), The
stimulatory Tesponse to on n an 1sotomec NaCl

low medium (Fig Se) shows that the muscles are not generally nexcitable at low
Ma],

The membrane potential of smooth muscle 1s considered to be mfluenced not
only by the Lt P 1 for the p 1on but also by the equilibrum
potenttals for sodium and chlonde 10ns The net effects of these 3 jons on the
membrane potentral (E, ) are expressed i the constant field equation’

R e INa 4l - 2100 )
S KL+ alda L AC
where g and g rep the memb biksties for sodwm and chlonde
10ns respectnely relative to that for potassmm 1ons (Goldman 1943) An ncrease
m the cell water caused by reduced extracellular osmolanty would lower the mtra
cellular 1on concentrations and this m turn would depolanze the cell membrane
provided that g 1s not too large

However, as discussed above the dramatic effects on the spontaneous smooth
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muscle actnity of even small reductions osmolartty mahes 1t doubtful that these
responses could be mediated entirely zia changes m the ntracellular sjon concentra
tions An addstional factor might be changes 1 the properties of the cell membranes
i hypotonic media It 1s concervable that an enlarged cell volume mught alter the
structure of the cell membrane by stretching 1n such a way that the permeabilities
to the different 1ons would increase particularly of the passage 1s thought to be
through a system of pores The 1on that would be most nfluenced by such a change
15 the largest of the permeable 1ons t¢ the hydrated sodum 1on An snerease in a
an exposure of the smooth muscle to hypo osmotic solutions, would according to the
‘constant field equation’, depolarize the membrane and thus contribute to the
stunulatory effect of these solutions

The fact that {Na*], seems to be of special importance for the stimulatory effects
of reduced osmolanty fits well into the hypothesis that one of the mechanisms by
which hypo osmolanty excites the vascular smooth muscle 1s by increasing the mem
brane permeabihity to the sodium ton
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Changes in the Cell Volume of Isolated Vascular Smooth
Muscle in Response to Reduced Osmolarity
By
Oror Jonsson

Recenned 23 December 1968

Abstract

Jonsson, O Changes tn the cell 1olume of 1solated ascular smooth muscle n re
sponse to reduced osmolanity Acta physiol <cand 1969 77 201—211

The intracellular water of smooth muscle from the rat portal vemn decreases on exposure 10
yperosmotie solutions to an extent expected for perfect osmometers (Anall Johansson and
Jonsson 1969) The purpose of the present study has been to imestgate the vanations i cell
water produced by reductions 1n extracellular exmolanty

After 15 mun of mncubation at 37° C 0 a solution which was 10> mO«m/l hypo-osmotic
msus 60 mmoles \aCl{l) compared 1o normal hrebs solution the intracellular water n
creased by 1447 per cent in muscles stretched to their 1 situ length and by 3549 per cent 1
unstretched muscles VWhen the same procedures were performed at 1° C a temperature that
considerably veduced the mechanica) response to hypo-osmolarity the volume of the cell water
1n the stretched and unstretched muscles increased to approxumately the same extent (40 and
33 per cent respectively) These results suggest that the actne tension development associated
with exeitation at low osmolarity opposed the swelling of the muscle cells in the stretched
muscles at 37° C while the passive tension per se was less important for the degree of swelling

owever had the smooth muscle cells behaved like perfect osmometers the increase mn cell
water at this reduction 1n osmolarity would have been 38 per cent The difference between this
salue and those obtarned in situations where the actne tension development was presented
mught be accounted for by a loss of intracellular 1ons Such a loss of tons was clearlv demon
strated 1n strewched muscles at 37° C which showed the smallest degree of swelling This
suggests that muscle cells when unable to adapt their intracellular osmolanty to a reduced
edtracellilar tomeity by swelling do so bv dropping a fraction of their mtraceliular 1ons

It was shown 1n an earlier study concermng the effects of extracellular osmolanty on
rascular smooth muscle actnaty that increases in osmolann which should make the
muscle cells shrink, cause inhabiton and procedures which should mabe them swell

cause enk of therr spy actvay ( Job and Jonsson 1968) To
be able to und d the h behind this 1 between cell volume
and degree of activits 1t was d necessary to d the changes 1 cell
Water produced by the vanations m extracellular osmolanty  As far as the effect of
hyperosmotic solutions 15 concerned 1t has been d that the Tul

water of the portal vemn decreases to an extent that could be expected for a perfect
Osmometer at increases in osmolanty of the order of 150 mOsm 1 {Anall Johansson
and Jonsson 1969)
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Preliminary expenments concerning the effects of hypo-osmotic solutions howerer,
showed that the wet weight of the portal vemn did not significantly increase m these
media Measurements of estraceflular space and total water showed that the results
of the wet weight determmations drd not merely reflect a recistnibution of fluid from
extra- to ntracellular space, but 1nd d 1nstead that the swelling of the smooth
muscle cells on exposure to hypo osmolanty was restacted 1 some way Qe possble
explanation for ths snability of the muscle cells to swell ke osmometers 15 that some
loss of mtracellular 10us occurs which would still lead to an osmote halance with the
surrounding medium, but at a smaller degree of cellular swelling than would other
wise have been required Another possibility would be a restriction of the swelling of
the muscle cells due to ngidity of the cell membranes The difference between th
osmotic pressures of the mtra and extracellular fluids would then be balanced by ¢
greater hydrostatic pressure in the former medium The stimulation of the spon
taneous actnrty mn hyp 1€ sal; and the q ncrease of actne ten
ston might then contribute to the restricted distensibulity of the muscle cells

The atm of the present study was to eluctdate the mportance of these different
factors for the swelling of the muscle cells 1n hypotome media Thus experiments
were so arranged that active and passive tenston of the muscle cells could be mnde
pendently changed and thewr influence on cell volume studied Further, the extent to
which changes n the concentrations of mtracellular 1ons occur 1n hypotome mediz
was estimated 1 a few experiments by reeasurements of the muscle contents of

potassmm
Methods

The experzments were performed on portal vewn preparations from rats of the Sprague Dawln
strain The body weights of the rats saned between 200 and 250 g
The dissection of the portal vein preparation has been descnbed sn detar] m a previoss
article (Axelsson et al 1967) though in the present study the vessels were always cit npﬂ’ﬂ
langitudnally to reduce the diffusion distances and to facthtate the blotung procedure Sor
of the muscles were mounted on frames that stretched them to thetr approwimate i 5/
ength
! nﬁ.e changes i cell water produced by different hypo-osmotic test solutions were calcuh;:f
on the banis of determmations of wet werght sucrose 1iC space and total water of the must:
T - v L~ ~ T wet werght of the muscles were determuned dunné
eq + lutrons the museles were andinidaally mounted ot
fra wnes were weighed at intenals on a Cahn el«::;
halance atter 2 standaruized wintung provedure The weight change was expressed o pe‘r
of the mean of three control determunations of the net wet weight of 1he muscle \vhe;\ :eon
to narmal Krebs solution for 2 30 min pertod preceding exposure 10 the hypotonsc meI‘ZI -
All muscles used 1n the sucrose 1C uptake experyments were premncubated for g ot
normal Krebs solution at 37°C In the expeniments where the uptake of suclmsc o
detesmned at 19 C the muscles were allowed to accomodate for another Hf] e :‘l s
haebs solution at fhis low temperature Expenments with recordiog of mec! Jnt‘l‘nﬁl!" "
showed that 1/2 hr at 1° C was sulhicrent to abobish all spontaneous aclnu);,;n e ks
mechanical respopses to decreased mxsuhm)hl\'imr |h:::dp;;x::‘\:l):;n::€p;ui:[wsm g: o
sere transferred to the incubation medium which consi M or
narmal Tathe (ace below ) Rrebs mmus 30 mmoles (NaCif} hrebs minus 60 ;nmo(’(e's‘ I\‘:Ca /
aarmal Reebs plus noradrenaline 10+ g/m} Labelled sucrose with a spec ‘7[“The e
s¢{ wnole was added to the incubation media to 2 Icllctn:ra!lon of 06 mmolc‘s’m“ ool e
sure of the incubaton medium was eher 37°C or 1 € After the mcu:‘on b )
snuscles were ramdly washed in non radioactive solutton of the same w;n,:‘w“ e
™ hation mediam blotted bewween two pieces of liter paper and weiet ed on 2 Cob
nee The muscles mounted on frames were released before the washmng pre

fectro
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The preparations were then homogenized 1n 05 ml of 10 % trichloro-accuc acd (TCA)
ew e T o . * b 10 ml p-dioxane
" - PO (2 5-diphemy!

- = and counted 1 a

. . . . . standard emor of
less than 1 per cent Samples of the incubatton media weie diluted with 105 TCA 1 25
before counting The degree of quenching was then found to be the same for the tissue extract
pont kBt A T s counting
. 1e rounting
. . . . was found

The suerose space was calculated from the distnbution of radioactivity between tissue and
medum and 15 expressed as ml/100 g wet tissue weight

The vessels used when the total water content was to be determined were treated m the
same wav as the preparations 1n the sucrose-1C uptake expenments with the only exception
that no tracer sucrose was added to the incubation media After determnation of the wet weicht
the muscles were transferred to a vacuum oven and dried to constant weight at 100°

The normal krebs solution had the following compositton 1 mmolesfl NaCl 122, RCl1 473
CaClz 249, MgCly 1 19, NaHCOs 15 5, RH2POu 1 19 and glucose 115 When the effects of
mrar{rt?‘alme were studied, caleium disodium versenate was added to a concentration of 0026
malas - . . . \ . .

U min

The densities of the solutions were measured at 20° C and found to be 1007 for normal
l\u::b]sl \ 1005 for Rrebs minus 30 mmoles NaCl/l, and 1004 for Rrebs minus 60 mmoles
Ma

The csmolanty of the normal Krebs solution and of some of the ather test solutions was
determined by measnrements of the freezng pomnt depression Distilled water and a 03 M
urea solution were used as references to represent ¢ mOsm/l and 300 mOsm/l, respectively
. e {nea:: deviation of several determinanons from thewr aversge when one and the same
samble of narmal ©abe T © e

analysed
In 2 few experiments the potassium contents of portal veins which had first been dred to
constant wesght i the vacuum oven were by ultramicro flame ph y (Halpa

e and Larsson 1968) A more complete im estigation of the ionic distribution 1 the portal
e wall be published elsewhere (Haljamae «f af 1969)

Results

The prelminary expenments referred to above showed that the wet weight of the rat
portal vein d only ficantly on exp to hyp lanity The sub-
“equent determinations of the changes in cell water hased on measurements of
ey G spate wnd Wi waer T it wetordmte Wi dese pre-
Uminary results that the cell volume of portal vems 1s not adjusted to reductions m
extracellular osmolanty tn such a way as would be expected for perfect osmometers
The hackground of these discrepancies 1s analysed m the followng sections

1 Effects of reduced vsmolarity on the tolume of the intracellular water in stretched
and unstretched portal tems at 37°C

In the present study the changes m total wet weight, produced by the different test
Procedures were mostly calculated indirectly from the salues of dry weights and

4
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sucrose spaces (see Table 11) This caleulation method 15 based on the assumption
that the weights of the ntraccllular sohds and solutes reman essentially constant
when the muscle 15 (\posed to the different test solutions Tt was found m an carlier

QLOF JONSSON

Tane 1
Incybaton Frames Sucrose ¥C n Pmax Drywerghts n Pmsx  Intra Prmas
medsa spaces per cent of cellalar
mi}100 g wet we ght water per
Mean£SE MeantS E cent
Mean:SE
Normal Krebs + 428409 6 02 207404 7 oy 00 00
krebs 60 mmoles + 412409 12 19604 6 N4x7
~aclyl
Normal hrebs  — 454213 0 (0,0 210403 13 oo 100 aet
Krebs 60 mmoles — 416105 8 185104 3 13549
NaCGtfl

study (Anill Johansson and Jonsson 196D) that such indrectly deduced weight
changes were n good agreement with direct mewsured ones produced by hyper
osmotic solutions

Dry weights expressed mn per cent of the wet werghts and sucrose spaces are gnen
sn Table 1 for muscles sncubated n normal Krebs and 1n Krebs nunus 60 mmoles
NaCll for 15 min at 37° C Some of the muscles were mounted on frames at thetr
1n satu length and some were unstretched The 15 min value of the sucrose space s 23

Tazee 1T Calculation of wet weight ( x ) of unstretched portal veins incubated for 15 m n 1 Rrebs —
60 mmoles NaCl/l at 37 G e ghts of cxtracellular solutes in normal and t vpeosme ¢
Rrebs solut on were 12 g/100 mi and 08 g/300 mi respect vely

Normal Krebs hrebs 60 mmales NaClft
Weight of extracellular solutes 124454 0841672
/100 g wet weight v T
¢ ght of total water g/100 8155%

790 5
wet werght 100

1esN
We ght of mtracellular sof ds oo o L2t 8! 5x\_oa/4w
and solutes o BT
Thes valuc 1s assumed to be 0. xR 08,4164X
the same 1 normal and T T
= smedia Thus X 103

N ]
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taben to represent extracellular space since 1t was found 1n an earlier study (Arall
Johansson and Jonsson 1969} that the uptake of tracer sucrose reached a plateau
within that tme On the basis of these values the increase of wet weight 1 the un
stretched muscles has been calculated 1n Table IT The wet weight 1n normal hrebs
solunion has been arbitranly set at 100 g By using the respectne values of sucrose
spaces dry weights and wet weghts of the unstretched muscles, incubated m normal
Krebs solution and 1n Krebs minus 60 mmoles NaCl/l, respectinels, the intracellular
water has been found to increase by 34 per cent duning incubation 1n the latter
tnedium (Table IIT)

The calculations made i Table IT and I1I can be combined 1n a single formult

1—E

W T_£r

wol——
T—EF

where W stands for the weight of the intracellular water, T for the rato of dry
weightfiotal wet weight and F for the ratio of weight of extracellular solutes/weight
of extracellular space

The symbols with the prime sign refer to muscles incubated 1n the test solution and
the others refer to muscles incubated 1 normal hrebs solution By wnserting all the
individual values for sucrose HC spaces and for dry weights 1n this formula 1t 1s pos-

Tase I Calewlauon of 1ncrease 1n intracellular water of unstretched rat portal veins incubated
15 mimn 1n Krebs — 60 mmoles NaCl/l at 37° C

Normal krebs solution After 15 mun
Furebs solution

— 60 mM NaClfl
‘Total tissue werght 100 ns
Toul tssue water g/100 g 790 81s
Total tisue water g 790 92 1 {113 x 81 5/100)
Extracellular space ml/100 g 454 416
Extracellular space ml 44 470 (113x 41 6/100)
Spec weight of extracellutar Aud 1007 1004
Werght of extracellular Aud 457 (454x1007) 472 (47 0 1 004)
Weighe of extraceltular solutes g/ 100 ml 12 os
Weighe of evtracellular solutes g 05 (454x12/100 04(470 08/100)
Werght of evtracellular water g 152 (457-023) 468 (472-04)
Weight of mtracellutar water g 338(790 452) 453 (921-468)

Per cent inerease of mtraceltular water 3
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sible to calculate the mean change of the intracellular flud volume the standard
error of thus mean and the statntical significance of the change A computer program
was devefoped and used for perfanming these extensne caleulations The n values
apphed i these calculations have been the number of observations 1 the smalest
of the 4 sertes of dry wesghts and sucrose spaces used n each estimation of a change
1 the volume of the cell water
The increase 1n eell water of muscles ncubated for 15 min m hrebs minus 60
mmoles NaCl/l at 37° C caleulated with the combsned formula was 3549 per cent
(r=5) for the unstretched preparauons and 14:£7 per cent (n=7) for thoe
mounted on frames (Table I) All values of the volume of the imraceliular water
given I the following sections have been calculated with this formufa
Had the cells adjusted therr volume to the reduced osmolanty Like perfect osmotic
cells, the intracellular water would have mcreased by 58 per cent 1n Krebs minus 60
smunotes NaClfl (284—179 mOsmfl) Tt 15 evident that the mcrease m eelt volune
obtained 1n the present expentments on stretched and unstretched muscles at 37°C
were considerably smaller Furthermore, there was a marhed difference between the
degree of swelling 1n the stretched and unstretched muscles This discrepancy mught
reflect a liumtation of the swelling of the muscle cells due to the presence of pasnt
tensiont n the veins of the former group An alternative possibilaty 1s that the mcrease
in actise tension development caused by the lowered osmolartty would oppose the
swelling more forcefully i the stretched muscles where the contractile respon<e
should be greater than in the unstretched muscles because of the length—teason
1elatsonship (Speden 1960 Sparhs and Bohr 1962) These possibilittes were examined
m the experiments described 1n Section 2

2 Effects of reduced osmolarty on the rolume of the mntracellular water stretched
and unstretched portal vewns at 1°C
By incubations at 1°C, 1t 15 posable to largely elimmate the effects of 1ncreased
muscle activity on the swelling of the cells produced by hypo-osmolarity, 1he
mechancal responses to lowered tomaty were considerably reduced ar that Jow
temperature
E‘;l:) weights and sucrose spaces are gwen sn Table IV for stretched and un;
stretched muscles mncubated 15 muin at 1° C m Krebs munus 60 mmoles NaCIt a‘r;
w Table V for stretched muscles mcubated 15 ind 60 min respecusely 10 1\"‘“
rminus 30 mmoles NaCl/l at the same low temperature Table IV and \ also g;‘\c:’
carsesponding contral values obtawed at 1° C and lh‘c calculated vatues for the v
the Hular water m the diff test
um‘:hzfmcrcascs 1n the volume of the cell water of partal vemns incubated Ior[l: ;“t‘:{‘
1» Krebs mnus 60 mmmoles NaClyl were now approuimately equal m the ﬂr a;xvui
and unstretched muscles (40 and 35 per cent respeetnely) ang furthesmore :‘ e
the same order as 1n the unstretched muscles mcubated m the same’;o;iu:n:»:wm .
35 percent) As shown in Section | abore the ncrease i mlra;: (1:1 J’nmc eals
™ adirably less {14 per cent) mn suetched preparations at 3
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Tame IV
Incubation Frames Sucrose "G o Prmax Dryweights n Py Intra Prac
media spaces per cent of cellular

mjt00 g wet weight water per

MeantSE MeantSE cent

eanSE
Nommal hrebs 4 407207 10 g0 201203 8 o0 100 0001
Brebs—60 mmoles + 344109 10 185103 8 14016
NaClf
Normal Rrebs - 427109 5 209+03 7 100
= 1 = o ool

Rrebs~60 mmoles — 364107 6 000 189402 7 oot 13546 °
Ml

mndicate that the actie tension development obtained n the latter situation may
have restricted the swelling of the muscle cells since there was such a pronounced
difference between the stretched vemns mcubated at 37° C and those mcubated at
1°C The passne tension per sc was, however, evidently less mmportant as the in
crease 1 cell water was essentially independent of whether frames were used or not
1n the expertments performed at 1° G

Still the increases m cell water obtamned alfter incubations i Krebs minus 60
mmoles NaClfl at 1°C were less than would be expected for perfect osmometers
(re 58 per cent) When on the other hand stretched veins were mcubated for 15
min 1a Krebs minus 30 mmoles NaClfj at 1° C, the volume of the cell water m
creased approximately to the extent expected for such osmotic cells (21 per cent
compared to 24 per cent) Furthermore this enlarged cell volume 1n Rrebs minus 30
mmoles NaClfl remamed essentialls constant dunng prolonged exposure to hypo

Tase V
Incubation Timeof Sucrose ¥C n Pmax Dryweghtt n  Ppy, Intra Prax
media sncuba  spaces per cent of cellular
tion mn m/100 g wet weight water per
Mean£S E Rfean£§E cent
Mean+SE

Normal hrebs 15 407=07 10 211403 8 100

= 002 001 001
Rrebs—30 mmoles 15 37608 14 196104 8 12146 0
€1
Normal hrebs 60 444210 8 218403 6 100

= 00” 0 001
Krebs—30 mmoles 60 41002 6 201L05 6 o 1256 °
a1
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tonicity since the cell water was found to be 25 per cent abose controf after 60 ma
i thus media Tt thus scems as if the muscle cells of the mctisared portal vein adjust
therr volume like osmotic cells on mod red! m larity while they e
unable to do so on mere drastic reductions in the tomcuty of the medium

The calculations of the changes i the wet weight and thus abo the calculations of
the varations m the volume of the cell water are as mentioned above based on the
assumption that the weight of the mtracelular sohds And solutes remains essentially
constant dunng the exposures to the different aniso esmotic solutions In order
chech the reliabilsty of such indirect determmations of the wet weight 1n hypr
osmatic solutions the total weight changes were direetly measared 1n some expers
ments where stretched muscles were exposed for 15 un to Rrebs minus 60 mmolec
NaCl/l at 1°C These measurements mndicated an wererse i wet weight to 111 per
cem 11 {n=23 of the weight i nonmal Krebs solupon a value in good agreemen
with the directly caleulated one of 113 per cent

3 Deternmnations of the potassum contents of fortal tetns tacubated vt lyps
osmotic solutions
As reported m Section 1 the cell water of portal semns stretched to their m st
length and wncubated 1 hrebs minus 60 mmoles NaCl/l at 37° C increased only bt
14 per cent Since thys 15 far less than would be expected for perfect psmotc cells ¢
appears that a great hydrostatic pressure gradient would develop over the cell mem
Granes provided that the muscles therr of Julay sons If on
the other hand the muscle cells Joose a fraction of therr intracellular 1ons they ma
come to an osmotic equiltk with the sur ling medum despite the relatneh
snall tnerease in cell volume observed In order to elucidate this possibility the
of hed muscles pated at 37° C m normal hrels wd i
r!\rebs finus 60 mmotes NaClfi were deterrmned m a few expeniments The potas
swym contents of muscles meubated 1 normal Krebs was found to be 45308
(n=4) meq K /kg wet weight By using the values for extracellular space (sucroe
UC space) for total water and for extracellulr potasstum cancentration it was
possible to caleulate the lular conet This would be 2p
proximately 117 meq K /kg cell water for muscles tn normal medium The\tag‘v\
sponding figures for veins incubated for 15 min i Rrebs minus 60 mmnles Jm
a.t 379 C were 328+ 05 (n=4) meg k /kg wet weight and 70 meq k. /kg cell wal o
These values for intracellular potasstum ton concentrations hase beep cth:uh:'m
sssthout correctnn far the possible existence of bound potissium m the pormlt:’m
\¢f Haljamae et af 1969} but this s probably not important for the present

parsons i e
Thus the results indicate that the ntracellular potassium concentra

4
stretched muscles exposed to hypo-osmolanity was considerably reduced compim™

contral In other words they may stil arrive at aamotc eq slibrium by oang e
ay st {1 brium
trot T hey may

cellular sons and the trinsmembr
henomena

3} g
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Prell y € g d that there was abo a shight decrease 1n the

sodum 1n the stretched muscles exposed to hy po-osmolarity
at 37° C which means that the low [R ] demonstrated was not due to an exchange of
intracellular potasstum 1ons for sodium 10ns

« Effects on cell volume of with Irenaline 1n 150 psmotic
The results mentioned above indicated that the active tension development caused
hy the lowered osmolanty 1n stretched muscles at 37° C counteracted the swelling of
the cells It therefore seemed to be of interest to investigate whether increased ac
uvity of muscles incubated 1n 150-0smotic medium would fluence the cell volume
To explore this posstbility the changes 1n mtracellular water of stretched and un
stretched muscles incubated for 15 min in 1sotorc hrebs solutton plus noradrenaline
10° g/ml were determined The addinon of noradrenaline mn this high concentra
tion resulted 1n a pronounced excitation of the muscle as has been described earher
(Johansson et al 1967) It was found that the cell water of the stretched muscles 1n
creased to 107+ 7 per cent (n=6) and of the unstretched muscles to 111 +8 per

cent {n=6) Thus if amyth the 1 of the sp actmity caused
by noradrenaline gave a slight increase in the cell V\a(er though 1t should be men
toned that the changes were not 1 A out of mtra

cellular water by the mcreased tension dc\clopmem could lhus not be demonstrated
1n these expenments

Discussion

It was shown 1 an earher study (Ar\1]l et aI 1969) that the cell water of rat portal
semns bated in k d to an extent that could be ex
pected for perfect osmonc cells The same type of osmotic behaviour has been re
ported for guinea pig taema coh (Brading and Seteklerv 1968) and for frog stomach
muscle {Bozler 1965—1966) as well as for striated muscle fibers (Bhinks 196> Dy
dynska and Wilkie 1963 Bozler 1960—1966) on exposure to hyperosmotic media
The changes m water content of muscle cells bated 1n hyp 1

seem to be more varable In striated muscle fibers (frog tibial anterior muscle)
Blinks (1965) found by using an optical method for cell volume determnations
that the cells swelled Like perfect osmotic cells on exposure to such solutions On the
other hand Bozler (1965—1966) reported that the intracellular water in frog sar
tonus muscle ncreased less than expected for osmatic cells on exposure to hvpo
osmotic media  Bozler s explanation for this difference was that some of the intra
cellular tons are lost in the hypo-osmotic meda and that some of the fiber water 15
bound and therefore osmotically mactne This author has found 1n a comparative
study that the smooth muscle cells of frog stomach swell to a lesser extent than the
cells of the sartorius muscle 1n hvpotonic solutions Sumlar results with regard to
smooth muscle have been reported by Brading and Seteklen (1968) working on
guinea pig taema coli They found that the swelling of the cells of this muse  &.a
25 per cent reduction 1n osmolanty was less than calculated for a perfect .

- /

»
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and they ascribed this to ngidity of the cell membranes Surprisingly, a decrease 1n
the volume of the celt water was ob i by Jowering osmo to 50 per cent of
the normal This was attributed to a damage of the cell membranes i this drastical
I hypo-osmotic solution

The present determinations of changes n the cell water of vasculir smooth muscle
incubated 1n Krebs minus 60 mmoles NaCl/l (105 mOsm/l below normal) show that
the muscle cells are unable to adjust thewr volume hhe perfect asmometers at this
degree of hypo osmolarity although the extent to which they swell vanes with the
expenmental conditions The results indicate that the increased active tension desel
opment induced by the lowered osmalanty counteracts the suelling of the muscle
cells When the contractile response to hypo osmolarity was hampered by a low 1
cubation temperature the muscle cells swelled Imost like perfect osmometers on &
teduction 1n the osmolarity by 55 mOsm/l A similar effect of the contractile re
sponse on the swelling of the cells of frog stomach muscle in solutions with high kC!

was d d by Bozler (1962)

The muscle cells of the unstretched veins or of veins incubated at 1° C swelled
considerably more than the cells of stretched muscles mcubated at 37°C i Rrebs
minus 60 mmoles NaCl/l but the swelling was always less than expected for perfect
osmometers This could mndicate erther that the cell membranes become ngtd 1n con
junction with a more pronounced swelling of the cells An alternatne explanation 1
that an actne tension response to lowered osmolarity 1s stifl maimntained at 1° C and
1n the absence of passrve tension and that this response to some excent nterferes with

the cellular swelling
That the discrepancy between the measured and the theoretically calculated m

crease of cell water in Krebs minus 60 mmaoles NaCl/l should be due to the evstenc
of a bound fraction of cell water s contradicted by the fact that the muscle el
behasve almost like perfect osmarneters 1n hyperosmotic media and in heebs mmy
30 mmoles NaClfl at 1°C

Although the actne tension development in the stretched muscles uxposed to
Krebs mmus 60 mmoles NaCl/l at 37° C seems to have counteracted the swellng of
the wuscle cells 1t 15 unlikely that the contractle response would cause a Mt
tamed ncrease 0 the intracellular hydrostatic pressure As 1t was found that thee
muscles lose mtraceljular 1ons there are reasons to believe that a (mmmcmbm’f
osmotic equilibrium 1s restored despite the restricted swellmg A smiar los ;7!1;6):1
i hypo-osmotic medsa has been reported for frog stomach muscle (Bozler ”
1966) and for gumnea pig taema coli (Brading and Scicklen 1968) Pr:)"mm:;dn
penments have d that even hed vems incubated a1 1°C md "
minus 60 mmoles NaCljl lose 1ons 1n spite of the fact that they swell const ﬂ:(u)]
mare than the stretched muscles at 37° C This suggests that the shghtly xﬂ;; i
swethng of these essenually mactive muscles 1s compensated osmoucaliy by an 26}

ment of their intracellular ton concentrations eate that 2
The effects of noradrenaline on cell water i 1so-osmotic solutions mdies o
(all
“marked increase 1n actne tension does not generate intraceilubar hydrostatic pr
-
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of such a magmtude as to cause filtration” of fluid out from the cells However, as
mentioned above the contractle response to lowered osmolanty seems to play a role
n opposing the swelling of the muscle cells
The expeniments performed in the present study show in summary that the cells of
vascular smooth muscle at 37° G swell at least to some extent 1n hypotonic solutrons
The changes i the brine grad of tons d with
the vanations 1n the cell volume may parth explain the changes in the electrical
and mechamical activity of the muscle described 1n a concomtant arucle (Jonsson
1969) In our previous studies concerning the effects of hyperosmolants, 1t has been
discussed whether changes in the permeabil of the cell b to tons may
bute to the ad n b P 1 ok d by m the
osmolanity (Johansson and Jonsson 1968) These problems will be subjected to
further analysis by studying the wash-out of * K and ?*Na from portal veins n solu-
uons of different osmouc strengths
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Abstract

Lyune B Local transmutter coucentrations 1n vascular smooth muscle dunng ras0
constriclor nerve actitaly Acta physiol scand 1969 77 212--223

Adrenergic excrtatory responses of a nerve muscle preparation conssting of the rat portaf et
and 1ts_sympathetic post gangliomc nerve supply were studied quantitatively m o Tht
Toaamal contractile response to nerve stimulation was obtained at 16 imp/sec and it aseraged
56 per cent of the maxtmal response to exogenous noradrenaline NA (10 4 M,

Factors such s the myogenic propagation between the indnidual muscle cells and 1he
sparse distribution of the sympathetic nerve fibres do not allow an estimation of the transmit
ter concentration durtng nerve actwaty from a mere companson of the magmitude of tht
fesponses o nene I and to exog: spectnely It was shown Fowever that
the degree of reduction of the contractions mnduced by exogenous NA after parnal o recepior
blockade by phenoxybenzamine was inversely related to the concentration of NA sn the bath
By companng the reductions of the neural responses with the reductions of the responses
graded toncenirations of evogenous NA the eflecint transmutter copcentranon rould b
estumated The values obtarned were (8+4) x 10 ¢ M at 4 1mp/sec and (2205)x 105 M at
16 mp/sec

The effectiveness of = adrenerg ¢ blocking agents mn affectng neural and humoral respon<s
to catechofamines sn 1o 1s discussed 1n the fight of the present findings

Recent development n noradrenaline (NA) assay methods and refined techmques

for morphological and functional studies on the penipheraf adrenergic system hawe
€ fing of sympattictic control’ 3] o

Jed to a rapid increase in the o
1ef see ¢ g Iversen 1967) Studies on the svasoconstrictor fibre system have pm\ld

quanuitatne snformation concerming the extent of trapsmutter release and the el
tive 1mportance of dufl local mechantsms (Folkow Hag
gendal and Lisander 1968) It s evadent thar the amount of NA reaching the adren
ergic smooth muscle receptors will be dependent on the quantny refeased per ":;I
puls the inpulse frequency and the rate of transmutter ehmmation hut facmrssll”
as the degree of dilution i the neuromuscular gap aho come inta play Obﬂm;‘ )L1
would be difficult to quantitate the mfluence of each of these processes for cal ﬂ:”
“Swan of the [ during tor fibre azination at &
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ferent smpulse rates In the present studv an attempt »as made to estimate average
effectne conc of n the lar gaps of vascular smoath

muscle by analysing the « receptor sumulaung effect of NA liberated during nenve
activity

The expeniments were carrted out m titro using 1solated nerve muscle prepara
tions of the rat portal vein The sympahetic innervation of this vessel 1s distributed
n sparse two dmmensional plexa so that i fact only a [raction of the muscle cells

are ‘directly mnnenated  (Malmf et al to be publshed) Due to gent
F the nene resp become d as ‘non innerated cells are
recnnted (Johansson and Ljung 1968) C quentl! p to sympath
stimulation and to exogenous NA, respectnely reflect two different means of ex
ctation A direct p of theirr would therefore not yield relevant
nf for of effective conc

It was shown however, that the relatite reduction of a response to exogenous N 1
after partal a receptor blockade with phenoxybenzamine, was dependent on the

agonist cong By p 1y the relatne reductions of
P to graded ¢ of NA with the red of neural
responses after partial a receptor blockade an pp was ot d

of the NA concentrations which act on the a receptors during sympathenc nene
stimulation

Part of the present results has briefly been reported at the Scandimavian Phystology.
Meeung m Goteborg March 1968 (Ljung 1968)

Methods
The results of this report were obtamed 10 43 expts 1n which 2 nerve muscle preparation
con | me £1s . e . as

by cutung the retropenttoneal ussue One_end of the portal ven was attached to a muscle
holder 1 a 30 ml mantled organ bath The actmty of the lonmtudinal smooth muscle of
the vessel was recorded under 1sometne conditions by attaching the other end to a force dis
placement transducer (Grass FT 03) operating a direct wniting oscillograph (Grass polygraph)

lore the experrment was started The preparation was exposed 1o propanolol 10 6 \{ every 60
un to mamntaim a continuous @ recepior blockade

The responses were by means of an electromc mntegrating device
gning deflechions proportional to the area per umit me between the baseline of passne ten
sion and the active temsion curve Each expenmental responce was calculated as the area
recorded dunng the anfluence of neme sumulation or mected NA mnus the average area
Tecorded dur ng a comparable preceding period of spontaneous activity

The modified Krebs <olut on used n all expeniments had the following composition 1 mM

NaCl 122 KCI 473 CaClz 249 MgClz 119 \aHCO: 155 KH:PO; 119 Cadan
versenate 0026 and glucose 11 3
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Fig 1§ actiaty and ad; ry responses of the rat portal vem, recorc
as 1sametric tension n titro
er d; P 1 with ntensit
graded impulse frequencies !
Lo ter recordings Graded of ¢ Iy ady d N4

331‘(;“ continuousl bubbled with % CO: 1 Oz The temperature was kept constant
The drues used were
I noradrenalme bitartrate  (MNor Exadrn®  Astra)  phenoxslenzamme HCI  (Dibenzyhne!
Smuth, Rhoe and French) and HCL Drug were expressed 1n ¥
A stock solution of propranolo] was made by dissolving the substance 1n saline to a concent
con of 10 3 M The other drugs were obtained 1 commeraial concentrated sofutions The stox
solutions were diluted with sabne immediately prior to the smyection into the bhath

Results

1 Quanntation of adrenergic ervertatory sesponses
Typseal recordings of spontaneous actiaty and adrenergic excitatory resporses art
dlustrated 1n Fig 1 The contractons of the rat portal vemn mduced by graded post
gangl +mpath nene I {upper row mn Fig 1) resemble 1n al
respects those previoush descnibed for a sumilar preparation from rabbit ( Johansor
and Ljung 1967 a1 The responses to increasing concentrations of exogenous nof
adrenaline {NA) are seen m the lower part of Fig 1

The ¢ le resp haie been g d and expr
respanses to N4 10 * \{ n each expenment Data from 10 expts are represented ™
Fig 2 where the mean response = S E M has been plotted against log \A concer
tration and log tmpul<e Iroquency respectnvel The doce-response relanionship i
plavs a charactenstic Sshape showing a maximal effect of N4 10¢ M At still
migher concentrations there was no further increase 0 tension "

The frequency response curve 1s flatter with maximum tension dev eloped at
mmp/<ec As scen in the diag 1 response to sympathetic nene snmuhm""
cannot develop the full tension obtamable by addmg \ A mto the bath In 10 r‘PT
the mean tension developed at 16 1mpysec amounted to 56+ 5 per cent { £SEM

™~ the corresponding responses to N4 104 \[

d in per cent of the
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lauon  (dotted” lire) and to
graded concentrations of exog
enous \A (full hne), expressed

.
as a per cent of responses to VA /

103" VeanSEM  from 10 3 0]
“pts I a1

e Lt e
? Claracterstics of partial a receptor blockade

Phenoxyb n around 10 * M and higher completch abol
shed all adrenergic excitatory resp n most exp With lower c

tons 2 partal blockade developed This 1s illustrated m Fig 3 where the mean
Tesponses of thwo nerve muscle preparations have been plotted to show the effect of
increasing the time of exposure to the « blocker A gradual development of the
blockade 15 seen with g d of expo: It ch d by a shift
of the respanse curves to the nght which 1mphes that ligher mmpulse frequencies
and higher NA concentrations respectinely are now required 1o ehait a gnen re

it
Ka 0 M ookl
203
0w
50- 180 pac.
T e
berce of
Cni
A O m,
Y2 3 Rat portal vein an 1170 Part al e
blockade of responses to graded con
fentratons of exogenous NA  full o
17 above) and 1o sympathenc st mu .
lation {dotted line below)  Prepara .
lon repeatedly exposed to phenoxy 50-
benzamine 1010 gver 1ncreas ng pen
s o8 tme Note the rapid onset of
g blockade of both neural exogenous
Teponses  Curves  connect ng
ineasured values were drawn to il
hﬁ:’" the principle of non equ |

UM antagontsm Mean of 2 expts
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ofter
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Fig i Panz‘l 4 Results of One esperment on rat portal vein with partial a receptor blockade
by 10 10 g alter Llockade are expresced ag a per cent
of control values Note that the reductions of respontes to exogenous NA are insersely related
10 agomist concentration Neural responses are more reduced than the response to NA 107
but fess than that to 10 % Panel B Calcul of an the experr

of panel A For explanation see text

sponse Howeer, the peak responses are also fowered so that masimal contractions
deseloped before the partial blockade, are no longer obtamable, even if the concen-
tration of the stmulatory agent 1s further increased After the blocking agent hd
been ninsed out from the bath, the degree of blockade remained stable for the rest
of the experiment 1 spite of repeated periods of sympathetic stumulation and e
posures to NA These latter features reflect the *non-cquilibnum” antagonism
exerted by phenoxybenzarmine (Nickerson 1959)

In the present study it was important to obtamn umform penetration of the block-
1ag agent into the entire vascular wall The ume coutse for the onset of the blockadt
was found to be very rapid 1n the portal vein preparation as seen in Fig 4 and the
exposure peniod of 3 min, chosen for the subscquent experuments, was sufficient for
the a-blockade to develop umformly 1n the vessel

The degree of partial ¢ receptor blockade was varied by using phenovy benzamin®
concentrations between 10V and 3x10' M With higher concentrapons 1he

blockade became too pronounced, leading to very small contracuons These would
simce 4 m the sp actisity con”

nat allow an q
siderably influenced the calculation of the net excitatory Fesponsc

y resp 15 1l d m
nses 10 graded concentes:

The pattern of reducnon of the
Fig 4A which summanzes the results of | expt The sespo;
nons of evogenous NA were compared quantitatiely before and after partal a-
receptor blockade (phenoxsbenzammne §0 17 M) The same was done for ﬂx;‘

nses to nere stmulation The responses to the different concentrations of N
ned after phenoxybenzamine were expressed as a per cent of the respames 7

FS
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the same amounts of NA obtained before the a receptor blockade The effect of N4
107 M was completely abolished whereas NA 104 M sull gave a response which
was 43 €¢ of the control The corresponding figure for NA 10 M was 9 €2 and for
NA 105 M 23 ¢ The order of reduction of the responses to NA 1n the medium
caused by the partial blockade 1s thus imversely related to the N\ concentration This
pattern was consistently seen 1n each of the 35 expts where such compansons were
made 1independent of the degre of partial a receptor blockade When 1n such ex

penments the preparation was exposed to a second shightly higher concentration of
phenoxybenzamine the responses were further reduced and, whether expressed as a
per cent either of imual control values or of the responses after the first parual

« receptor blockade the same distrik of the g responses was ob d
The effect of 10 ® N\ was reduced to the greatest extent that of 104 \ to the least
In Fig 43 also the resp to sympath nene 1. alter the parual

blockade have been expressed 1n per cent of the corresponding control values It can
be seen that their relatne reductions were less pronounced than those found for the

Iighest concentrations of exogenous NA The response to 16 1mp/sec was less affected
than that to 4 1mp/sec

3 Use of partial a receptor blochade for estrmation of transmitter agent concen
tration

Provided that the dcgrec of
tan amount of ph

of the ad caused by a cer
yt 1s primanly dependent on the effective concen
tration of NA acting on the a receptors the data gen in Fig 4A would permit an
estimation of the concentration of NA which stimulates the repectors dunng sympa
thetic nerve activation at 4 and 16 1mpfsec This esumation would be based on a

comparon of the reduction of the neural responses after the partial q blockade n
relation to the distrsh of the di

p to the different NA concen
trations The method of making this companson 1s examplified m Fig 4B The per
cent responses remaining after the partial blockade have been plotted agamst log
cong of NA By pol: the ¢ of the trans
mitter acting on the receptors during nerve stumulation at 4 and 16 1mp/sec were
obtamed from this curve after snserting the relative reductions of the neural responses
on the ordinate

This procedure was used for an of
exys,

The concentrations obtamed amounted to (8+4) x 10 % \{ at + smp/sec and (?+
05)X10° M at 16 1mp/sec (mean=SE M )
It 15 essential for the validity of the present approach to the determnation of

< n 15

at the neuro lar gaps that the a receptors sumu
lated by neurogemc and by exogenous NA respectiveh are eqaully accessible to the
blocking agent The use of low of phenoxyt over short

C¥posure peniods makes this question particulirly important In order to elucidate
the accessibihty of the sets of ad

{ receptor lated by Iy ad

a—
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Fig 5 Rat portal vem Partul o
ceptor blockade by phenoxybenzamine
10% obtamned during receptor pro-
tection” through tle competitne -
fluence of NA 102 Note the sar
pattern of distnbution of remamt

ad NA 107 M responses as i Fiz 9A

! NA and by patl nerve actinaty respectinely 5 expts were pet

formed in which a partial « receptor blockade was ob d with com ely b
doses of phenoxyh and 1 ‘receptor protection  { Furchgot

1954) through the competitne action of NA present 1 the bath (Nickerson ant
Gump 1949, Seed and McKay 1949) One such expertment s allustrated 1n Fig 5
A senies of control responses were first established The preparation was then e
posed to a high concentration of NA {102) and when the excitatory response w3
fully developed phenoxibenzamine 10 %\, was also added to the Rrebs solutsn
for 5 min with NA sull present in the bath This concentration of the blocking 2sent
would have extinguished all adrenergic responses 1n most expcnments bat as the
« receptors were now protected by competition between agonsst and antagontt
only a parual blockade prevailed after the two agents were rinsed out All subsequent
responses agamn expressed as per cent of the intal anes were distnbuted mn exacth
the same order as 1n the foregoing experiments with lower doses of phenoxy benzamint
As seen i Fig 5 the red of the resp to nene I fall in prsitiont
comparable to those 1n Fig 43 The parual phenoxybenzamimne blockade obtamed
15 these expeniments as a result of competitton between NA and the blocking agent

thus affected adrenergic resp of the prep n the same way as when e
partial blockade was produced by low doses of phenaxybenzamne and shorter €8

psure penods
Discussion

e
The nenve muscle preparation of the portal vein 15 compoed of i ogemeally a’fﬂx‘r
smonth muscle of the propagating type supplied with an excitatory s\mp:nu:d
nenation (Johansson and Ljung 1967a b This s 1470 preparation was
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1m the present study 1n an attempt to eluctdate certamn quantitative aspects of neuro-
muscular function m vascular smooth muscle

Three major problems were 1 estigated during these expenments First the ex
citatory frequency response and dose responsc relanonships to sympathetic nenve

1 and to d d NA respectinely Second the relatne
effectiveness of phenoxyb n blocking resp to neural 1 and
responses to graded concentrations of exogenous NA Third the mean effecune

durning nene 1 at 4 and 16 impfsec The results
of the myestigations of the first two problems were unlized 1n the study of the third

1 Quanntation of exatatory adrenergic responses

It would be diffscult to predict the relative de of the !

obtained by neural stmulanon and by exogenous NA respectnely Nene snmul:\
tion would be expected to exert a relatively weaker influence due to a rather sparse

nnenation of the portal vein d d by histoct 1 studies (Malmfe
¢t al 1o be published}) The neurogemcally mduced 1ctivity 1n the directly 1nner
sated muscle cells s however P 1 by myogenic t to adjacent

cells so that the neural responses become augmented to some extent (Johansson and
Ljung 1968)

Besides the paucity of the nerve supply there are several reasons why nerve sumu
lation should give weaker responses When the muscle 15 exposed to exogenous N A
the positne inotropic effect of NA (Johansson et af 1967) may contnibute to the
enhanced tension development of the entire muscle but the force of contraction
should not be increased by this mechanism 1n cells which are actvated indurectly by
myogenic spread of excrtation from innenated foc: Another factor which could
lirut the neural responses 15 damage 10 nenve fibres dunng dissection and 1n the
course of the experiment

The maximal response to sympathetic stimulation at 16 1mp/sec averaged 56 per
cent of that to NA at 104 M

In view of the sparse innervation the m; e prop and the prep: Y
trauma  direct P of the de of 1o h nerve
timul, and to 1y ad d Ny \\ould not be relevant for an

tion of the

which act on the adrenergic receptors
duning nenve actiaty

2

Relatize potency o} plenovyben amme in bloching rvesponses to neural and
«xogenous N A

In the present study it was shown that the relatne veducton of the contractle
tesponses of the portal vem after a certmin exposure to phenoxybenzamme was 1n
versely related to the of the agonist e NA (Fig 44) It
assumed that all « receptors of the preparation were uniformly blocked by phenoxy

benzamene one would expect the responses to injected N (o be reduced to a greater
cxtent than the neural responses as long as the concentration of administered NA 15
below that obtamed m the neuro-muscular gap durng neural actnation On the
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other hand the sumulatory effect of higher concentrattons of NA would be relatively
less smpaired As seen in Fig 4A the reductions of the neural responses were 1n fact
less p ced than the red of the responses to low and maderate amounts
of exogenous NA and the effects of the highest NA concentrations were better main-
tamed than the neural responses

The diagram shown 1n Fig 4A may be dered to represent graphically the
relation between the remuiming response and the effecte local agonist concentra
uon allowing a comparnison between the reductions of responses to neural and to
exogenously added NA

A quantitatine evaluation of the effectneness of phenoxybenzamine m blocking

responses to sympathetic nene 1 and e Iy ad; d M4
respectnely would be misleading unless the effectne local concentrations of NA
were taken mnto account As pomnted out by Trendelenburg (1963) exp )

quanttation of reductions of responses to a certamn agomist after admmustration of
antagonssts are of very himsted value unless due respect 1s paid to the agomst con
centration and the dose response relationships This must be equally inporrant when
comparisons are made between the effect of an antagomst on the responses to an
agomist when the latter 1s released from nersous structures and when 1t 1s exogenous-
ly admimstered respectinely

The local NA concentration exssting during sympathetic nienve actnation greatly
exceeds that mn artertal blood dunng even intense catecholamtne release from the
adrenal medulla (see further below) and st also exceeds the concentrations which
for practical reasons can be obtaned by 1a or 11 admmstration in tiio There
fore phenoxyb and related sub when studied 1n 1120 will reduce
adrenergic neural responses to a smaller extent than those induced by exogenous M
teg Youmans et al 1955 Schmitt 1957 Henmng and Johnsson 1967) This has
Jed to a general concept of the a receptor blocking agents as more readih an

P to circulating NA than to nenve sumulation (¢f Goodman snd
Gillman 1960 p >19)

The reverse has also been reported Levin and Beck (1967) found a more pro-
~ounced reduction of neural constriction n the hindhimb of the dog after admunustr2
von of phenovibenzamme As discussed by these authors the presence of a sympl
thetic difator svstem like the cholinergic fibres m sheletal muscle may explamn ths
phenomenon  With mcreasing adrenergic « blockade the \asodilating tnfiucrst
could be ked and the alls induced sasoconstnction relatn el more

reduced

3 Estimatton of mean effectite transmutter concentration

The relavonship shown between agonist concentranon and reduction 4;! eﬂ:‘:’:’

response after a paruial receptor blockade was utilized 10 the esttmanion o rxdr.n'l "

er concentration It was then necessan 1o make <ome assumpuons regd r;z 4
perties of the transmitter the receptors and the distnibution of exogenou b

1stered substances
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It was previously demonstrated (Johansson and Ljung 1967 a) that the neural
responses of the nenve muscle preparation m titro were ehmunated by adrenergic
blocking agents It 15 therefore assumed that the transrmtter agent in its actions s
entirely comparable to injected I NA Further, 1t has to be assumed that endogenous
and exogenous NA stimulate receptors that possess the same charactenstics regarding
affimty for the agomst and subsequent mtrinsic actnity of the drug receptor com
plex

As to the possible eustence of mnhibitory nenve fibres no evidence has been found
for this under the present experimental conditions, since there was no clear-cut re
duction in spontanous actwaty In response to nene stmulation alter @ receptor
blockade This also indicates that the f shmulating action of the endogenously re-
leased NA 1s not capable of inducing § adrenergic inhibion of portal vem actmity
Exogenously admimistered NA can, howener, exert a f simulatory action on the
port2l vein after phenoxyb (Joh et al 1967) C quently 1t was

to secure for the present quantitation of the

1 Lad

f receptor bl
« adrenergic blockade This was accomplished without obsvious disturbances from
the potential local anesthetic effect of propranolol

In studies utihzing tn titro tect the of the ad d
drugs are as a rule considered equal al all the h hout the

In many tssues this assumption may not be justified as pomted out for msmnce by
Mickerson (1967) lefuswn barmiers may considerably hamper the drug equilibra-

tion and local h may cause a reduction of the
concentration of the agomst, especxally close to nerve termmnals In the thin portal
vem, however, d of of lecular size, such as sucrose

cudently occurs quite rapidly {Arull Johansson and Jonsson 1969) Such rapid
equilibration 15 probably reflected also m the very immediate onset of responses to
agents like NA when added to the bathing solution (see Fig 1) Evidently the drugs
are also distributed uniformly within the muscle layers as indicated by the fact that
the relative blochade of the neural responses and of those to exogenous N\ obtamned

by low of phenoxl 15 as effective after 20 sec as 1t s after
a total period of exposure of 140 sec (Fig 3) or more

In the experiments where a partial blockade was obtained by a relatnely high
cone of phenaxsb d for 5 min while the « receptors
“were being ¢ 4" by a 1 po: to NA (Fig 5) the reductions of
the responses dugplaped the same nastero as 1 Fig 4A where only 2 Jow dose of
Phenoxyb had been ad: d This indicates that the concentration of

the drugs and the accessibility of the entire a receptor population for both NA and
phenoxybenzamine are reasonably uniform

The receptor p p also d that the p ability
of phenoxyb [ acetylchol h and 5 hydroxytrypt-
amune (Graham 1962} did not influence the study as the presence of NA during
the development of the blockade 1 hnown to  protect the e receptors selectively
(Furchgotr 1954)
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h: 1

The & ng me for of NA, released dunng vasoconstrictor
fibre actnvation, 15 active re-uptake of the agent into the adrenergic neuron (¢f
Iversen 1967, Folkow, Haggendal and Lisander 1968) The uptake of labelled NA
mto nervous structures of the portal vein was not reduced after exposure
phenoxybenzamme 10° M for 10 min (Jonasson and Ljung unpublished observ:
tion) Thus the very low concentrations of the blocking agent, used m this stud
did not affect the concentranion of NA 1n the neuro muscular gap

It 15 concluded that the present approach to the assessment of transimitter conces
tration provides reasonably reliable information about the level of NA which ac
on the receptors during neural activation The values obtaned, (8+4) X 10 M ¢
4 munp/sec and (2:£05) X10% M at 16 mmp/sec, represent the men local concer
trations acting on the receptors of the smoath muscle cells at the respective mpub
frequencies

Uptake of exogenous NA by the nerve endings might affect the results 1n such
way that the cune of Fig 4B would be displaced to the left In fact, a moderat
increase 1 the responsiveness of the portal vem to exogenous NA has been obseries
after cocaine treatment and chronic denervapion (Johansson and Ljung unpublishec
obseration)

In a recent study Folkow Haggendal and Lisander (1968) calculated the N
concentration mn the junction gap at vasoconstrictor nerve endings in the catf musch
of cat durtng sympathetic sumulation Their data were based on assessments of the
amount of NA appearing in the venous outflow after blockade of the lncal

h From histot | data concermng the number of adren
ergic varicosities per unit tisue weight the amount of NA released per ampul ¢
from each vancosity and the resulting concentration 1 the neuro effector junction
gap was calculated The fatter figure around 10 ¢ M 1s of the same order of magt
tude as the present results

It 1s evident that the local transmutter concentration during vasomotor fibre 3¢
tination with  physiol I impulse freq {Folkow 1922} 15 about 1000 umes
higher than the concentration of NA i the airculating blood {cf Folkow Haggen
dal and Lisander 1968) This has to be taken into consideration i physiological and
pharmacological studes on the sympathico adrenal system

1
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Hyperosmolality and Vasodilatation
in Human Skeletal Muscle
B
Jan LuNpvacL, Steran Merranoer and Trosas Waere

Recesved 23 December 1968

Abstract

Lunpvatr, J, 8 Meravper and T Wirte Hyperosmolality and vasodsdatation
human sheletal muscle Acta physiol scand 1969 77. 224233

Exereise of the forearm muscles in man was found fo cause a considerable increase of the
osmolality 1n the venous effluent but no osmolar change 1 artenal blood, thus indicating 4
regional hyperosmolality in the working muscles There was a relation between the degree of

byperosmolahty dunng work and the extent of the exercise hygeremia {determuned immediateh
after cessat . - RS - =l H et e bas e o dae produced M

the restimg cose, vylose
or mannito - - sere was o
sigmficant ¢ . sssely with
increasing hty Furth tar depouts of Xe'$* in the resting muscle were

cleared more rapidly when the tracer was dissolved 1n hypertonic than in tsotontc medwum
indicating a hyperema response also when the hyperosmolalty pnmanly imolhed Ihfle\gi
sascular space T ¢ et * P MR .
osmolahty on sh . «
muscle tn extro T san o van .
10 exercise hyperema 1n man

i PRI v, L

. YRR

g sheletal muscle 15 one of the most drastic sascular

Fi ! hyperepna in
adjustments occurring 1n the orgarsm This may be illustrated by the face thatin the
adult human, blood flow to the skeletal muscles can 1ncrease from a value of nb"\"‘
038 I/mn at rest to about 15 to 20 I/min during strenuous exercise It s genenth
agreed that the regnona) sascular response, the vasogilatation 1 muscle s muscdh“‘
the greatest extent by some local chemical metabolic factor the nature of Mm"
however, 1s still disputed (for details see Barcroft 1963, Mellander and ]ohan;“i’n
1968) It appears at present most likely that several chemical factors are m\uhtm
the reaction Tissue hypoxia and an increased potassitin concentration 1 the i “
stihial space of muscle seem to play umportant roles in the exercise hyperemi mpﬁﬂrn'
at least 1n anesthetized expertmental ammals (Kjellmer 1964 Shinner and I;”\‘;zl
1967}, but these two factors can apparenthy not fully explain the phenpmenon {4
nd Johansson 1968)
lar;iec:eitly.Jetpcnmenral evidence was presented to suggest that a locally pmd““d

‘:]24
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increase of osmolality 1n the exercising muscle 15 a factor that can contnbute sigmifi-
cantly to the development of the functional hypererma response {Mellander et af
1967, Gray et al 1968) Those experiments were performed on a calf muscle prepara
tion n anesthetized cats and also on 1solated vascular smooth muscle in titro Exer
one of the call muscles was assotiated with a considerable increase in muscle osmolal
1ty as reflected 1n the venous effluent A relation existed between the degree of
hvperosmalality and of exercise hyvperemia Experimental hyperosmolality of smlar
magnitude as that present mn exercsse, produced in the resting skeletal muscle by
intra artenal infusions of \anous hypertomc solutions evoked a pronounced dilatq

tiont of the resistance vessels especially 1n the high lahty range Furth
the pattern of response of the precapillary sph and the cag vessels
resembled that observed dunng work

The mech by which hyp lality inhibits vascular smooth muscle tone

were elucidated by studying the electrical and mechanical actnits in the wsolated
spontaneocusly contracting rat portal vein Increased osmolality caused pronounced
and d rel: mamly by inhib pacemaker actiity, an effect
ascnibed to changes in b 10n1C € d and 1n mem-
brane permeabilities to 10ns, the latter change caused by esmotic reduction of smooth
muscle cell volume (see also Johansson and Jonsson 1968)

The hyperosmolality 1n muscle that occurs 1n exercise m t1 o 1s apparentls caused
by release of products from the contracting stnated muscle cells primanly mnto the
interstiial space and this alteration 1n the environment of the vascular smooth
muscle mght decrease vascular tone by the mechanisms discussed

Ah‘nough there 1 evidence to mdicate that hypoua mcreased potassium con
centration, and hyperosmolality are important local chemmeal factors contributing to
exercise hyperemia ehcited during somatomotor fibre stmulation of the skeletal
muscles 1n anesthetized ammals the h sponsible for exercise vasodil.
tien in man are stll largely unknown In the present study an attempt was made to
imestizate whether the osmolar factor could be mvohved tn this reaction 1n conscious
man 1n response to voluntary exercise The approach was basically similar to that
used 10 the expeniments on cat calf muscle mennoned above Regional osmolar
changes and alterations 1n blood flow were studied dunng graded forearm exercie
These effects were compared to the vascular reactions 1 the resung farearm 1n re
Sponse to expenmental hivperosmolalitv  produced by intra artenal infusions of
hypertonic solutions Furthermore by the use of the \e!® clearance method flow
rates were compared when the tracer—deposited 1n the extrasascular space of muscle
—was dissolved 1n hvpertonic and sotomic medum respectively A brief preliminary
report of this study was presented elsewhere (Gray «f af 1968

Methods
Obsenations were made on 22 healthy males 22 to 47 vears old mean 30 sears Cireulatory
and osmolar chanes were studied i the forearm m 18 subjects | 1 response to exercise and

13 10 response to bpertonic infusion te 6 subjects were expo ed 1o both the e cxpenmental
procedures) Clearance studies of eV were performed on + subjects

15693002 dcsa phy  scand Dol T 1—2
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In the studies on the forearm, a polyethene catheter was inserted pe
brachial artery i the antecubital fos’sa, as described by Bemczs g! r;;‘ ml’!‘;;: ﬂ;nlz;“:dl;,fn:ﬁ
about 12 em 1n the prosimal direction Thes catheter was used for tnfusions of hypertonic or
usoforu¢ solutions and for the sampling of blood for osmolality deternnnations | enous blood
Srom the left forearm was sampled from a polyethene catheter snserted r1a a suitable ante
cubital vemn into a deep distal vein, of this was technically smpossible, 1t was mnserted 1 the
proxsmal direction 1o 2 deep cognate ven In some EXperiments two yenous catbetery were
used, one 1n each direction Care was taken that the up of the proxuimal tenous catheter wae
always a few ems distal to the tp of the artenial catheter to avord admivture of blood frem
regions not exposed 1o the mtia-arterial mfusion The distal venous catheter was directed to-
wards the flexor muscles of the forearm

Forearm bloed flow was measured hy venous occlusion plethysmography using a water filled.

d (34° C) pleth h sumlar to that deseribed by Dahn (1964) The

subjects were placed comfortably m recumbent positon Flow measurements were usually ma&
on both forearms simuhaneously During blood flow measurement, and during sampling o
blood, hand circulation was oceluded by inflating vuffs around the whists to A pressuse abost
50 mm Hg above the systolic pressure

Artertal blood pressure was measured 1 the right arm by auscultatron Mean artenal bivod
pressure was taken as the diastolic pressure plus one third of the pulse pressure

The subjects exercrsed the flexor muscles of the forearm by compressing a spring-foaded hand
ergameter between the fingers and the palm of the hand The subgects were instructed o pe7
form each compresaon as rapidly as possible and then relax the Tingers completely unol the
next compression The ntensity of the exercise was vared by altering the frequency of the
hand contractions withmn 2 range from 1/8 sec up to 17sec It was not possible 1o guantuste
the work load 1 absolute units by this technique, but, 1n ane and the same subject, exerae
hypererma responses could be eheited which were related to the frequency of hand contrac

tion
Isotonc and hypertonic solutions were infused into the brachial artery at rates varymg from

095 to 30 mlfmun {except for one case when 1t was 53 ml/min) usmg a constant infuson
apparatus In most cases, solutions of glucose (55, 10, and 20 ¢, w/v) were gnen, but
manautol (5 and 15 %), and xvlose (42 and 20 €¢) were also tested The solutions wert
stenle and pyrogendree, and nio untoward effects of the mfustony were cheerved The tfu

sions were admimstered after the forearm had been at rest for at least 20 mm
= e £ 0 L ematals ara w thdrawn fram the arterit and

- - - - - = ollecte
- - . : « .+ nolalw
© fugne

{ asmolality was made within | b alter samplng 1lasmid osu duly »nh!
cryoscopy { 31 LAS Advanced Instrumenty, Jat } and e?c
occasionally differem readings were obtained the mean ralw®

and the measurement o
d by th

+

tine measurements on osmolar standards was at mostt

sample was measured twice 1F

was used Spread of readings w repe
5 mOsm/k

b he :(pcngmmul procedures m the studies on the forearm were as follows Rlood “,::,:;,“5

arteral blood pressure were measured repetitnely and‘sz\fnll b!‘ocd “ﬂplet ‘lvx:_r‘gim"."

{

o ' A puiiutinty e e 5 T
afier cessation of the exercise! In most cases, exertise w of flow
the frequency of hand contracuons and it was imerruptes only during the panods

measyrement alver the
PRI e+ o baoastani solutdos were @ien 1o the sesting farearm o e

mtnasens b1 pu | . o
and Bradley (928} . . ::‘l
T e e flow 1n the amtecor ubial musle wst sstmated in we N
e e okt s dowcribed by Lascen of ol 10651 I each expenment smulianecs
e Srvdies wore porlormed on both kg The Kl solution (D1 1o 02 ml) K0
c:r(:;q:nm the richy and feft antenos tbial muscles at appmum:(cl\ lh§ u]r:(),pmy:zl Cenrt.
D e e (ke et 3t supphied bn the mangfasturer { The Rads
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Amersham, England}, re 1 me/ml tn 08 5% <odwm chlonde solution {“isotome solution §

The opposite side recerved the Xe!33 solution mixed with a suflicient volume of a hypertonic

solution of glucose or mannitol to give desired 1ncreases 1 osmolality of the injected solution
¢ measurements were made under resting conditions 1n the supine postion

Results

The present expeniments show that exercise 1n man 1s assoctated with an mcreased
asmolality 1n the worhing skeletal muscles as reflected in the venous effluent During
work performed with the flexor muscles of the forearm, plasma osmolality tn venous
blood from the region mvanably rose above the control level at rest (mavmum m
crease observed being 27 mOsm/hg), whereas artersal plasma osmolality was not
sigmficantly altered Venous plasma osmolality mcreased quite rapidly after the
onset of forearm exercise and appeared to reach a maximum level within about 2
to 3 mn Dunng more prolonged periods of exercise at a given rate of hand con-
traction there was, as a rule, only moderate desiations from this level of hyper
osmolality After cessation of exercise, venous osmolality declined rapidly and re-
turned ta the control level withm 2 1o 3 muin The osmolality salues at each level of
forearm exereise given below refer to samples taken abcut 2 to 3 min after the
onses of work

In the same expeniment, there was a relationshsp between the frequency of hand
contraction and the extent to which venous osmolality rose above the resting control
value There was also a relationship between the extent of hyperosmolality 1n exer
¢iese and the magnitude of the hyperema n the immedrate post-contraction pertod
For example, one subject with a resting flow of 2 2 mlfmmn x 100 m! tssue showed,
at stepwise increases of forearm exercise, a 11se n venous osmolalty of 6, 8, 10, 13
and 15 mQsmkg and corresponding blood flow values of 38 56 80 162 and
192 mljmin 100 ml tissue (regression sigmificant at p<C0001)

In Fig 1 the data from 27 exercise periods are summarized (bottom curve) The
dlator response of the resistance sessels m the immediate post contraction period,
expressed as post exercise Tesistance 1n per cent of the control resistance at rest
(100 %}, 5 here plotted aganst the concomitant increase of venous osmolality The
dagram shows classed mean values for %15 mOsmyjkg ranges and the standard
deviation The broken Line which connects these mean values indicates a similar

trend to the abovementioned data from a single subject 1¢ a successnely decreasing
vascular with Tal

g

There was a considerable spread of data m this senes of experiments as indicated
by the standard deviation This may at least pardly be related to a vanable ad
muxture of blood dramned from skin tissue and resting muscle m the samples taken
for osmolality determnations Although the obsenved changes of pOs, pCO-, and
PH always indicated that the samples contained venous bleod matnly from exer
Cistng muscle, some admixture from other regtons cannot be excluded Such admic
fure was apparently greater 1n samples taken from a proximal than from a dral
venous catheter (see Methods) This was evidenced by the fact that when bath
these types of catheters were used m the same expenment, simultaneous Analyses
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INCREASE OF VENOUS OSMOLALITY ABOVE THE CONTROL LEVEL (mOsm/kgl

Fig 1 Vascular resistance 1n the human {orearm expressed in % of control res stance (100 )
in response to exercise (dashed Jine) and to 12 bypertonic snfusion (solid Jine) 1n relaion to
the concomisant increase above control leel of senoys osmolality The plot represents mean
ralues (1 8D sertrcal Ines) for£15 mO m/kg ranges n ndicates the number of ol sen2
ttons in each group

from both showed more pronounced changes of the bland gases and of osmolalits
m the samples taken from the distal catheter For example m one experiment
which blood flow duning strenuous forearm exetere was 33 mil/mnn x 100 ml tissue
analyses of samples tahen from a proxtmal vemn showed pO; 26 mm Hg pCO
88 mm Hg pH 717 and an increase of osmolahity by 20 mOsm/hg whereat
samples from a distal catheter showed pO; 21 mm Hg pCO- 9% mm Hg pH 7 £
and an increase of osmolality by 27 mOsm/hg In many of the uverctse cxpenments
only a proximal catheter was used and the osmolalty data from these experunents
are included in the diagram of Fig | It 1s probable therefore that the regoml
osmolar changes during exercise have been underestimated 1n this diagrim
In an attempt to investigate the possible role of hypcrosmolaliyy per s for the
development of exercse hypererma the vascular reactions of the forcirm wert
studied during experimentally increased osmolalits. The changes of tissue osmolahty
i exercne were mimicked by intra artenal mfusion of hspertonic solutions of
glucose xylose or manmtol into the resting forerm  The infusions were djusted @
as to wcrease venous osmolihity to such sumilar leveds as those obscred danng exer
ase Owing 0 nsks of complications (thromboss ete ) howeser the anf imon e
and the concentrations of the solutions had to be hept within moderate leveh 1nd
creases of venous csmolihty above 15 mOwmifkg were only occ istonalls pred swed
\ The hpertonsc infusions i anably elicited a dilatation ¢f the resnstince \f‘:”
the resung forcarm whercas 1sotonic nfusons at the same rites ue alhy can



Y PEROSMOLALITY AND ENERCISE JYPEREMIA IN MAN 229

no sigmficant changes 1n regional resistance In the same subject, there was, n
general, a prog; 1y decreasing with \enous lahit;
Most of the obsenitions were obtained wath hypertonic glucose infusion, but no
major difference with regard to the dilator actions seemed to exist for the other
substances used

Fig 1 {upper curve) summanzes 4+ observations during hypertonic mfusion 1n
12 subejets In analogy to the exercise expenments, the dilator response of the
Tesistance vessels, expressed 1 per cent of control resistance, 1s plotted agaimnst the
concomtant ncrease 1 venous osmolality, and the diagram shows classed mean
values and the standard deviation Admittedly, there 1s a relatnely large range of
\anation bu( lhc Tmean values seem to indicate a relationship between the extent of

lality and the mag; de of the dilator response

Allhough the dmgram shows quite marhed effects of experimental hyperosmolahty
on vascular resistance 1n restng human muscle, the evoked decrease of resistance
was less pronounced than that elicited 1n exercise at comparable levels of venous
hyperosmolality In the higher range of expenimental hyperosmolality, blead flow
usually increased to levels about 3 times the ﬂou at rest (mn one case about 7 times),
whereas strenuous forearm exercise at Ie lality and perf pressure
could lead to a tenfold or occasionally a hheenfold, mcrease m flow It s possible,
however, that with the experimental approach used 1n the present study, the vaso
dilator effect of hyp lality mught be unde d as will be briefly dis-
cussed below

In some of the hypertomc mnfusion expenments a shght \asoconstnction was
observed in the contralateral forearm, an effect which might be ascribed to increased
sympathetic activity In an attempt to avoid interference of the vasoconstrictor
Iibres 1n the test arm during hypertomc infusion one experiment (not included 1n
Fig 1) was performed after 1psilateral blockade of the stellate ganghion The response
of the resistance vessels to hypertonic infusion did, however not seem to duffer quan-
ttatively from the results presented above

Since there 1s every reason to believe that the hyperosmolality of exercise at first
imolves the extravascular space of muscle from where 1t can nfluence vascular
smooth muscle, an attempt was made to mnvestigate the vasodilator action 1n resung
muscle of expenimental tissue hypertonicity when 1t was not produced z:a the blood
stream, but primanly volved the mterstinal compartment As a crude approach
to this problem the clearance rates of small intramuscular deposits of Xe!s? were
compared when the tracer was dissobved 1n 1s0tome and hypertonic medium respec-
tiely It 1s evadent that the osmolar level will not be maintained after depositing 2
small volume of a hypertonic solution in the ussue but will decrease rapudly due to
diffusion, and therefore this type of study can at best be considered serm quantitative
To be able to create a local hyperosmolality for any length of time the asmolality
of the mjected test solutions was usually exceeding the level assumed to be reached
n exercise (up to about 50 €0 above isotonicity)

After simultaneous njections of 1sotonic tracer solution in the antenor tibial
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muscle on one side and of hypertonic tracer solution on the other the disappearance
cunves of Xe'# were {ollowed continuously by external momtonng of radwactity
The disappearance cunes in bath legs were reasonably mono exponcntia) durmg
the first 4 mun after mjection Blood flow estimated from the clearance constants
dunng this period was always greater dunng hypertonicaty than during 1sotonicity
{ control | The results are summanzed m Fig 2 in which the dilference between
the blood flows after hvpertomie and isatonic mjections s expressed 1n per cent of
the 1sotomc control flow  Any effect on local blood flow produced by the mjec
ton per se would seem to be cancclled by expressing the data m thus manner §t
can be seen from the diagram that the local vasodilator response 10 interstitia) hyper
tonicity was sometimes quite pronounced and that a relation seemed o extst be
tween the degree of hwpertomaity of the mjected solution and the local hyperemst
resportse

Discusston
The present expensments have shown that sheletal muscle exercise m wan leads to
an ncrease of the osmolality n the working muscles which i reflectd wn the senmt
effluent This osmolar change 15 apparently related 10 the augmented fnsue B
tabolism and to a concommant release of ovmoncally actne products frum the €8
cting strated muscle e of Barcroft and hato 1915) There was 3 nhw:\
» P betseen the mmagmitude of the evoked exercise hyperemmia and the extent 17
pich ssmolality incrased  of Fig
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The hvpothesis that the hyp lality 1n the interstitial space that forms the
immediate emvironment of the vascular smooth muscle could lead to smooth
muscle relaxation, and hence be a factor 1n the development of exertise hypererma
was tested after the above basic inf was ob d Hsp lality was
produced experimentally 1n the resting forearm by 1ntra artenal infusions of hyper
toe solutions at rates which raised the osmolility of the venous effluent to such
stmilar levels as those observed durning exercise Such expenimental hvperosmolalin
mvanably led to 2 vasodilatation in the forexrm the extent of which seemed related
10 the degree of hyperosmolality (Fig 1) The faet that a vasodilator response was
evoked not only by hvpertome solutions of glucose a normal natnent but also of
non metabolizable substances such as xwlme indicated that the effects were related
to the change 1n osmolality per re This was supported by the finding that infusion
of notonic glucose solution had httle or no effect on the resistance vessels 1n the

forearm despite the fact that this must have created a tissue glucose concentration

far above the normal level Intramuscular deposits of \e'¥ were cleared more

rapudly when the tracer was dissolved 10 a hypertonte than in an 1sotoic medium

This was taken to indicate a hyperemia response also m a situation when the ex
" 1

P y P smvolved the ular compartment.
These data suegest that hyperosmolality 1 working muscle might be a factor
that partly explams the exercise dil. m man It 15 ad d that this con

clus on 15 based mamly on circumstanual evidence but the interpretation seems to
be strongh supported by previous observations obuined 1n anmmal expenments and
in studies of vascular smooth muscle 1 titro In those invesuganons it has been
Possible to test several cnitical ponts 1 greater detadl (see Mellander et al 1967
Grav ¢t al 1968 Johansson and Jonsson 19681 For example i tizo experiments
showed that the hyperemna observed upon hypertomc infusion was not to am sigmfi
cant extent caused by passne factors such as osmonic dehvdration of the vascular
walls decreased viscosity of blood due to shrinkage of blood cells etc

Exp on isolated sp L actine vascular smooth muscle strongh
supported the view that hyperosmolality elicits an active smooth muscle response by
C€Xerting a negative ¢k and d action on vascu

lar smooth muscle (for deta:;s concerming the cellular mechanisms nvolved see
Mellander et ol 1967 Johansson and Jonsson 1968  Precapillary resistance vessels
™ sheletal muscle at rest are known to have a high basal mvogenic tone and 1t L
Posible that the hyperosmofality produced by exercise mm 1o can lead to nfub
ton of this tone by the mechamsms mentioned and hence to decreased vascular
Tesistance

The present expenmental approach does not permit an exact quanutanve evalua
tion of the role of I Jal a

i

m exercise hyp m man As
15 likeln that 1 exercise hvperosmntality exerts 1ts acuon on vascular smooth muscle
from the ntersutial compartment Therefore 1t mayv be questioned whether the
degree of the interstiial osmalar ct ange has been correctls esumated duning exer
e and further whether extravascular h P lali of sumlar des as




232 JAN LUNDVALL, STEFAN MELLANDER AND THOMAS W HITE

m worh has been produced sn the resting muscle dunng hypertonic infusion since
n both cases the changes of extravascular osmolality werc followed only 1o the
extent they were reflected in the venous effluent This 15 of course a complex qres
tion which cannot be answered defimtely at present and the discussion will be
hmited to a few aspects of apparent importance to the problem

1f the barner between the nterstinial space and capillary blood prevents the

blish of a I y osmolar hit the extent of extravascular
hyp lality will be und d dunng exerase but overesumated dunee
hypertomic infusion when determined from samples of the venous effluent The
degree to which extrasascufar osmolality may differ in these two expenmenul
procedures cannot be evaluated mn the present study, and the particles responsible
for the osmolar changes are of course not the same 1 the two cases Indireet
evidence from animal expeniments suggests however that mn exercise as well 25
during hypertonsc snfuston of the same substances as wsed here a transcapilan
osmotic equibnium may not be established at least not in short term experiments
This was evidenced 1 terms of marked transcapillary flurd fluxes (osmosts) vccur
ning for considerable lengih of ume after the onset of exercise or hypertomic mfus o
{e g “ellander ¢t af 1967)

Another factor that might have led to an underestimation of the role of hyper
osmolality 1n exercise hypererma in the present expenments was menttoned above
(see Results) namely the probable admixture of blood from areas other than exer
csing muscle 1n the samples taken for osmolality determmavon during exerene

Although extravascular osmolality 15 befow but may approach venous osmolsl 4
during hypertonic mfustons artenal osmolality can at the same nme exceed the
extravascular osmolality to some extent 1f the hypcrosmolality of artenal Hlond
exerted a direct transmumal influence on the s~woth muscles of the artersal ves cls
the dilator effect of hyperosmolality might have been overestiumated 1n the present
experments  Such an effect cannot be entirely ruled out but ndirect evidence
from anmal experiments indcates that during hypertonic wmfusion the major acti n
of hyperosmolahty on vascular smooth muscle takes place from the ntersutal spire
after transcapillary distribution of the solute and that dirct transintimal effects
on artenal vasculature are small { Mellander et af 19674

Animal cxpenments performed on the sympathectomized vascular bed in sofated
calf muscle 1 which the parameters can be much more precisely recordrd and con
trolled than 1n man hawve suggested a more dommnant role of hypcrnmﬂhl'" "
exercise hypererma # g Mellander o1 af 1967 Fig 1) than ndicated by e
present data on man Fig 1 Its posible that quanutatne species dufferenced
exist From the foregoing discussion however it appears that h)pcrmmohlnl) il
fact may plav a greater sole m exercise hyperernsa in man than suggested by ite
present analysis nds

There 1s httle expenmental evidence at present that speafic  dilator compor

“~wsuch as acefylcholine ATP bradykinmn etc can explam the exerase h)P“’““"ﬂ;
~ e {sce Mellander and Johansson 1968) Perhaps hyperosmolahty can be Joni

11
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H

&



YPEROSMOLALITY AND EXERCISE HYPEREMIA IN VAN 233

upon as a * non speaific” dilator principle n the sense that any osmotrcally active
product invading the mterstiial space might contribute to the vascular relaxaton
of exerese The dilator response 1n exercise might be enhanced by other factors
related to augmented metabolism, such as tissue hypoxia and an increased concen
tration of the p 1on as d in the d but these Itter fac
tors hase so far not been analysed 1n any detail 1n man

This study was supported by grants from the Swedich Medical Research Counail (K68 14\
221002, t0 S M ) and from the Swedish National Association against Heart and Lung Diseases
(to Dept of Chrical Physiology) We wish to thank Murse Elin Hoglund and Nure Anita
Minsson for skilful technical assistance
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On sumulation of the central end of the cut hypoglossal nemve, multsynaptic reflex dis
charges were set up in the intnnsic laryngeal muscles and 1n certata muscles innenated by
the factal nene by contrast, reflex responses were never observed 10 tongue muscles Ac
wanon of the fibers mediatng the reflex responses required a sumulus streneth 2—4§ umes
that required for actnation of the hypoglossal motor Libers On the basis of earher data on
the calber spectrum of the hypoglossal nenve fibers and on the relation betneen the threshold
values for affercn: fibers and motor fibers 1t 1s concluded that the hypoglossal alferents belone
1o the group 111 fibers The threshold differences also eliminate the possibility of the centralls
selaved responses bemng set up by actnation of recurrent collaterals from hyposlostal aipht
mofor fibers —The possibality that synchromzed smpulses 1 the I poglossal afferents msft
depolanze central afferent terminals 1 other nenves to finng Jevel and thus open up refiex
connections not operatne under 1 d: 15 d and excluded — The
types of receptors connected fo the high threshold hypoglossal afferents and their function

role are bnefly discussed

In previous imestigations on dogs (Martensson 1963) 1t was shown that afferent
«umulation of the internal laryngeal nerve results o reflex actnation of all vocal
cord adductors and mibition of the pre-existent tonre actnary in the vocal cord
abductor These reflex responses were nterpreted as being interoceptsse It was alw
shown that sumulation of indnidual intact nerves supplying certan s
lanngeal muscles results i a centrally relayed response in the muscle and a ¢l
analsis of this latter response revcaled that 1t sepresents a recurrent discharge "
not a monosynaptic reflex response « Martensson 1967) This result 1s 10 1g1«m4:nc
with morphological mestigations which have shown that the dogs antrint
lanngeal muscles do not contan am muscle spindles { MArtensson §904 "

The present paper gines an account of expenments on cats showing that ‘Tn“:-y-
relaved responses can be ebierted i the intnnste laryngeal mascles as welt as .

in facial muscles on afferent sumulation of the hypoglosal nene This {inding "

nrerest since contradicton vtews have been put furmard as to the ;lmxlnle pres-nce

and

[
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of afferent fibers 1n this nerve Cooper (1934) recorded responses to stretch of the
tongue from penpheral hypoglossal branches, but later morphological and physio-
logical 1mestigations have failed to provide conclusive evidence for the presence of
organized nene endings 1n the tongue muscles {B'om 1960) However, the concept
that afferent fibers are present in the hypoglossal nerve may gan some support from
eathier experiments by Downman (1939) and Tarkhan and Abou el-Naga (1947)
who on stimulation of the hypoglosal nene i cats and dogs recorded autonomic
effects In an m\csug;\tlon on cats, Porter (1963) showed that synaptic potentiaky
dn h g can be elicited by strong stimul: apphed to
th: hypoglossal ner\e, 1t was suggested that these potentials might be caused by
cutrent spread actisating limgual nenve afferents or, alternatinely, might derve from
actnation of high threshold afferents in the hypoglossal nenve
The experiments to be described will show that the hypoglossal nere contains
hugh threshold afferents which are reflexly connected with the nucleus ambiguus as
well as with the nucleus of the factal nerve No reflex responses could be evoked 1n
the muscles supplied by the hypoglossal nerve atself

Methods

Tracheotomzed cats weighing Letween 25 and 35 hg were used for the expersments
Anesthenia was induced by ether and mamtamed by 1njections of chloralose 1n doses of 50—
60 mg/kg bw, adminstered through a catheter 10 the femoral vemn

A Grass § 4 stmulator connected to bipolar chlonded silver wire electrodes debnering square
wae stimult of 01 msec duration were used for stunulation of the hvporlessal nene, exther
ntact or cut at the level of the mylohymd muscle Steel needles insulated to the up were used
for the recording from muscles Recordings were ohtamed from the following wntrnsic lary ngeal
muscles, 1= m m ericoany posterior m  thyreoarytenodeus and
m cricoanytenoideus lattralxs as well as from penoral muscles playsma and the digastnc
muscle which are all supplied by the facial nemve and finally from ‘avious extrinsic and
minnsik tongue muscles Lhe recording electrodes were connected 1o a Tektromx 202 dual

am osedloscope and a loudspeaker \ia a cathode follower and a Grass P 6 amphfier

Results

In the main series of expenments the proximal part of the cut hypoglossal nerve
was stmulated and recordings made from vanous intrinsic larvngeal muscles and
from certain muscles supplied by the facial nene

Fig 1 presents typical recordings from such expeniments showing how a sufficient
ly strong stimulus {¢f below) gives nse to discharges m the cncoarytenoideus
postenior  encothyreoideus and a perioral muscle Smular reflex discharges could
also be obtaned in other laryngeal and facial muscles tested (Fig 2 and 3) The

Fig 1 Reflex discharges m
response o sumulation of the
central end of the cut posios
sal nene  recorded

ericoamtenodens postonor B m
cricothvreordeus and C m orby
culans ors Time bar 10 msec
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Fig 2 Reflex discharges in the thyroarytenoid muscle (upper team) and drect acton
potentials in the styloglossus (lower Leam) 1n sesponse to stimulation of the mtact }ypogh 1!
nenve Full descrtption i text Time bar 10 msec

latency between stimulation and reflex discharge 1n the muscles tested was generalh
around 10—15 msec Estimates of the central relay times give values corresponding
to those for mulusynaptic reflexes
A possible actnation of nearby afferent nerves by direct spread of stiunufus cur
rent could be ruled out since no reflexes were obtained after crushing the hypoglowal
nene central to the sumulating electrodes
A specral serres of espensments was performed to find out 3f stmulation of the
hypoglossal nenve elicited any reflex responses 1n the muscles supplied by this nerse
Fig 2 illustrates an experiment m which the intact hypoglossal nerve was stynulated
at different current strengths The lower beam shows the direct response obtained
m a tongue muscle and the upper beam for comparison the simultaneous reflet
discharges in the thyroirytenoid No reflex discharges can be obsersed 1n the tongue
muscle whether the stimulus current 1s submaxamal {4} maximal (B} or supra
maximal (C) for elicsting the direct action potentral When the whale intact nent
1 stimulated as in this type of expeniment 1t has to be taken mnto account that at
antidromic volley may cause a postexaitatory depression in the hypoglossal motef
nucleus However the same negative result was obtained in expeniments using stmt
lation of a cut hypoglossal nerve branch and recording from tongue muscles tnef
vated by intact branches
Simultaneously with the maximal disect responses 1n Fig 2B and € 1 reflex ds
charge 1s set up in the thyroarytenoid muscle of the same latency as the respen ©
obtamed on sumulation of the central end of the cut hypoglossal nerve (of Fig 1
In addition to this reflex a discharge of longer latency 1s eltcited whch appears ©ven
with the submaxtmal direct response i the tongue muscle (Nig 24) The suzc of the
long latency discharge increases until a masimal direct sesponse 1 obtamed 1n the
tongue muscle (B} but on further increase in stmulus strength there 1s no furt! tl;
~tise m amplitude of this response (C) The long hitency of this reflex discharge an
fact that its amphitude increased fairly parallel with tht of the direct respomse
ficates that 1t was caused by a twitch contraction n the tongue giang e tran

3
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Fiz 3 Reflex discharges m the digastric muscle (upper beam) and dire-t action potentials
1n the styloglossus (lower beam) in response to sumulation of the mtact hyposlossal nenc
Full deseription 1n text Time bar 10 msec

afferent volley 1n the lingual afferents (¢f Blom 1960, Porter 1966) This was borne
out b experiments in which the secondary response could no longer be obtamed
after curanzation

In order to get an 1dea of the tvpe of afferent fibers mediating the primary reflex
response the stumulus threshold for a response 1n the hypoglossal afferents using the
teflex discharge as index was compared to the threshold for a response 1n the hypo-
glossal alpha motor fibers as murrored by the directly evohed tongue muscle action
potential The recordings 1n Fig 3 may serve as an illustration of this type of ex-
peniment The lower beam represents the direct action potential evoked 1n the stylo-
glossus m response to stimutation of the intact hypoglossal nerve and the upper
beam the reflex discharge recorded m the digastic muscle As the strmulus strength
1 imcreased the thresholds for a submaximal (A) and a maximal (B) direct
response are gradually attained but not until the strength 1s twice that required for
2 maximal direct action potentinl has the threshold for a reflex discharge m the
digastric been reached (C) As the stumulus 1s further increased to about 3 tunes
(D) and 6 tumes (E) that in B there 1s a nise m amplitude of the reflex disch
Simdar differences were observed also 1n other muscles when comparing the stimuh
required to eliert direct and reflex responses The stimulus strength necessary for a
1eflex response corresponded to or exceeded that vielding a maxmmal direct action
potential and there was mvanably an appreciable nise in amphtude of the reflex
discharge on further tncrease of the stimulus strength On an average the threshold
values for eliciting a reflex discharge were 2—+ umes higher than those for alpha
motor fibers The reflex resp are thus tr d through hyvpoglossal afferent
of comparatinely high thresholds

In a minor senes of experiments the effects of conditiomng volless m the hypo-
glossal nerve on reflexes ehicated by stimulation of different sensory nerves were
tested Multisynaptic reflexes evoked by stimulation of the internal laryngeal nene
could then be depressed for up to 200—300 msec even when the strength of the
conditioming stmuli was below thresheld for hypoglossal reflexes Reflexes m
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A B
Fig 4 A, yypical dorsal root refles
recorded 1n the fingual nene m re-
sponse 1o stumulation appled to the
tame nenve B reflex dscharge in the

]
thyroarytenoid muscle (upper beam)
M m response to sll[mu[;mon appled o
— Lamom——— the central part of the cut hypoglossl
v e nere No dorsal oot reflex s ehotel
— bl n the lingual nene (lower beam
Time bars 10 meec

laryngeal muscl=s as well as i the digastric muscle set up by Iingual nerve stmula
tion were similarly depressed The mhibitory effect typically diminsshed rapidly on
increasing stimulus frequency

Further research 1s necessary before the possible mechanism behind these nhibito-
1y phenomena can be dentified but several of ats features are characteristic of 2 pre
*ynaptic inhibitory mechanmism (¢f Eccles 1964) Presynapuc snhibition has recently
been obsenved 1n the trigeminal and sagal nucler (Daran Snuth 1965 Rudomn
1967) A mechanism of this type would 1mply that the hypoglossal afferents should
be linked to mnterneurons terminating on primany afferents i the lingual and inter
nal laryngeal nerves

In this context we would Iike to draw attention to this type of connections 2s 2
possible pathway also for transmisston of artefactual reflexes under the less physio-
logical cond p i by exp using artificral sumulation such as
the present ones Whereas a more disperse afferent volley would only give the local
depolanzation of the central afferent terminal required for operation of the mhibito-
1y mechamism  the synchranaus actination of the hypoglossal afferents 1n these refles
studics might set up an abnormal senes of 1mpulses 1 the 1nternevron ponl which
when conierging on the presynaptic terminals could cause summed depolanizations
sufficient to imnate impulses In such a sitwauon a trgeminal dorsal root refles
<hould be generated (¢f Brooks and Kowzumi 1956) but obviously the impubcs
can also travel 1n the centnpetal direction and open up reflex paths which are not
operatine under normal conditions To ascertain that the reflexes described i $his
raper do not derne from a mechamism of this type a few expeniments were per
formed in which simultaneously with the recording of the reflex a recording 3
ako made from the lingual nerve or the internal laryngeal nerve o order to $¢
whether or not a dorsal root reflex appeared Fig ¥ A senves to illustrate the chiarc
tensue appearance of a dorsal ront reflex mn the lingual nenve set up by afferent
stumulation of the same nene In Fig 4B (lower beam) no dorsal root reflec 3¢
eherted in the hingual nerve although the typical high threshold reflex response
“wecorded 1 the thyvroanstenoid muscle Ience the hugh threshold hypoglassal rrﬂt'“‘;

rot result from non physinlogscal acinanon of the hingual or nternal laryneed:

g Ve of the type outhined above
hd
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Discussion

Same possible sources of error had to be excluded before tt could be established that
the acthation of the vanous Jarvngeal and facial muscles 15 cansed by stumulation of
high threshold hypoglossal afferents setting up multsynipuc rcﬂcxes A pomb]e
actnation of other aff: by current spread by of
tongue muscles gnung rise to muscle twiches and subsequent actnation of ingual
mechanoreceptors—could be ruled out by the control expenments descnbed An

ather posstbility to be dered was that 3 )¢ ol mator [ihers 1
the bvpoglossal nerve sught have activated recurrent collaterals from hypoglossal
motoneurons with connections (o ather nucler However experiments of the type
tlustrated 10 Fig 3 showed that the threshold for the centrally refaved responses was
Igher than that for actnation of hypoglossal motor fibers and this elimnates the
possthlity that the relayed responses might be set up by activation of recurrent col

Iaterals {¢f Forter 1960) The question was finally rmsed whether synchronous 1

pulses i the hypoglossal aff mught depol. central afferent termunals i
other nerves to finng level and thus open up artifical reflex connections but ex

penments designed ta test this passibility did rat provide any support for such an
explanation

1t remams to discuss what types of receptors may mediate actaty \a the hugh
threshold afferents and whas functional role they may play Thresholds for the hypo
glossal afferents were esumated to be 24 umes higher than those for hypoglossal
motar fibers Blom {1960) has shown that the hypoglossal nere has a cahber
spectrum dhffering from that of skeletal muscle nerves in that it has a single sharp
peak around 68 4 and sery few fibers above 10 ¢ In view of the relatne thresholds
of motor fibers and afferent fibers the afferents should thus belong 1n the group 11
ronge {18 1) Afferent group 111 fibers from skeletal muscle are conadered to be
connected to pressure and pam receptors {Pamtal 1960) Owing to the speaific
diameter spectrum of the hvpoglossal nerve honeser the relationship between fiber
group and function mav not be the same for this nerve

Porter (1966) studted afferent disch ges from ficsal and p dly deeply
stuated mechanoreceptors i the cats tongue In hls expeniments about half of the
Teceptors responded to muscle twarches Houwever actnity from these mechane
teceptors cauld onh be recorded fram the Iingual nenve no mechanoreceptor fibers
could be identified 1n the hvpoglossal nerve This 15 an keeping with our findings
inat the hypoglossal afferents could not be actnated by tongue muscle twitches as.
s evdent from the expeniment usmg sumulation of the mtact hypoglossal neme
Wustrated 1 Fig 2 which shows that the high threshold hvpoglossal reflexes de not
appear until the sumulus strength exceeds that required for ehoiting a maximal
twitch 1n the tongue muscles

In a short commumeation which became hnown o0 1s during he preparation of
s paper Sauerland and Mizuno 1968 showed that malts napuc reflex effects
can be recorded mn the L { aenve an of the central end

f the cut hypoglossal nene ‘They also shos ed that these reflevoe rrutd na lnnmar
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be ehaited after secuon of the vagal rootlets and drew the conclusion that hypo
glossal afferents i ther central course Joun the vagus nenve In another recent study
(Nahamura 1968) it has however been shown that effects of afferent hypoglaseal
nerve stimulation on masseteric monosynapne reflexcs persisted even after sevcrance
of the vagal-accessory as well as the cervical nenve roots but were abolshed after
<ection of the hypoglossil nene root The location of the cell bodies of the hyp
glossal afferents 15 still an open question which howeter should hate no drcect bea
ing on the mterpretation of the results presented s this paper

As far as the funcuional role of the hypoglossal afferents 1s concerned 1t sems
uniihely that they should be mmohed m the propriocepuve control of the tongue
muscles since therr receptars do not respond to tongue muscle twitches and since on
stumulation they do not set up reflexes i the tongue muscles themseles They ma
mstead serve to coordinate actiity in some of the muscles mnervated by the nucleus
ambiguus and the facial motor nucleus Further research 1s abviously required to
clanfy this point as well as the question of what types of receptors are imvolved
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The Effect of Acetazolamide upon Tissue Concentrations
of Bicarbonate, Lactate, and Pyruvate in the Rat Brain
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A Kjitruist, M Naroini'and B K Siesjo
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Abstract

Kpiwguist, A, M Narpinr and B K Siesjo The effect of acetazolamide upon
tissue concentrations of bicarbonate, lactate, and pyrutate n the rat bran
Acta physiol scand 1969 77 241—251

The effect of vanous doses of acetazolamude upon acid base parameters 1 bram hssue,
osternal CSF and artenal plasma was studied in rats, anesthetized with phenobarbital or
mitrous oude The results confirmed older findings that carbomc anhydrase inhibition ncreases
the CSF/plasma ratio for bicarbonate, and decreases the corresponding chlonde ratio, and
showed that the CSF pH remains unchanged duning at least 6 hrs m spite of a marked plasma
acidowis The tissue bicarbonate was found to be sigificanthy, but tranaently, mcreased, and
since the CSF b was 1y unck the increase m Incarbonate must have
occurred in the ntracellular phase, 1 an alkahne shift 1n the cells Howeuer, both the lactate
and the pyruvate concentrations in the tssue were de-reased after acetazolamde, suggesting
an aadosis Tt 15 discussed 1f these controversial findings indicate that carbonic anhvdrase i
Hibition gnes rise 1o a carbome acid acidosis i the bran

The effects of carbomc anhydrase nhib on secretory fi and on 1on
transport n several different organs are well known (see review by Maren 1967),
and as the occurrence of carbonic anhydrase 1 ghal cells n the bram has been
established {Giacobint 19621, 1t has been assumed that carbomic anhydrase-catalyzed
reactions are involved in hydrogen ton transport in the bran However since a
study of the acid base metabolism of a tissue requires that the tissue CO- tension
1s known, and since carbonic anhydra: hib like Il il

lead to a dis-
equibrium 1n the CO_ buffer systems of the organsm precluding accurate assess
ment of blood CO: tensions, the effect of carbonic anhyvdrase hibition on ussue
aad-base parameters 15 poorly understood

Recently we reported measurements of blood and bram tissue CO. tensions
rats and cats given various doses of acetazolamide {Brzeansh hjallquist and Siesjo
1967) The tissue CO; tension were either measured directh with a surface CO._

10n leave of absence from the Department of “eurology and Psschatn Lmnersin of
Genova Ttaly

16693903 4cta physrol Vol 77 1—2
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electrode, or were dernved from the CO; tension 1n csternal CSF The relations ob-
tamed 1n the work quoted make 1t possible to study the «ffects of acetwzolumde on
ussue acid-base parameters i the bram In a prelminary pper we seported tha
carbome anhydrase inhibition m the rat leads to an wcrease 1 the tissuc brearbonie
concentration in the bramn, which scumned to be unrelated to any nercse an the
tisue CO; tension (Kjallquist and Siesjo 1966).

The present paper gines details of the mesurements of the tissue and CSF br
carbonate concentration i rats given 50—200 mg acetazolymide per hg, and studsed
at vartous times after mjections of the drug (110 hrs) In some of the groups
chlonde was measured 1n plasma and tn asternal CSF, and 1 some of the hter
e the tssue aof lactate and pyrusate were mesured Both
the lactate and pyruvate concentrations of tissucs are known to deercase 1n acidovs
and to increase n alkalosis (Scheuer and Berry 1967, Leusen, Weyne and Demeester
1968, Granholm and Siesjo 1968, Kjallquist, Nardint and Siesjo 1969), and hetute/
pyruvate measurements can thus tentatinedy be used to assess the direction of a pll
change i ussues Most of the earlier experiments in the present matenl were mde
on rats anesthetized with phenobarbital, but since the distrbution of this drug c1n
be altered by acid-base changes (Wadddl and Butler 1957, Goldberg Burlow and
Roth 1961), later control measurements were made under mtrous oxide anesthesa
The Itter was found to give a much smaller vanability 1n the tissue concentrations
of lactate and pyruvate and was thercfore sed an all exportments in which these
metabolites were measurcd

Methods
The cxpenments were carried out on male Wistar rats weighing 250 —450 g \ost of ll;
rats were b ! with 1p p 1 1 (150 mglkg bw ; tracheotornized and n))nmI
to breathe air or CO. 4 mixtures In the mtrous oude group o)

¢ & s
amimals ancsthenia was indduced with diviny) ether and continacd wath 70 7 nutrous m‘ld!
and 30 % oxpgen afier a quick tracheotomy These ammals were immobnlized with tube
curanine chloride and venutated with a Palmer minature respar stor By My perventid ihon 'nr
by addinion of COz different levels of arteral Pca, (20 90 mm 1g) could be of tuned »
all ammals the blood pressure was mreasured vja a cannuls an one femoral srtery u;mﬂm'
capactine electromanometer, and the rectal temperature w i messured with an elett
hermometer
* ﬁ‘:c ’gpcralnr proceduses and the methods used to mample and analyse bload ‘n(lr'r::;]
CSF and bramn ussue have been descrbed in previous communicatans from he 1! u;’rlmd
ifor yrasedures and further references see Sieo and Pontén 1906 Pontin 1966 Kjal :ﬂ‘.\'n
Nardimt and Siesjo 1969) In general gttern the analytical procedures invoherd n,al\' astess
Hlood was sampled anacrobicatly and that measurcments were made of the plf e ’:3. steee
the bemoglobin concentration while the plasna chlonde concentration was memured 30
anacrobie centrifugation Cercbrospinal flusd (CST) was withdrawn from the ety saens
and was erther analysed for the total CO2 content ar for the chloride mm””""(rm V]
Cussue was frozen it sitw and anabsed for the 1ot} (O sontent and the hnlrvl ’x.nvL tian
for the hictate and pyruvate concentrauon usmg extracticn of the tssie at =15
m sk Nalsson and Siespo 1968 el
'mThrhr:.(an tusue (and the €SI ) €011 tensyon was calculated (rom ll;'")l‘ll"‘.:;‘l:"'l:,:::“wy
CO: tenson using the relations descnbed 1 a previous commaric vhon m | ety
! At yune a7
atth ptrees
{hyaltq st

« hase shown that these refstiors a e salid aho a0 nyger 4hu sy o
# Le <cter and Siesjo 1969)
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In all experiments the mean ussue bicarbonate concentration was ohtained from the meas
ured total CO  content by subtracting the amount of bicarbonate contaned in the blood
volume assumed 10 be 3 per cent of the tissue wetght, and the amount of physically dissohed
CO- calculated as the product Pico, X 00297 mmoles/hg of wet tissue In order to be able
1o compare differences in the tissue bicarbonate concentrauon which were not due to dif
ferences m the CO tennon the standard icatbonate concentration  {Pico,=40 mm Hg}
was calculated However the changes 1a the ussue buffer base concentration were also cal
culated and expressed as a base excess value according 10

BE=BB-357

where 337 15 the normal buifer tiase {Ponten 1966) and BB 1s the actual buffer base m the
expe imental situation caleulated as

(HCO,) 33
BE={co,) + Fico, &+ HEOR)
(Ponten 1966) However, since Pontens buffer Lns ¢ +3  »  * £ -
with vanous CO2 tension for 30 min and since -
exposed to a slightly increased CO  tension for a .
of phenobarbital anestheuzed anmals were analyse - -

3 brs while unanesthetized. The acetazolamide treated animals were thus also compared to a
buffer hne denved from normocapmic and from the<e hypercapmic ammals fsee Fig 1)

The carbomic anhsdrase whibitor acetazolamide {Diameox, American Cranamide Co New
York} was gnen as a 10 €% solution of the sodium salt 1 distlled water The drug was given
1P eterin a ungle dose of 50 me/kg or m repeated doses of the same size There were two
man groups of ammals In the first main group a single dosc was gnen, and the anmals
were studed 1 3 or 6 hrs after the mjection (group C D and E i Table IF and 1) In
the se-and mam group a high acetazolarmde concentration was upheld by means of repeated
mgections durng 3 6 and 10 hrs respectively (group F G and H) 1n these groups mjections
were given at 0 and 2 hrs at 0 2and 4 hrs and at 0 3 6 and Y hrs respecuvelv

Sice the operatne procedures and the attainment of a steady state after the operation
tooh about 30—3% munutes the animals were anesthetized 4> mm before the end of the in
tended exposure time

Control experiments were obtained by using uninjected rats (group A) or by injecting an
equimolar dose of 2 acetamino-1 3 4 thiadiazole 5(N\ t butyl)-sulphonamide (CL 13850 Amen
can Cyanamide Co \ew York) This drug which 1s chemically s milar to acetazolamide but
which does not sahibit carbonic anhvdrase has been u<ed as a control substance for acetazo!
amide (Wistrand Nechay and Maren 1961 ¢f Brzezinski et ol 1967) The control substance
was admunistered 1n two doses durmg 3 hrs or m three doses dunng 6 hes (Group B)

In order 1o ohtain a rough guanutatne measure of the acetazolamide concentration n the
bram tissue the micromethod of Maren (1960) was used to assess the concentsation of the
drug 1n blood and in homogenzed bram tissue Before the removal of the supratentorial parts
of the rat brans the ussues 1 ere perfused with 1sotome krebs Henslen solution from the
aorta The perfusion was continued untl the flud emerging from the cut jugular veins was
visually hemoglobin free The ussue was then homogemzed with distilled water and placed i
a water bath at 100° C for 5 min in order to mactnate the carbonic anhydrase \faren ef al

934} The degree of mtubition was calculated as the fractiona) tnhibion 1~/ {I+kp}
where 115 the total concentration of acetazolarmde found by analysis and Kp s the dis
$OC11 on constant of the enzyme inhibitor complex 64 10 according to Maren 1962a)

12 part of the present studv only blood and tissue parameters were measured while 1n some
groups (B C E F and G) 40~60 g} of CSF were withdrawn prior to the freezing of the
tissue 4 situ It was found by stansucal anahs s that there were no stgmficant differences be
tween tissue values obtamed with and without collecuon of CSF In order to avoid with
drawal of CSF in amounts Jarger than 50—70 ul the total CO; content the chlonde con
centration or the lactate and pyruvate concentrauons of the CSF were measured on separate
animals However in the majonty of the expenments the tsue was frozen and the total
tssue COz content was measured The numbers of exper ments telating to the measurements
B T ‘ese expenments where the total COz2 content

bonate concentration was calculated by sub-

an extracellular volume which was assured
. Nardim and S esyd 196%  Lsing tus value
for the n the lular v ater phase an equ alent mtracellular
PH was caleulated under the assumption that the apparent ph value of 6 12 15 vahd for the
actual carbon d oxide tension in the tissue




244 A KIALIQUIST, M NARDINIARND B R S1ZSJ0

Tanie T Rats, ph b Cone of acetrzolamude 10 whole blood andm

homogenized whele brasn tissue Caleul. of fi

1 casbonse

iy drase swbebition

s describred in the text P uatues represent fevel of ssgruficance for diffesences of the sepee

tove group from the 50 mp/kg group

Dose {mgfkg) Whole bload Bran

and exposuse

ume pugfmi AML 28i% Mg Fractanaf

mhinion

50 mgfkg BT {4 25432 78409(4) 357439 € 9981 L0 0002
1hr

100 mglkg RET(4) 142431 102422(3) 4613101 D901 L0008
3hey P60

150 mplkg 40 £4 (B 150417 B3113¢5) 4460 ©9790:50 0001
6 hrs ropo} Peonl

Tavee 1 fnfluence of 1 on acudfbare

mals within brackets

ard chlonde concrntsat mm

Dose (mgfkg) and exposuce Artersal plasma
ume -
pH Pal0, 1eo; Stand HEO
mmllg wlglt ml a3
A Unimreted 742 (13 406 (13} 25313 2 1113y
00 + 09 197 06
B L1138 741012 415042 2541018 2 0012
-~ 60l ~08 07 o4
C  Scetazofarmde SO mg kg 7350 45815, 234105 2234%
P 002 24 it 1o
D Ihn 72916 447 {6 o3y mod
ot 1t P B [}
E (b 72012 37814 IEER{P) 93D
Hoy 01 o6 06
F 100 my kg 77 8 419128 3192 1Bs 18478
3hn 6y 07 03 + 07
G 150 mz ¥z 7¢ 10 4201010 17440 1717(10»
T b L T v 07 EX
‘zm ng ki 723 1ty 16707 w3
[ _oes

Y tehns ] 10
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Results

The lamid d 1 whole blood and m bram tissues
as well as the measured and derned acid base parameters of artenal blood, bram
tissue and CSF from the control anmmals as weli as from anmals g en vanous doses
of acetazolamide, are gnen mn Table 11V The effect of acetazolamide upon the
extra- and ntracellulrr bicarbonate concentritions 1s exempliied 10 Fig 1, while
the effect on the tr sue lactate and pyrunate concentranons 1s shown in Fig 2
Aceta.olamide concentrations Table 1 shows the acetazofammde concentrations
measured m whole blood and in the supratentonal parts of the bran The table
shows that there was an appreciable acetazolumde concentration i the bran al
ready 1 hr afier a single dose of 50 mg/kg and that the concentration mcreased in
the groups gwen 100 and 150 mafhg respectively There are reasons to beleve that
the tissue acetazolamide concentrations m the groups studied (and 1n the 10 hrs
group) are sufficient to cause a functional nhibition of the tissue carbonic anhydrase
(see Maren 1967) Since no correction was apphed for the outwashing of free

arteniat blood and cisternal CSF (means & se ) Rats, phenobarbutal anaesthesia Number of am

csF
——
a TCO, PCO, HCO, eH a
meq!l m\/hg mmHg mEq/kg mEqfkg
107¢2) 288(2) - = - 130(2)
1021¢6) 283 (6} 478 (8) 208 (6} 738 (6) 129 8 (0)
=11 +05 P +04 oot ~21
- 301 (H 503 (4) 282 (4) 71384 -
=09 ~23 +09 003
RN &Ly e Pt LOCE T
17 L 04 17 ~04 ~qal 20
109 (1) 28647) 4957 27147 737 1287 10)
107 L0y -1 =05 001 _ 09
- 208 > +£74(3; 2241(5) 39 ) —
103 =11 +03 001
- 202 (6) 469 (0) 247(6) EETIY) —_

0/ -08 +06 ool
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Tasee [ Rats, phenobarbital anaesthesia Concentrations of acetazolamide m whole blood and n
homogenized whole brain fissue Calculations of fractional carbomc anhydrase inhibiion
15 deseribed n the text P values represent level of sigmificance for differences of the respec
twve group from the 50 mg/kg group

Dose {mg/kg) Whole blood Brain
and cxposure
tme pgiml ML relg kg Tractional
mhibition
50 mg/kg  4B+7(4) 215432 7BL09(8) 355+39 099810 0002
1he
100 mgfkg 3247 (%) 142431 102.422(3) 461101  0998:£0 0008
3 hes P<005
150 mgfkg 4014 (3 18017 143413(5) (44160 0 999040 0001
6 hrs P<001 r<oo!

Taste IT Influence of acu

mals within brackets

on acid/base

and chlonde

concentrations 19

Dose (mgfkg) and cxposure
ume

Arterial plasma

pH PaCO, HCO,
mmHg mEq/l
A Uninjected 742(13) 406 (13) 253 (13)
1001 +09 £907
B CL 13850 741(12) 415(12) 252 (32)
+001 +08 +07
G Acctazolamide 50 mgfkg 735 (5) 458 (5) 234 (3)
1 he 002 £24 £14
D 3hn 729 (6) 4176 193 ()
2001 + 1 +06
L Ghm 732 (12) 378 (12) 187 (12)
+ 00! +09 +06
F 100 mgikg 72728 139 (28) 192 (28)
3hrs ~ 00! £07 +03
G 150 mg kg 72010 420(10) 174 (16)
6hn 1002 +18 207
200 mg/kg 723 7 416y 167 (D
s lown s 002 £20 205

Stand HCO;
mFq/l

255{13)
206

250(12)
£06

223(5)
+£10

1890
+05

19112
+06

18 4 (26
+02
171100
+07

163(7)
=05
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Tases T\ Acidjbase changes 1n rat braw bstue aflec acetazolamude ‘The same graugps as 1 table
1 \Maumal increase n buffer base and bicarbonate cancentranion appeared aker 3
Bours sahibition of carbonee ankydrase {growp Fy butafier 16 birs there were no changes
from the control values {gronp A or B}

Dost {mg bg) and Brawn tissue
exposure tame

TCO, PCO, HCO, HCO,  Suad HCO, Bac
mMpg  mmHg  mEqikg  mEqke  wEqlly  oxcos

H,0 HO wEq kg

A Unmjeeted 146{10) 463 130 Y 158 — 04
+02 10 =02 %02 +0t +03

B CLI38w 1“1 473 132 167 158 -0+
+£02 +08 £ 02 +03 *02 =03

€ Arctazolamude  158{¥) 522 142 381 8 -~ 09
50mglkg Lhe £ 04 +29 +05 04 02 =03

U 3in 156¢6) 479 141 120 170 Y
02 =11 +02 =03 =02 =03

£ 6hs 1469 40 131 167 160 —01
+04 £ 09 *03 =04 +03 +03

T W0rmghg3hes 161¢19) 459 196 186 174 - 20
£02 =07 + 04 £02 +02 =02

G I0mgfg6hes 15B(1) 502 M43 B2 1659 ~ 12
+02 £19 +02 +0% +04 =03

H 200 mgpg Hsn 477 131 g 159 —02
Qb 102 =17 +03 103 +05 £ 06

1960) m showing an unchanged or only moderately lowered CSF bicarbonate con
centration 1n spite of a generally haghly wgmficant decrease in the plasma bicarbon
ate (Table 11}, and m showing p e d and of the CSF/
plasma chionde and bicarbonate ratios respectinely {Table IXI) It should be
remarked that i spute of the decreasd plasma pH and bicarbonate concentraton

the caleul CSF pH was Iy altered only tn the 10 hrs group (0 01<<p
<0 001)

Bra tissues The dominant changes in the tissue parameters after acetazolarde
Wwere ancreases in the total GO content and i the caleulated buffer base concen
Taton as well as decreases 1 the lactate and pynnate concentranons Table TV
shows that there was a sigmifscant increase 1 the bulfer base concentranon 3 hrs
alter 2 single dose of acetazolarmde of 50 mg/kg but no sigruficant change 6 hrs
after such a dose After 100 mgfkg there was a highly sgnificant i+ wgun the -

-

)
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Fig 2 ‘Lhe relavon between the artenial £02

\d;&;:L?TG
tenson and the lactate and pyrusate concen

(7] 20 a0 B0 80 100 tratons of bran tissue tn uninjected rats {un
filled circles) and in rats angected with
Pato, MM Hg  acerazolamude i a dose of 100 mefkg

buffer base concentration but this increase appeared to vanssh i spite of repeated

1 of lamide 1nd 1t had pletely disappeared n group H

Fig 1 shows the tissue bicasbonate contentrations after acetwolymde s comt
pared to the 3 hr buffer hine (sec Methods) The increase was even morc appannt
when the caleulated intracellular bicarbonate concentrations were compared Dunng
acetazolamide the calculated  equivalent intracellular pH  was smcreased n com
parcon to the control ammals (CL 13 850) Thes the control group had 1 mean
value of 7 13+ 001 while the pH m the groups F G and H was 716 £ 001 718%
00) and 7154002 respectnely The wncrease was significant in group 1 (p<
00>) and group G (p<001,

The ussue lactate and pyrusate concentratons were measured inoniyas oude
ammals ginen two doses of acetazolamide of 50 mg/kg cach (¢f group B after
that control measurcments had shown that the same inercase m the ssur bicarbon
ate concentration was « bramed as n the phenobarbital seres (Agallquit Mes et
and Siesjo 1969 Fig 2 shows that acetazol imide Jed (o significant decre w ~m Lotk
the lactate and psrin ste conc ntrations 15 compared to unmyccted mirons ovde

s
Discussion
There 15 evidence that the <nevme carbonse wnhydrase which catahzes the Indrt
ton of carbon dioxide and e dendrnn of carbonie acd 1s ipvolved i acte
o ortof jons In eg the hidney and m the pancrers secretory ¢xchnees of H
HCO 1ons are allected + the admmntrtion of carbonie inhivdr e snhibit 1€
f freview by Maren 1967 In the bram the ennme 18 loealieed (o pless
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cronoideus and to ghal celis {Giacobrm 1962), and 1t 15 enhy fogical shat 4t has
been assuwred to be invohved 1n transport of 1ons at these utes It has been shewn
that carbonic anhyd hib fihe 1k de {Dumos) reduce the rate of
CSt producnon and the rate of unover of sodwm 10ns betseen the bramn and
tlood (Oppelt et af 1964, Davson and Luch 1937, hoch and Woodburs 1960
Thete 15 abo some evidence that on exchanges invohed n exatabilits chanzes are
affected by carbonic anhvdrase hibiters since these drugs increase the threshold
to expernwental consulsions {Woodbury and hatler 1960) and hate been succes
fully used 10 the treatment of epleptic sexures tfor references <ee Maren 1967
Howmer the onh direct sndication of an imvelvment of carbonic anhidrace i H
and HCO; exchanges m the bram 5 an wevease sn the CSF/plasma matio for HCO,
afier acetazo’amude {Datson and Luck 1%7 \faren and Raobuson 1960 Marn
1962 hronenberg and Caun 1968) but these findings cannot be taken to indicate
an et with actie part as long as 15 facking on electro.
ehemcal porental differences between the compariments On the whole there 15 o
clear evidence that acetazolanude affects the steach state dtnibution of these 1005 1n
8 way suagestive of an nterference with active tramsport and measurements of the
Bicarbomate concentration of rat bram usue relamels long pertods after moderate
doses of acetazolamide did not reveal am ugmhicant changes 1 hoch and Woodburs
1960%

The present results have shown that the admumstianon of relatnely hagh doses of
acetazolamsde acutely leads to a ugmificant increase 1 the tesue icarbonate con
centrauon and to sigrificant decreases m the tissue lactate and pyrnate concentra
tons The 4 cond of ac 1 de 1n the tisst ¢ and the caleulated
degrens of fractional mhibiuon indicated that about 999 ¢ of the enzvime was w
hibuted a5 caleulated for the whole brawn Presurnsbh thes 15 1abi also for the ghial
and plexus cells and analogy with findings n other argans this degree of i
hubtion should be suifictent ta gne ose fo funcuonal changes “Maren 1963 An
anatvsss of the merease 10 the bicarbonate concentration with the help of the i is0
buffer cune of brain ussus shows that 1t represents an apparent sncrease n the
buffer base 1 an merease m the by which i lated 1o the d or
calenlated tessue CO; tension The maxumal inereases 1n the base evcess valuwe was
12 mEq/hg of tssue water However if allowance 5 made for the fact that the
CSF bicarbonate concentration was unchanzed and if w1 assumed that the CSF

Sicarbonate rone represents a t bicarbonate conceniration 1n 1
extra-cellular flud the increase 1n the mracellular base eveess can be aseessed
10 2-3 mEqikg of muraceliular water The increa € m the snracelular bicarbonate
concentration was apparent alreads one hour after 4 single acetazolarude dose of
30 mg per Ag but was no loager present six hours after such a doss The results
obtamed after < angd 1en hour  respectinels of repeated mpecuons of azetazol
amde mdicated thae the off ct n th usue hcarbonate concentration was a
transient one The ssue lactate and prausate roncentratians were measur#d atond .
098 exposuse tme but the re dr urequit caliv showed that the nsy wnd

12e
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pyruvate concentrations were decreased at a time when there was a hughly sigmfi
cant increase m the ussue bicarbonate concentratton (group F)

As ths increase in the bicarbonate concentration should represent a real ncrease
1 bufler base, the ‘intracelfular pH * should have shifted 1 the alkaline direction
Homever, if the obsened decrease 1 the tssue lactate and pyrurate concentrations
are due to an ntracellular acidosts which normally seems to be the case (Leusen
Weyne and Demeester 1968 see also Granholm and Siesjo 1968, Kjallquist Nar
dins and Siesjo 1969) the pre<ent increase n the tissue bicarbonate concentration
<hould be ascociated with 2 decrease 1n the *intracellular pH *

An attracting way of explammng the present results 15 the suggestion put forward
by Sevennghaus and Cotev {1963) that acetazolammde feads to an intracellular
HoCO; acidosts Thewr hvpothesis requires that H CO; and not CO, 15 formed
the decarboylation reactions in the brain & H.CO; acidosts of that kind can
evidently explam both the increased bicatbonate cancentration and the decreased
lactate and pyruvate concentranons 1 the present expenments Under such ciecum
stances there would be a disequilibnum between the H.CO; concentration and
the CO; tension measured In other words the ussue CO, tension would be under
estimated i that the equihbrium CO. tension corresponding to the actual H-CO;
concentration should be 10 to 15 mm tigher This figure can be obtatned both from

the } brear: umring a constant bulfer base value and
from the lactate pyrusvate cunes of Fig 2 11 this 15 the actual mechamsm under
carbonic anhydra hib the bicarb concentrauon caleulated for group F
should be assotiated with a decrease in ntraceliular pH° and not with an increas
m pH

Attractine as it mav be the hvpothesss of Sexennghaus and Coter (1968 cannot
be accepted without doubts There are thus strong experimental indrcations that
€O. and not H-CO; 15 the normal end product of decarbosylations in the bram
{Natour and Palmer 19611 A conunuous H,CO; acrdoss 1s also difficult to recon

cile with the present observation that the tissue bicarbonate concentration returns 1o
hyvdi hit prosided ts

normal after <ome hours of carbonre
finding does not smply that the intracellular buffer base slowh decreases under such
cireutnstances 1 ths 15 the case carbomic anhydrase must be ascribed a defunte fole
for the regulation of the ntracellular hvdrogen ton actiuues Thus further work on
the effect of carbonue anhvdrase mhibitors on the acid base metabolsm of the bram
15 urgenth needed

Supported In the Swed th Medi ol Rescarch Counal project no BrB 143 2¢3.08) and b
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Sygehus, Horsholm Denmark

The Accumulation of Albumin-125]
and Thyroxine-'*'] in Wounds
By
Hans Fuaen Roseseerc, Hernz ] M Hassey and Erig Mot The

Recened 9 January 1969

Abstract

Tuser -Rosenesr, H O H ] M Hanses and L Morinr The accumulation of
a'bumin - I and thyrovine-"'1 in wounds Acta physiol scand 1969 77 232—
236

The dustrtution of 1397 labelled gunea g afbumun and P thyroxme i skin and wo inds of

Kuinea pigs has been ipvestigated 1 the period | 72 hrs after the smulancous ingection of

the radioactne compounds §he relatne amounts of labelled thyroxme and albummn m nomat

skin and skin wounds old as well as fresh indicate that these tssurs accumulate (b srpure sn
excess of that brought theee on plasma peoteins (uetherroore that the thyrovine ace nmulatnt
tnereases i fresh wounds durmg the experimental period

During provious sork on the mhibitony effect of thvrosie on wound he ding mam
questons as to the wade of action of thyroxane hase asen Moltke 10y 1006
1057 1958 It has been shown thar the accumulatian of endogoneody » well 2
exogeneoushy Labelled thyvroxine 1s greater in <kin wounds than m nonnal skan 7ol
de 0T sae dferebme aomdlered! atpaiant fo o xeiose seleesher ah s aperent
as due to a pasne Jeaking-out of tnroxme i the wounds together with othes
Masma-constituents or was caused by an acive  binding of thyroand m the wound
stoue The cealts Srerm this short torm cxpenment Molike st o) 1963 aug.eved
that the marked et roenuon of diraxine in sk and 7 das cld wounds #34
nat cased b 1ts paane pre cnee an the plasm constituents of the tses e
terpretation was not quite clear 15 16 the accumuliwon i wounds 1radr at the sant
Qme as the radiras ine compeunds were impected n these il wounds comtant

Lty conld best e oxplamed by smpte pl
penit frem

.

et
-plasina ke thyrmane 2t unmn e
exudation The covalts presupted wv o extend the duranon of the expris
24 tn 72 hrs 1n order 1o reach s prod with constant chmees of actity
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Tante |
Hp1 Skin Vb ounds Fresh Wounds Plasma Gl thyr (rotal)
T AN T A T A T AY T A

1 942 649 1187 1210 2BI3 3711 27878 46487 312 137
1 841 603 1052 964 2880 3718 15528 25339 304 160
1 1074 757 14D 1487 4448 15219 25747 338 1
Sq 957 670 1239 1220 2881 3959 19342 322¢ 318 147

(3 13.50 930 1980 2268 297b 42064 8877 17440 763 5%
6 1337 796 1962 2199 3361 47 51 10987 19227 902 476
6 uss3 651 2266 3048 3903 5679 10646 19342 1063 620
8¢ 1273 792 2069 230> 3413 4993 10170 18671 910 566

24 89 1030 1658 2289 228+ 3953 5756 10203 2443 118
24 878 1207 1479 1902 2463 3539 5405 9371 2399 47>
24 942 1530 1370 2779 2280 4477 4712 1388 1702 817
Sq 902 1236 1502 2323 2342 3990 5291 11321 218t 1270

48 543 1107 1021 2156 194> 3261 3027 8319 218 1144
48 437 1088 709 1782 1484 3163 2468 896> 2099 182
48 539 1093 J0>4 1976 1667 2600 2902 7637 4515 2417
5q 506 109 928 197) 1699 3108 2799 8474 2033 158

72373 W72 523 1601 1060 2586 1604 7987 4535 3046
7325 903 379 1209 897 32071 1346 6299 3198 168
72 306 929 515 1547 1305 2921 1809 738> 3800 <2376
59 310 1903 472 1472 1087 226 1586 7390 334+ 2369

Pro mille uptake of Thyrowune ¥ {T) and albumine *#1 {1} n 10 g ussue

Metheds
15 male guinea prgs weighing 370—480 g were wed all were fed the usual laborvors diet ad

The animals were gnen a mixture contaming 2 mg %1 guinea pig albumin =8 #C) nd
! #g ™1 thyroune (20 4C)  the radioacine compounds were inected 1n ane of the el
\ens under ether anesthesia
® guinea pig albumun was prepared for us at the Department of Phsnal Chemt try
Statens Serummnstitut Copenhagen and marked with 31 by us uang a modifiton of the
ICl method descnibed by McFarlane the labelled albumn moved electrophoretic th hike the
native albumin 191 thyrowune came from The Radiochemical Centre  \Amersham

In order to reduce the uptake 1 the thyroid of radicactne 1odide ongnng from the 11
belled compounds the anumals were all gnen daly mtrapentoncal njections of (| mg stable
10dide starting 2 davs before the anection of the radioactise compou

s
e anumals were hlled by heart puncture and aspiration of blood under ether anesthesia
W ounds The wounds were made under ether anesthesia as longitudinal finew ancsions 1 em

from the dorsal pudline the meisions were about 5 em long and reached the muscaln 4% &
they were closed with contmuous silk sutures Two wounds sere made on each anaml the
first wound was made 1 cm to the left the <econd ! em 1o the right of the dereal mulline
fracd alar a1 A 23 3R and 7% hes abtar tha o I el compounds
PRE IR
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Fiz 1 Residual actiaty of gunea pig albumin 22 I and thyroune ! in plasma fresh wounds
7 das old wounds and skin The fully drawn ltnes are based on regression analvsn

Results and discussion

In Table 1 the retention of radioactity 1 the tssues 15 expressed 15 pro mufle of 1o
jected dene in 10 g In Fig | the reswlts ate seproduced as a function of sme ma

sermloganthinic systom

Tt has been shown by others that free M1 iadide 15 present in blood ind tsur
only 1 neghgible amounts 24 hirs alter the mgection of the labelled <« mpounds
tMasout=dis ot al 19331 We can therelore salely assume that all acenuty found n
the blood and fisues 1y due to the labelled thyroxine and gune -prg alburnto

Both comyounds show hughest actisnty, 1o plasm o decretsing dirough frisl and old
wounds and fkieest s shin From 24 hrs after the ingecoon (24 Bp s she decrear
{ollows smph fint order kineties fogiretamed; =K +a (hpr Stansne b ambs

fmean u . ~N 003,

J
of the albumin regrission hnes shows no differcaces brtween the 4 exumned e

The thyrouns regreson nes are abihe for plisma old wounds and skn imean

a= D010}
-0 0070,

but differ signifterndy (PLOO3) from that of fresh soundy 1=

Tt 15 tmont bkeds diat v concenteruans of non Wbellerd albuann and thsrovne 380
unchanged m plutma ind skin dunang the experimental pertod Clisnges plasma

and shinoridioactinty, therefore only seflect changes i speetltc actnan

not

changrs
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10 their content of non labelled compounds Although 1t 1s known that thyroune m

Plasma s bound to globulins (30 €¢ ) and prealb 146 €¢} rather than to albumin
(20 ¢c) (Hollander et af 1962) tabelled albumun raas sull be regarded as a reason-
ably good indicator for the ch conc of high-molecular plasma-

constituents 1n the uesues Because the zctmary curves from the tho types of shin
wounds are situated at higher levels than that of skin 1t 15 justifted to assume that
the degree to which the level and regression af the acunity cunes from these ussues
Affer from ghe “basic” cune of the shin will reflect differences 1n the amounts of
on-labelled substances

The results from the albumin part of the expeniment indicate not only that “fresh™
wounds accumulate more plasma protem than “old’ wounds but also that this ac-
Cumulation 55 completed before 24 hrs after the mnaision Ther-aftes the turn-over
rate does noy differ from that of the other tissues Thiroune however, seems to be
accumulited m 3 dhferene way 1n the ‘fresh’ wounds as seen from the less steep
FegTession line for this tssue This difference was tested by an evaluation of the
thyroune/albumim rang (TJA) for cach wiue taken (Fig 21 This T/3 gnes a
TOre atcurate mctyre of the “real” differences within the single animal, besides the
stgrificance of the results was increased because differences due to the different
OBRE Of the anunals were eliminated Fig 2 shows that T/A 1s hgher 1n skin and
Woud tissue thay 1 plasma, probably because of an actne penpheral binding of
thyroune I1e that alsa seen 1n many other tssves (Ford ¢ af 1957, Tata 1958) The
¢t parallellism of the T/A slopes for plasma skin and old wounds shows how-
Ve, that the turn.over 1n these tissues 1s fast enough to follow the changing plasma-
:;mcemranons For “fresh” wounds the different pattern—already seen when the

"1 thyroane retention vas calculated separately—comes out with a much higher
degree of significance (P<0,001) Tis mndicates that fresh wounds not onh con-
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tam relausely largt amounts of thyrovine but that they take up ncreasing amounty
of plasma free thusonme duning the expermental perod The reason for this 15 not
bnoun but the mcrease in the cell mass during the first davs after the meiston may
acconnt for n
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From the Department of Physiology, University of Guteborg Sweden

Effects of Puromycin and Luteinizing Hormone
on the Uptake of 3-O-Methylglucose by the Isolated Rat Ovary
B

Kurr Anren and Lars Havisercer

Recened 10 January 1969

Abstract

Aurey b and L Hasserger Effects of puromycin and lutetnizing hormone on the
uptake of 3 O methylglucose by the 1olated rat orary Acta physiol scand
1968 77 257260

The rate of uptake of the non utlizable monosaccharide 3 O methylglucose was studied 1n

glucose when the protein synthesis was blocked by puromvemn

dotroph 1

As part of an analysis of the reqy for of ovaran
carbohydrate metabolism 1t was recently found thar “the antbiotic puremycin
markedly decreased the rate of glycolysis 1n 1solated ovanes from prepubertal rats
{Ahren, Hamberger and Rubsmstein 1968a) It was however sull possible to ac
celerate ovanian glycolysis with gonadotrophins added to the ssolated ovares together
with puromycin The mechannm for tht mhibitory effect of puromyein on v
ghycolysis was not further analysed in the abovementioned study  but it was sug
gested that thus effect of puromycin mught be produced at lent t pue on the kel
of the ovarian cell membranes thereby leadmg to a decreased rate of transpoit of
Blucose to the interror of the cells In the present study where prepubertal v it oy s
hate been meubated with the non utilizable monosacchande 3 O ety hybuts v
this hypothesis was tested experrmentally

It has eather been reported (Ahren ¢t al 1968b Ahren Hambergir vl Rubin
stein 1969) that addition ot lutemuzing hormone (LH) to talated o v« increased

the rate of uptake of 3 O methslglucose The influence of both pursnys i and LH
on the rate of uptake of 3 O methylglucose was therefore studied @ the pr=ca®
experunents

&
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Fig 1 The effect of puromyemn on the uptake of
3 O methyl 1C glucose by 1solated ovares from
prtp‘uber‘lal rats The ovanes were first pre

D stnbulion Roto

The uptake of 3 O methyl 1C glucose 15 expressed
as dutnibution ratio  {=cpm/ml intracellular
water epm/ml medum) Each value represents
the mean of fnc obsenations and standard errors
Incubat on fime (msn) are indicated by vertical Lines

Methods

Rats of the Sprague Dawley stramn, 24~—25 days old and ranging 1n weight between 45 and
53 g, were deprived of food 20—24 hrs and then sacnficed by cervcal fracture The ovares
were rapidly removed and tnimmed of bursae and extraneous tissue as described presousl
e on filter paper and furst pre
one group of ovares with and
the medium The ovaries were
snate buffer pH 74 008 mdf
dihydrochlorde (500 xgfml)
were performed at 37° C witl
ase Both ovaries from each rat
were incubated 1n each flash (10 ml Erlenmeyer flask with | ml medium)

Following meubation the ovanes were removed from the flasks ninsed free of adhering 1
cubauon medum by a rapid wash in chilled buffer blotted on filter paper weighed ant
homogenized 1n ! ml tnchloroacetic acsd (TCA) The radioactiity of the proten {ree extracts
and media was determined 1n a Packard Tr Carb Liqmd Scinnllation Spectrometer as de
scnibed previously (Ahren and Rubinstern 1965)

Total water content of the ovares was measured by drying the tissue to constant we ght
the e Tular space was d d by b the ovaries with 01 m\ sucrose U HC
and the b of sucrose 1n the tissue The uptake of 3 O metivl
glucose was calculated and expressed as the distribution ratio between the intra and extia
ccllular compartments at the end of the incubation period (cpm/ml of intracellular water
cpm/m] medum) It was assumed that the concentration of 3 O methylglucose 1n the exird
cellular water at the end of the incubation was the same as n the incubation medwm The

of 30 lucose m the water was calculated by subtract 08
N determ ned with "suerose 1C)
water

~ the amount o

om the amot i
, Bovine LE Study Section of tf ¢ “at ond

Institutes of 1 btamned from “utntonal Bo-
. chemical Corp  Cleveland USA and 3 O methyiglucose and sucrose U MG from the Ne¥

England Nuclear Corp Boston USA
\Mean ralues are gnentSEM Companson between different groups was performed ¢

cording to Students t test A pialue of 005 or less was consdered significant

Results
In an mtal series of expenments (Fig 1) the influence of puromjcin 0f the

transport of 3 O methylglucose into the ovanes was studied after 30 and 60 m!r;
of incubation This mcubation pertod was preceded by a premcubation period o
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Tasce 1 Effects of paromycen and LH on the uptake of 3 & methy Ighucose by wotated osaries from
prepubertal rats®

Group Incubawon  Addition to medmm Distribution rano®*
time mun

Puomyan  LH
500 pgfml 100 pgfml

1 30 - - 055002 (5)
2 30 + - 0352003 (5)
3 30 + + 054£003 (5)
4 60 - - 0632003 (5)
5 60 + - 0402002 (5)
6 60 + + 0722001 (5)
* Whole ovancs of | rats were first bated for 30 min m medzum without (Groups

1and 4) or wath puromyan 500 ag/ml (Gioups 2 3,3 6) They were then incubated 10 medium
containing 003 mM 3 O methyl MCeglucose with the additions indicated 1n the table

** Ravo of cpm/ml ntracellular water epm/ml medium VMean S E \umber of obscrvations in
parenthes s Sign ficance of d flvences 1—2 p<0001,2—3 p<0 005 4—3 p<<0 001, 5—6 p<0 001

30 min m order to create an optimal blocking effect by puromyein on ovapan
protem synthesss The results clearly show that the imtral rate of uptake of 3 O-
methylglucose by the ovaries was markedly reduced by puromycin

The second senes of expeniments was designed to investigate whether LH sull
could stimulate the transport of methylelucose 1n the presence of puromycin Thus
stmilar groups of mncubated ovaries as mentioned above were agam studied, but 1n
this senes two groups of ovanes were mn addition mcubated n the presence of
puromicin and LH after preincubation in mediem contatmung puromycmn It can
be seen from Table I that the ovanes incubated with puromyain (Groups 2 and 5)
m this expenment also showed a much slower rate of uptake of methylghucose than
the control ovanies (Groups 1 and 4) It can also be seen that addinon of LH to-
gether with puromyein duning the meubation penods (Groups 3 and 6) marhedh
stmulated the rate of uptahe of 3 O methviglucose

Discussion

The results of the present study show that incubation of prepubertal rat ovanes 1
4 medum contaung puromycm 1 a concentrauon which has been shown ta block
ncorporation of labelled amino acids into the ovanan protemn with more than 98 ¢¢
(Ahren and Rubinstein 1965 Ahren et al 1968a) marhedls mhibats the rate of up-
take of the non utihzabl haride 3 O methylgl 1n the jsolated ovanes
It has been shown 1n mans other thsues ¢ g the muscles ¢ g Randle and Morgan

1962) that 3 O methyIglucose 15 transported throush the cell mcmbrancy

»
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same carrier system as glucose, and also that this glucose analogue cannot be phos
phorylated or 1 any way metabolized by the cells Previous expeniments 1n this
laboratory (Ahren cf al 1969) have shown that addition of glucose to ovanes
mcubated with 3 O methylglucose markedly decreased the rate of uptake of 30
methylglucose, thus mdicating that these two hexoses use the same membrane carrier
system also in the ovanan cells The result of the present study s therefore a strong
argument in favour of the hypothests suggested m our previous paper (Ahren ef ol
1968a) that the inhibitory effect of puromycin on ovanan glycolysis 1s produced
at least in part on the level of monosacchande transport through the osarran cell
membranes Turther stuches are required to elueidate whether thus effect on mono-
sacchande transport 1s a consequence of an mhibition by puromyein on the synthess
of protein(s) involved mn the transport process as has been suggested by others
{Rostyo and Redmond 1966, Elsas, Albrecht and Rosenberg 1968) as an explana
tion for the inlubitory effect of puromyern on ammo acid transport in the rat
diaphragm

It has previously been reported (Ahren ot al 1968a, Ahren et al 1969) that LH
stimulates the sate of uptake of 3 O methylglucose 1n the 1solated prepubertal rat
ovary The present study showed that LH still had the same sumulatory effect alo
when the protemn synthesss was blocked by puromyemn It 15 therefore very unfikely
that the mechamsm for this effect of LH imvolves an imitiation of synthess of new
protein The present results make 1t more probable that LH, mn at least some of the
ovanan cells increases the affimty of the L carrter for handes

We wish to thank the Endocrinology Study Section of NIH for the generous supply of LH
(NIH LH B5) Most of the vitamins for the sermsynthetic diet was a gift from Ferrosan Ltd
Malmo Sweden
Y aluable technucal ass stance was gnen by Mrs Inger Ohlson and Mrs Anita Sjogren
This 1mestigation was supported by grants from the Swedish Medical Research Council
(B6Y 14X 27.05A) from US Public Health (5 RO! HD02793) from Rnut and Alice Wal
lenbergs foundation Stockholm and from Carl Bertel Nathhorsts foundation Stockholm
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The Mechanism of the Increased Maximum Work
Performance of Small Muscle Groups Resulting from

“Diverting Work” with Other Muscle Groups
By
J 8 Avvesy!

Recened 15 January 1969

Abstract

Awpert, | S The mechanun of the increased mavmum wor performance of smell
muscle groups resulting from ‘dierting work™ with other muscle groups Acta
physiol scand 1969 77 261-—27)

The mechamien of increased work performance resulting from dreerting works  was examuned
\Muscle blood flow was measured m exercised and srested muscles by means of venous occlusion
plethysmography and 13¥\e clearance \leasurements of muscle blood flow hiood pressure and
work performance following “dnerting work and other stumuli were compared with values ob-
taned durmg control rest penods Stmuli which caused a substantial nse i arienal blood
pressure ( dnecung worl”, change 1 heart lesel pain) caused mereases m blood flow and
work performance 1 exercised muscles Non pressor or muld pressor stimuli (non strenuots

dnerung work ’, CO, nbalauon apnea cold) resulted in unchanged bicod flow and work
values 1 the exercised muscles It 1s concluded that pressor stumub produce mcreased muscle
blood flow m maximally sschemuc muscles due 1o refease of muscle arienes from neurogeme and
myogemic canteol The wncseased muscle blood flow during penods employing pressor stumuh
results 10 smproved muscle restutution and hence increased work performances

In 1914 Weber made a senes of obserations on the atnount of work which a muscle
could petform when repeatedly exercised to exhaustion with brief 1—2 mm ntenals
between the maxunum efforts The bref pauses were altemnately spent resting and
perfonming strenuous exercise with a muscle other than the one which was being
repeatedly exhausted Weber noted that his onginal muscle nvanably performed
more work after the exercise pauses than after the rest pauses

In succeeding vears this obsenation was enthusiasucally employed by Dansh
gHymnastic mstructors 2s means of obtammng better performances from ther pupils
The instructors referred to the phenomenon as  the dnerung effect  because it was
generallv felt that the greates work effort performed after exercise pauses was due to
distracuon of the subject who forgot how tired bis maximally exhausted muscle was
durng these exercise pauses

In 1936 Asmussen obsened that the magnitude of the dnerung elfect vaned
directly with the suze of the muscles and the strenuousness of the exercises employed
duning the exercise pauses Asmussen believed that she effect was caused by increased
3 Senior Medical Student Hanard Med cal Schoot Boston Mass LS A
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cardiac output during exercise panses as compared with complete rest peniods He
did not, however, present any data to support this contention Recently, Brondum-
Laursen (1967) attempted 10 define more exactly the etiology of the “dnerting of-
fect”. He was unable to demanserate any signtficant change n muscle blood flow
assocsated with the increased work performances which followed everesse pauses

The present study presents data which demonstrates that differences m artenal
blood pressure are responsible foe the “din erting effect™ Increased blood pressure m
the interals with dverting work results i higher blood flow and hence more com-
plete resutation of the musele dunng these perods

Definitions

?‘ nrger nl»)nmnhly the discusston of the results, the folowing senies of definstions are emploved
see Fig

1} The ongmal muscle, tepeatedly exercised to exhaustion, 1s called the standard muscle,
sts work performance 13 called standard work, and the pertod dunng which 11 works 15 termed
the standard period

} The exercise pause ss termed the diverung penod, and the muscle employed during this

pened s called the diserung muscle The work performed by the dierting muscle is cafied
dnerting work

3) The penod of complete rest 4s qermed the rest peniod A typacal protocol used s the
present as welf as an pressons works fos ehicting “the duerting effect™ 1s gien in Fig 1

Materials and Methods

Subjects Ten normal young men age 25--40 without any symploms or signs of circulatary,
pulmonany or muscutoskeletal diseaye were employed 1n the study Al subjects were volunterss,
untrained and unfamtiar wath “the dyyerung effect Several subjects participated i tore than
one expenment This was due (0 the fact that a moderate amount of practice was biten
necessary to elymmate artlacts from ghe plethysmographic tracings

. =m- 4o banar st oshe same t“rtm!‘\:j’v‘x
. . R BT A

= 15 occluson cull was
T e

T L b te ama n nd 1aam BIOOW HOW ML Ly b gy ss
nefy reported elsowtiore (Lasscs
: . en 1966 In all but a few evpent
! i N jcally by 3 Beckman potentiometer
- 1%L leacanen o sing Bleeal cnnsecutine standarg dnerting and sewt penods «::fd
.  thev
cune
) - ments,

te ' rence

- ntwo

. ' N . . wtert
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These pressuses wete fECOMIEd LY micaus wi w pues = e
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STANDARD

A

OVERTING WORK RESY IXR NG 2 MNJTES

OUR NG 2 MNUTES

Fig 1 A ypical protocol for elictung “the
diverting effect™ The expenmental procedure
always begins with & standard work penod and
continues untr) total exhaustion of the tibialis
anterior muscle 55 achie

START

Expenimental Procedures The nght ubialis anterior muscle sened as the standard muscle
while numerous arm chest and back mmuscles worked together as the dnerting muscle The
experiments were performed with the subjects supine on a couch wihich was firmly attached tc
the wall An ergograph wit s - e
Irced to the foot of the bex - . . [
with that part of the leg « - -
belts held both legs and - - -
evercise periods

The right foot was tied securely inte a shoe connected (o the ergograph. Each tme the night
foot was fully dorstflexed the 10 bg werght was lifted 5 cm tnpping a microswitch and hghtme
a small red bulb Dorsiflevions were performed at a rate of 7a{mun i tme with a metropome
unt) total exhaustion of the ubzalis anteror muscle was achteved The tume required for total
echaustion was noted Tlus enabled one to caleulate the amount of work performed dunng
each standard period Rest and dinertng penods were 2 mun each (see Fre i) Dunng the
rest period the subject was nstructed to relax as completely as possible During the divertine
penod subjects exercised strenuoush bv swineming a par of 2 kg hand weights 30 times/mun
1hzough a 130° verucal arc starting each trme from a honzontal postion This exercise resulted
n approumately 100 kzm of work/oun

tus ubalis antertor muscle The subgect thea rested while beung supported for the duration of
the dnerting period Subjects were rared n the prone posmon by means of a hospial bea
scale 2) Pan sumulus—small tufts of har were plucked from the posterior aspect of the
forearm while the subject lay quuetle 3 10 78 CO,—the subject tmbaled a tmuxture of 90 6
O and 10 % COz while Iving qusetly 4) Apnea—the subject took as few breatks as possible
{usually 2 during & 2 mmn dnerung peniod) while lyng quieth 3 Cold stimulus—the subject
Bad b~ b e ne salt while con-

. dan Fig 1fneto
- one given expen
ment (see Table o measurements were performed durng the first 2 drerning and rest
penods of each expenment This was don¢ because the “diverting effect 15 rarely scen dunng
these first 2 evcles (Weber 1914 Augussen 19361



zb4 1 $ ALPERT

Results

As noted 1n earhier articles dealing wath the ‘diverting effect”, the amount of wark
performed after dnertng perods was greater than the amount performed alter rest
penods The present study reports that muscle blood flow measurements using both
pleth phic and tricer hods were greater duning dierting pe
nods than durng rest penods This was true for duerting penods employing
strenuous arm exercise, change 1n heart level, and pamn It was not teve for dierting
penods employing Iight exercise without hand-wesghts, strenuous exercise with the
femoral artery compressed, CQ. halation apnea, and cold

Sixteen experiments were performed by 10 different subjects Single average values
were caleulated 1n each expenment for the rest period and for the different types of
dnerting pertod with respect to the 2 kinds of blood flow measurement and the
associated work performances {see Table)

drm exercises All 16 expts contamned dnerting periods using strenuous ann
exercise with 2 kg hand weights Work. performances averaged 54 ¢c greater alter
these dierting peniods than after rest periods Right tibahs antenor muscle (standsrd
muscle) blood flow d with both techmiques was greater during streauous
arm exercise than durning rest (*3%Xe techmque 161 o greater, plethysmography
58 €5 greater sce Iig 2 3) All three of these differences wese significant (p<
0001)

Work performances and blood flow measurements were essentially rdentical 1
rest pertods and 1n dierting pertods employing hight arm exercises sithout the 2 bg
hand weights (3 expts ) This was also the case when the diverting penods contamed
strenuous anm exercises together with femoral artery compression (3 expts )

Change of heart lecel Six experments contamned dierting perods employng
changes n heart fevel Work performances were 81 Ce larger after these duerting
pertods than after rest periods Standard muscle blood Row as measured by both

MUSCLE 8LOCD FLOW
xe 7}
- 0

atn
abne sgws

S /

» ’ 4
?/ s
4 / -,
4 * t100d
Fig 2 Standard muscle

//X o /.// Ho{i {m winals ant) measured
« ST with 133Xe clearance technique
% ld during rest and diverting pcnodzs

i apoveio (strenuous arm exererses with

bl 4 e 0400

' . kg hand weghts)
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Average salues of work performances m kgm/standard period, muscle blood flow m mif100 g min
(™1Xe clearance techmque), and total calf blood flow 1m m1/100 ml mun (Dohn’s air plethysmo-
graph) from 16 expts 1 10 subjects Numbers 1n parentheses in column one refer to the number of

ccpenments 1 which the subject

d, numbers in

h m the

columns

refer to the number of peniods sed to calculate each parameter

Rest Strenuous work Change 1n heart level
E x z

g 3. 2% H 3o =% H 3o =2
H 2% =z£. & £ 3R, H €2 FEg
£ =€s g% € 25 EgE £ =5 E{E
& §£f IEE = EE: Z2EE 3 EEE FEZ
T 3w SEE T Etw SEE T 2fw ZEE
& 2Le Lbio I tre S2ig = Lo Y2z
$2 I{S I g5 Zrs 33T B3 IS it
z% Z2LE &EBF zx 21T SBE  Zd ZRE 2EE

1 74 122 79 99 305 102 142 363 15

" (32) an (28) (18) {13) (13) [ 3 (2)

2 126 210 100 191 518 155 203 50Z 168

2} (2) (3] am (10) (9 ag {3 3 m

3 89 91 68 139 36t 87 132 359 148

@) 12y (6) (10) 9 8 &) (2) ) @)

+ 70 93 48 95 380 102 130 375 128

o] 1] ©® &) (3) 3 3) [0 m )

5 B4 69 63 124 358 16

m 3) @ * 2) [§)) )

6 82 85 52 135 130 80

m [©)] 2) 2 2) 1) (2)

7 37 ni 40 88 185 75

M 3 ) @ ) m m

8 12 R 46 150 176 63

3Y) 3) (2) 3 m [$3] 1)

3 73 178 30 113 239 50

m 3 2) 2) 1} [$3) m

10 42 67 58 88 150 100

m ()] ) 3 m m m

Average 8t 118 64 123 32 99 159 10 13%

Total (84) (<3 (71) {50) B9 (423) ) (9) 6}

methods was greater during the change in heart level than dunng rest (™*3Xe clear-
ance technique 218 €¢ greater plethysmography 85 §¢ greater) All three of these
differences were significant (p<<001 p<OL0I p<005)

Pain stimulus Fre expeniments contamned dnerting penods employing a pain
stmulus Work performances after these dinverting periods were increased 57 €¢ as
compared with performances following rest peniods The blood flow n the standard
muscle was seen by both measuring t:chmques to be greater during the dnenmg
periods than dunng the rest pe ' ¢ " nque 17142 at




J 5 ALPERT

ey

Pain Femoral artery compresnon Non strenuous work
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plethysmography 51 6o greater) All three of these differences were significant
(P<0 025, p<O 005, p<002)
COx imhalation, apnea and cold stimulus These three stunuli were used 10 2, 3,

and 1 expt respectively No i ff were seen tn erther blood flow
or work p between rest periods and dnerting periods

using these stinuh
Blood flow in standard penods As 1 above, pleth phic records

could not be obtamed dunng standard penods due to artifacts caused by the con-
tracting tibialis antenor muscle '**Ne clearance cumes were, however recorded
dunng standard periods s all 16 These curves d d clearly
that no blood flow occurred duning these periods This observation was supported by
climical impressions m that all expenimental subjects described typical 1schemic pam</
1 the night ubtalis antenor muscle during the standard penod Mm
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MUSCLE BLOOD FLOW

{Xe~133)

et
mi0eg mn Mean values
@
o
0

Fig 4 Blood flow 1n restis g muscles measored
with 33\e clearance techmque duang rest
and diverung peniods {strenuous arm exercises
with 2 kg hand weights}

“Hest per gds Dverteg perads

that the subjects could work for only 2010 sec during each standard period 2ko
argued for a cessation of blood flow 1n the standard muscle duning these persods

Blood flow n resting muscles Nine experiments were performed to imestigate the
cffect of strenuous arm exercise on blood flaw 1n the resting left tibals antenior
muscle (6 expts ) and the resting right gastrocnemius muscle (3 expts ) Plethysmo
graphic recordings of the resting blood flow could only be obtamed from the Jeft leg
while ¥#¥Xe clearance studies could be performed selectvely an the resting muscles ol
both legs "X clearance curves were ded X ty in these exp t:
by a loganthmie potentiometer wniter and by a digital ratemeter coupled to a prnt
out recorder The values obtained from the print out recorder were plotted on sem:
log paper and the curve was compared with that obtaned using the loganthmic
potentiometer witer The 2 curves from any smgle experiment were essentally
identical

ood flow 1n the resting muscles measured by 1A clearance decreased by 44
1g the diverting periods as compared with the rest penods (see Pig 4) Ths

ference was of borderbne significance (005<p<0!) Total calf blood flow

quals essentially shin + muscle blood flow ) measured by the venous octlusson plethys
mograph increased by 18 ¢¢ 1n the resting leg dunng the dwertimg periods (Fig 4)
Thus difference was signsficant {(p<003) and can only be explamed by a substantal
rise 1t skin blood flow duning the dnernng penods

Blood pressure measurements The results of the indirect and direct blood pressur®
measurements were imaniably stmlar During divesung periods employing strenuou$
work, change 1 heart level and pam higher blood pressure values were obtamed
(han durng rest penods and diverting persods employsng nen strenuous work co
inhalation, apnea and cold Mean and diastolic blood pressures averaged 2540 mms
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MUSCLE BLOOD FLOW
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Fiz 5 Resuls of a typical expernment with direct blood pressure measurements in the femoral
artery The blood flow in the standard musele measured with the ¥33\e clearance technique
15 compared with mean artenal and diastolic blood pressure dunng rest and different kinds of
d verting peniods

Hg greater duning duerting periods with pressor sumuli than during rest periods or
dnerting peniods with non pressor snmuli The results of a typical expenment are
seestin Fig 5 (directly recorded blood pressure)

Discussion

The present senes of expenments demonstrates that the dierung effert 15 depend
ent upon increased artenial blood pressure dunng dinerting periods Intramuscular
tension during standard work undoubtedly exceeds the periusing blood pressure of
the standard muscle because blood flow at this tume essentially ceases (Barcroft and
Millen 1940 Nilsson and Ingvar 1967) Standard work s cimed out until the
sschemie conditions 1n the muscle prevent further contractions Restiution of the
muscle orcurs dunng succeeding rest and dierting periods Thas restitution 1s directly
dependent upon blood flow dunng these periods which 1s 1n turn dependent upon
the dnving blood pressure

Stmuli which increase arterial blood pressure (exercise change of heart level
Pain) were found to result mn higher standard muscle blood flow This relationship
between artensal blood pressure and muscle blood flow has been previoush noted by
Lind and Mc™Nicol who studied muscle blood flow duning static work of varying n
tenaity {Lind and \McNicol 1967) As mentioned above Brondum Laursen was un
able to demonstrate any sigmficant change 1n muscle blood flow during dnerting
work periods Brondum Laursen employed three minute rest and dnerting peniods in
his expenments and tus results demonstrate that muscle blood flow at the end of
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these three minute peniods had essenvially returned to the basal resting value Since
the standard muscle was almost completely  repard  after each three muaute rest or
diverting pertad 1t 1 not surprising thar blood flow 1alues for these two types of
penod drd not differ sigmificantly

The benefictal effect of the pressor stmul on muscle restutution ean be blocked by
compromsing the femoral artery with external digital compression If the stmult
are presented in 2 diluted form re non strentious exercise, the pressor effect s
greatly reduced or absent causing flow values and muscle resutution of the same
order of magmtude as during rest peniods Non pressor stmult (CO  mhalation
apnea and cold) gave no diverting effect The fact that CO inbalation apnea and
cold were found to cause inconsistent flow and pressor respanses confirms eirher
reports (Boyer Fraser and Doyle 1960 Sechzer ¢f ! 1960 Raper ¢t ol 1967)

Blood flow iny restng muscle showed changes which were the opposite of tho ¢
seen 1n the standard muscle flow values were igher dunng rest than during duert
ing penods This finding exactly parallels the results of Blarr Gloser and Rodde
(1961) These wnestigators found a decrease 1n resting muscle blood flow durmg
exercise resulting from an increase m sympathetic vasoconstrictor tone

Tt 35 generally agreed that artenes are subject to two dilferent types of control
newrogenc (autonomic nervous system) and ntrnsic (probably myogenie) Numer
ous imestigators have shown that a neurogeme sasoconstriction occurs dunng
strenuous exercise m dnverse organ systems ncluding resting sheletal muscle and skin
(Barger et al 1939 Bishop ¢t af 1957 Muth e ol 1958)

Intrnstc (probably myogenic) factors iy the wall of the arteries themselves oppnse
flow changes when perfustng pressute is altered as 1t 1s during evercise This s the
well hnown phenomenon of autoregulation (Jones and Berne 1964 Staimsby 1961

Both neurogemc and intrnsic control factors are responsible for the reduced or
unchanged blood flow seen 1 the resting muscles during strenuous exercise Cont
versely standard muscle blood flow 1ncreased durng diverting periods employing
arm exercise Thiy could only occur if the artertey had been released from the m
fluence of gul and v jeting ssmpathetic tone Thar such 1 release
1s brought about by ischemia or fugh concentrations of metabolites had been amply
demonstrated (Lewss and Mellander 1962 Remensnyder Mitchell and Sarnof

) hyellmer 1965 This then 15 the explanation for the increased bloow flow see?
the standard muscle dunng diverting periods with pressor stimuli  the 1ncreased
trial blond priss ire 15 able 1o cavse mcreased blood flow mn the standard muscle
because the nchemsa or metahohtes produced dumng standard work relcases the
muscle s arferies from mtrinsic as well as neurogeme control The vessels dilate and
hehave essentially as a ngid hydraulic system 1 wiich changes in perfusing pressure

result 1 changes 1 flow

Skin artertes do not exhibit autaregulation and thers control 1s essentrally only
neyrogenie Skin flow was indirectly seen to merease dunng dinerting Pinodi::;s
ploying arm exercise. This mav he a reflectuion of the passne nature of s x,n ;g;g)
which carry more blood when the perfusing pressure increases {Barger ¢t a
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The increase 1n shin flow which paralleled the increase in artenal blood pressure may
alo have been due to release of shin vessels from svmpathetc vasoconstnctor tene
because of the increased body temperature resulting from the strenuous arm and leg
exercises Indeed, all subjects were seen to perspire duning the expenments
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Abstract

Zerasts, K Nature and localization of the sadwm poal duning actice transport i the
ssolated frog shin Acta physsol scand 1969 77 272--281

In the frog skin epithehum the amount of sadio-sodium onginating from the outside solutron
has bren determuned under different expenimental conditians. It has been found that this
sodtarn pool hehases targely as 2 pool i which the sodrum has passed the transport mechansm.
It has not been posuble under any of the condinons used to demonstrate the eustence of
epithehal radiosodum awmting acine transport This finding Jeads to the conclusion that the
mechanism for active transport of sodium 15 effectne at thie outer surface of the frog shm

The 1solated frog skin actnely transports sodmm from the outnide to the smside By
labelling the sodium on the outside and awaring constant influx, radso-sodiym can
be assumed to have attamned a steadv state 1 the shin The labelled sodium will then
be m all phases normally present during actnve transport One fraction may be
awastng transport (transport paol W Fig 1) another fracnon already transported
(P will be diffusing out of the sk to the mside sofution Finally some of the la
belled sodwm may be duerted from the direct transport path into some compart-
ments sodium thus bemng retarded on 1ts w.y to the inside solution
On quickly semoving the outside solution the amount of Jabelled sodium 1 the
313 can be determined and the rate of disappearance can be followed The coment
I labelled sodim 1 determned by placing a G M counter over the skin after the
outside solution has been removed The disapp rate of racho-sodium to the
inside solution 15 determsned by measuring the radwo actiaty of the skin with time
{Andersen and Zerahn 1963
In a semsloganthmue plot of sadio-activsty against tume the curve can be resohed
mto two strasght hines and the cor ding half ames d »d One has a slope
with 2 half time of 4 fess minutes the other about 30 min The slow component
contamns at tune 2ero wually around 10 €% of the actity the fast component the
bulk of the fabelled sodium The intescept of the fast component with the ordmaie
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oy r
Na™ TP /[1 d i
Fig 1 W acompartment for transport pool vz %
Wt ,—dsappearance half tume for W p= ; N
compartment for sransported pool P T 4= W T
disappearance half tme for P § = compantment . s
for secondary pool S (part of slow component)

15 taken to gue the steady state radio-sodium pool (called Na* pool) through which
transepithehal sodrum transport takes place

In as much as it has never been possible to resolte the curve for the disappearance
rate of radio-sodium mto more than mo strarght kines the Na® pool could be either
an eprthehal sodium pool awarting transport (W} or an alreads transported sodwem
pool (P)

In the model used (see Fig 1) the compartment W' for the sodium awaiting
transport should have the properties of z layer of cells with a haind of Gibbs Dornan
equilibnum with 2 sodium pump towards the mside With the boundanes permeable
to several 1ons ene would expect

Aninhibitor with an effect on the pump only, should cause W to increase and the
rae at which sodium leaves W to decrease Howeser as vet there 1 no agent known
which has a proven mhibitory or stimulative effect directly and exclusisely on the
pump The following whibitors for sodwm transport were however used low pH
dimtrophenol ouabatn and procaine As stmulasors were used vasopressin on the
snside of shins from brown frogs (Rana temporana) and procame on the outside of
shns from green frogs (Rana esculenta)

Of 2 transported pool one would expect that

1) Aninlibition of the pump would decrease P but leave the rate of diappear
ance of radio-sodim from the pool by diffusion unchanged

2) A sumulation of the pump would sncrease P and not influence the disappear
ance rate

Following these considerauons 1s has been shown within the lumtatons of the
method used that the Na* pool behaves as 1f 1t has passed the transport mechanism
and all attempts to find conditions where a tramsport poal could be demonstrated
hare been 1n vain The finding disagrees with the options expressed in the earhier
paper {Andersen and Zerahn 1963) The assumption generally accepted at that
time that the transport mechamsm 15 at the wside border of the epithehum 15 shown
by the present work to be tncorrect

Methods
Pool deternt nation

The methods for determuning Na* pool has been descnbed h
the  1c  the
wandard devsion lor several detsrm mauons of the \a* ot e e 7 %

or the half tme the SD was +02 mun for measutements on ro0m 1EMPEra
ture under the same expermental condit ons the same skin 1

2693008 dcta phynol scand el 77 3
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The so called graphical pool method also described in the earlier paper was used an these
cases where tt e slow component 13 ancreated so much in size that the determiation of N\a®
pool was impossible Table 2 shows good agreement Letween half trmes caleulated by tle two
methods n the control penods

Sectroning of shin

The method deseribed by Hyid Hansen and Zerahn (1964) has been used The princigle 1
fo place the skin on a cold agar plate cut plane with the hnife from the freezing microtome
The epithelal side was facing downwards and when a good tight contact was obtamed Iy
spreading the shin_the skin was frozen to the agar The sectoning was pecformed m the cold
room because this the i/ by ¢ water sapours

Fxiracellular space
The extracellular space was determined by labelling the inside solution 10 7% of the chlonde
1n Rincers was substituted by an equivalent amount of sulphate labelled with 535 The ap
paratus used was similar 10 the one used for pool determination but with a solume of insde
solution of only 5 or 15 ml With distilled water on the outside the Na* pool 1s zero and the
total amount of sodium 1n the outermost Jayer of the sk s as low as possible Wien equt
hbrium with respect to § 35 in the eprithellum was reached the shin was removed cut out
and sectioned parallel to the surface as descnibed by Hyvid Hansen and Zerahn (1963) Tle
secions were placed 1o small covered quarts beakers weighed and dissolved sn nitric aad by
heatmg for 20 hrs at 90° C Thcn’lhc atu‘j was allowed to evaporate and 3 m! of distilled
£ . R 3 2

. .
section

Solutsons
NaRingers (Na R) NaCl 115 mM RHCO3 25 mM CaClz 10 m\{
Mg Ringers (Mg R) MgCl: »75 mM RHCOy 25 m\l CaClz 10 m\f

Results

a) Stmulators of actite sodwum transport The results obtained with msiprdin ad
mimstered to the inside solunon and with procaine admmistered to the outside solu
tion are shown in Table I There was an increase in the Na* pool but no stgmficant
alteration i the half nme

b) Intubitors of active sodum transport (1) Low pH dimitrophenol and procaine
decreascd the Na* pool 1n proportion to the decrease i active sodium transport but
again there was no change m the half ume {Table 1)

(I1) Quabarn has generally been considered an mhibstor of actne transport {for
< [erences see Usung 1960) Admimstered to frog skin it causes a decrease in actne
sum transport The loganthmmce cuns for determmation of the Na*-pool become
one straight Iine onby (Fig 2) At the same ume the total amount of labelled sodium
1n the skin incicases from around 05 req to as much as 3 weq with a disappearance
half time of as much as 40 min Smce the disappearance rate for the Na* pool can
not be found with the present method another approach was uscd namely the
graphical method (Andersen and Zerahn 1963) The ume lag ohtained by exm;]
polanng the flux cunne tFig 3; from steady state back towards the intersection u;;
the abscissa s twice the half tmes Table IT summarises the result In control pen "‘
the hal{ umes found with the usual method and the graphrcal method agrc:dvhf .
Upon admunistration of tuabain the graphica) half tune 15 somewhat lengthen! u
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Taste I Effect of sumulating and inhibiting sodium taflux on the Na* pool and half ume 1n the
short circuited skin of Rana temporaria and esculenta® Area 7 em? Room temperature
Bathing solutions  Ringers Each figure 15 2 mean value of 3—3 expts Sodium 1nflux 1
computed from pool and half ume

pool peq Na half tie min N\a nflux peg br
contr exp contr exp contr exp

Stimulat on

Pstustary hormone (ADH) 10

side 017 1u jmt 063 106 30 24 87 183

*Procame outside 11m\ 04> 070 38 33 49 77

Inkub teon

pHE06O 074 033 33 37 93 37

D\P3 x 10 +\{ 173 060 21 21 342 1ne

*Procaine ins de 11 m\1 052 023 36 11 60 23

much shorter than the half tme for the cune from the ouabamn expenment
Fig 2

c) Influence of sodwm concentration Table III shows the effect of lowenng the
concentration of sodium in the outside solution It can be <een that the Na* pool
decreases with a decrease in sodium concentration However even at ven low out-

courts fon

1M sucdanr

Fre 2 Cunves for the disappearance 21
ot labelled sodium from frog skin

2380 cpm=115 ueq of sodium=
10 W outsde soluton The strasght
lines are drawn by the method of least
squares
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30 wes Mo 0151 weq wa '
2 0104
10 008

H . ™ R 20 o

7 13 5
controf ¥10 M oucbain

Fig 3 Cunes for obtaymng half times by the graphical method The eunes 1o Fig 2 and Fir
3 are obtamed from the same shin

“Tasre 11 Eflect of ouabatn on the short cireusted skin of Rang lemporaria Inside and outs dt
Ringer s solution Area 7 cm*

ouaban Na* graphicat Naanflux ar
conc half tme half ume steady state current
AL wun ma ueqfhr peqibr

o 28 25 122 1z

; P — 37 09 09

o 2> 18 92 94
o8 - 32 25 16

Q 23 24 126 120
13 — 40 12 12

9 22 25 67 65
05 — 32 22 1o

0 34 27 103 99
08 - 33 23 20
mean yaltue controt 24

mean value ouabam 35
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Taste 111 Relation between the sodium concentrauion in the outside solution and the Na® poolin
short-circutted skins of Rana femporana Asea 7 cm? Room temperature The low
sodimm concentrations are obtained by diluting the \a R with \ig R

Na outude pool balf nme
Jeeqfml #eq Na min
1s 067 26
us 040 21
23 o1 26
115 099 47
ns 031 12
23 on 10
115 104 18
23 0022 17
032 0022 18
115 o 15
23 019 12
032 006 16
13 135 22
23 023 15
023 0013 17

side sodium concentrations the loganthmic curves can be resohed mto two straight
lines only and the half-tume 1s unchanged No significant change in the size of the
slow component was obserned The low sodum concentratons of the outside solu-
tion were confirmed by flame photometry at the end of the mcubation penod

d} Influence of low temperature It has been found that at temperatures just
above 02 C the active sodum transport 1s less than at room temperature The pool
15 not decreased {in fact, 1t may be slightly increased) but the disappearance rate of
labelled sodm from the pool 1s decreased to gne a mean half ume of around 15
mn {Table IV) Whether the Na*-pool was a transported pool of was awaiting

t
ransport was tested This was done as outhned 1n experiments at room temperature
and with similar results

Cellular sodium n epithehal sections of wsolated shin

E:a':):lsltu](::"s:ad!f of cellular sodm concentration was obtamed by subtracung the amount of
serzcellular sodium fhrom the total amount of epithehal sodium The results are Lsted i Table
Sputteon be seen that the cellular conceniration of sodium 1n the outermost laver of the
puthelum s 18 mmolar and doss not vary much whether the scction 15 light or heavy t¢
fomuss of Just one or more cell lavers There 1s thus no indicaon of 2 cell laver with a very
o godium concentrauon The estimate of cellular sodm concentration most Likely 15 to0 low
3 the outer sectians contam comified cells and probably some agar free of sodum H the
amount ium in the epithelial scctions are corrected to the same potassum concentration,
outermost layers show an almo=t equal sodium conrentration in the cells
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Taute IV Effect of temperature on Na* pool 1n short cyrcuited skins from Rana temforans Ares

7 em?
femperature pool half ume
© 1eq Na min

fiest day 50 129 19
second day [ 35 078 205
236 076 26
CLTE G
second dav { 23 058 s
232 058 28
232 078 26
Fiest @,
ot fay { L 138 22
25 046 14
second da
< 4 { 215 052 22

TabLe V Extracellular space in the epithehum of the ssolated skin of Rana temporaria and conecntra
ton of sadwm and potassiom in the epithehial cells at different distances from auts de
computed from the weight and the area of 6 6 em?® sections [Na] at constant [R] com-
puted from [N\a)/[h] umes [R] 10 second section

wet 4 extracell [Na] at thickness of se¢
wewght space Na conc h conc constant tion 1n g from
mg m\ M ¢S] outside
51 14 13 78 21 0~7
104 13 20 12> 20 721
v 229 29 33 133 31 2]~-53
' r/9 5 10 18 102 24 013
105 19 46 138 4b 1327
207 43 30 133 81 27 a0
55 " 14 GO 27 08
105 n 24 17 23 8 22
188 31 29 140 24 22 48
36 a 25 50 49 05
81 1 44 98 44 510
150 29 40 134 30 1637
outer secion 11 1B nean values
14 32

nner tection
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Discussion

Fig 1 shows m a schemantic way that the sodiem from the outside of the skin first
must pass a transport pool W and afterwards by action of the sodum pump reach
the trapsported pool P located for example 1 intercettular spaces In a steady state
the active sodm tramsport through the shin must be equal to the flux through W*
and to the flux through P Assuming that disappearance from the pool> can be de
<cribed by straight lines on a sermiJoganthnuc plot, the following formula must be
vabd
sodwm wflux peqfhr=W\ <0 69x60(t: =P<0 69x60/T: {1
where the half ey are gnven in munutes the pools m geq and the flux mn peqfhr
As mentioned an inlubition of the pump should ncrease t, and increase W at the
same time decretsing P without any effect on T, provided 10ns other than sodium
can pass mto and out of compartment W™ If the Na* pool were m1nly a transport
pool mhibttion of the sodum pump <hould result 1n an increase of both pool and
half tme However it can be seen from Table ¥ and IT that the pool decreases
whereas the half time 1s unchanged The reduction of the pool by the acnon of 1
hubitors such as low pH or procaine could be interpreted as a tightening of the out
side border of W for sodium and not as an inhibition of the pump However the
acuon of D\P cannot be considered to lease the pump unchanged i guant axons
DNP (Hodghins and Keynes 1930) mnhubits the active extrusion of sodim and
appatently does not effect the passne movement of sodtum across the cell membrane
The effect 1s probably via the metabolism as ATP or argumne phosphate temporany
restores active extrusion of sodium 1n nhibited 1ons It 15 thus reasonable to assume
that D\P sahubuts the tansport wechamsm w the frog shin whereas there 1 5o
reason for assuming a change of p b of the outer b of W' D\P
penetrates easily nto the cell and will interfere with the common source of energy
for both transport and non transport processes The tnhibition 15 known to take place
at low ahihitor concentration by uncoupling ovidatne phosphoniation At higher
concentrations other effects appear besides uncouphing the slow component of the
curves mcreases very much at inhsbitor concentranons of 10 * M or higher Expen
roents with cyanide gave the same result The half nme 15 unchanged and \a* pool
decreases with the carrent Thus we have to conclude that the \a* pool 1s manh 3
transported ponl yader these candwans
The sodwum c 1 the pithehal cells was found o be 18 mM
1 the mean when the outside solution was disulled water Tible ¥ The values can
be expected to be higher dunng actne sodium transport The measurements could
be considered doubtful from the pount of view that the sodiusm could be derned by
movements 1n the frozen state from the sodium 1 the snnermost lavers The extra
cellular space deterrmned with labelled sulphate 1s however mn the outer laver 1 ‘¢
and in the next 14 ¢¢ but 1 the rest of the epithehum shown i Table V the mean
value was 33 ¢¢ The mtra ™ * ' . -
mM 1n the next 35> mM an
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extracellular space cartnot move m the frozen state without dragging the sulphate
along so diffusion 1n the frozen state ss unlikely

With 18 mM sodium or more 1n the cells the passie moyements from the outside
sodium concentration of 0 2—0 3 mM demands a potential difference of around 120
mV (cell negatise) to obtain the same electrochemical potential 1n the cell and out
stde solutron The potential difference (50 mV} measured by Ussing and WindRager
{1964) can not gne the information because ther measurements are on the cells
from the middle of the epithehum The assumption that a transport mechanism 1
Jocated at the inside cell wall of the first eprthelal layer would nclude tha the
sodium 1n ths layer should be idenucal with the transport poal The salues of Na*
pool shown 1n Table IIT are however lower than the sodium content 1 the outer
cell layer and we know furthermore that the Na* pool 1s located over the whole
epithelium

The 18 mM value 1s calculated with the assumption that the sodium 1s distributed
evenly mn the cellular water Howeser, there may be some places where the concentra
tion 15 hugher, like the nucleus If this shall decrease the sodism i the cytoplasm
sigmficantiy the concentration in the nucleus must be very high

The Na* pool can not be determined after the addition of ouabain as mentioned
1n results The graphical method used for measuring sodium pool half time has no
assumptions of the route of the sodium through the skin but gies the tme Jag unl
the steady state 1s obtasned By dividing this time lag by 2 we obtaned an empincal
half yme (Fig 3)

Refernng to Fig 11t 15 apparent that if the rado sodum passing by the secondary
pool compartment S exchanges slowly with unlabelled sodium 1n S the graphical
method and the direct pool measurement will gie almost identical half tunes This
15 actually found in control expeniments (Table I1) However duning ouabam treat
ment the usual method shows the skin to contain as much as 3 peq of sodium takes
up from the outside with a long hall ttme whereas the graphical half time 15 o)
shghtly longer despite the fact that the current 15 reduced and that the total amount
of radio-sodiumn 1n the shin 1s increased This must mean that with ouabain treat
ment the actively transported sodtum which 1s responsible for the short crrewt current

asses thre ugh a transport pool as smiff or smaller than that present 1n the controt
Senjods The major part of radio-sodium accumulated 1 the skin during ouabain
wedicdesgem e iz T daeey Tomreaon etk samseprhalad soduam wansport. The
stte of this Na must be 1n the cells as this 15 the only place where 1 to 3 yreq of sodim
can be retaned This 1s in agreement with the obsenvation that ouabain causes Up
to 5 peq of putassium 10 be lost by the 7 em? skin depending on the degree of snhibt
uon (hoefoed J hnsen personal communication)

How do these findings agree with earher data and views on the sodium transpors
of the skin® The work of Farquhar and Palade (1961 and of Takenaka {1063}
shaws that there 15 an intercellular space 1 the epithelium of the frog skin “This may

be a hkely place for “a¥ pool From a 20 p thick Jayer of Ringers 5"[“""1"9;5"\[
would expect a diffusion time of a few seconds for 00 < equilibration (Jacobs
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Howeser, intercellular space consututes a devious pathway for diffusion longer than

50 ¢ Furt the cross 1 area of llular space vanes through the
epithelum Finally the fractional area open for duff at the b b
may be small

Conclusion

The Ma* pool behaves as 1if the labelled sodum has pasesd the transport mechanism
This interpretation disagrees with opimons expressed 1n the earher paper (Andersen
and Zerahn 1963) The concept that the Na* pool 1s a transport pool was based on
the wrong assumption that the transport mechamsm was at the inside border of the
epithehum However there must be some sedium awaiting transport or bemng i the
process of transport This amount has to be a very small fraction of the Na* pool
and consequently have a very short half ime therefore detection will be dufficult 4
50 g thick layer of cells or even a one cell thick layer of cells with a sodium content
of 20 or 30 mVM 15 not suted as a transport pool

The concluston 15 that sodum 1s transported 1n such a wav that 1t does not mix
immediately with cellular sodium It 15 not yet clear whether or not the transport
takes place through the cells via some structure taken i the broadest sense or along
the cell membranes between the cells neither 15 1t known how far the mechamsm
reaches through the epithelium
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Abstract

Joiansson B Permeabiltty characterstics of vascular smooth muscle cells as revealed
by thetr osmotic responses to non electrolytes Acta phasiot scand 1969 77
282—-287

Changes of cell volume 1 the smooth muscle of the 1olated rat portal vein produced ty vana
tions 0 extracellular osmolanny  are ascocuated with charactenstic changes in the spontaneous
electrical and mechanical actnity of the preparation  Johansson and Jonsson 1968 Apall, Jo-
hansson and Jonsson 196Y  An anahsis of such responses to ansusmotic solutions contaimng
different pon-electrolytes was <amed ouy 1n the present studs 1n order to elucidate the oamauc
influences of the test substances on the vascular smooth musile cells The time course of the
respomses revealed the {ollowing relame rates of pepetration through the cell membranes
sucrose < ervthnito] < gheerol < urea < fluourea < ethslene ghicol = propylene glicol=tewrameth
rlene ghcol~pentametnlene glycol=urethane  [he importance of molecular size and bpd
sofubabny for this order of permeabilin 1 discussed 3 quanutatne anafysis of responses 10
<olutions contamming urea gae an approxumate eshmaton of the osmotic refifenon coefficient
for this substance The alue obtamned was 0 63 which corresponds to an equnalent pore radius
of 37 A This information and previous data concermng the uptake of urea MC by the rat
portal semn could be used for a calculation of the total pore area The result mdicated that the
pores occups onh a sers small fraction 7 x 10T of the to1al area of the cell membrane and
that the number of pores 13 of the order of 10% per cell or 1 &/ 10° per em®

‘b{z smooth muscle of the rat portal semn 1s charactenzed by 2 conssstent and quie
regular spontaneous contracule acnity when studied tn 2itro 1n a standard Krebs
solutinn  Funali and Bohir 1964 Recent expenments have shown that changes 11
the cell volume of ths sascular smooth muscle induced by vanatons i extracel
lular osmolants are accompamed by tvprcal changes m the spontancous acmhats
{Johansson and Jonsson 1968 Arvill Johansson and Jonsson 1969 Jonsson 3969}
This preparation thus showed a consistent relationship between cell \olume and
snuscle actvin shrinkage bemng associated with mhibiion swelling with excuaton
For mstance, an ictease 1 the osmolann of the extracellular flind, produced I
addinon of sucrose to the standard Rrebs solution led to shrinkage of the smodth
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muscle cells and sustaned inhibstion of their electrcal and mechanical actiaty
Solutions made hyperosmotic by the addition of wrea produced electnical and
) 1 resp of short d which could be attributed to the transient
alterations 1 cell volume obtuned with this permeant substance Hypotonie solu
tions caused swelling of the cells, depolarization and sustmined increase m phasic
actinty
Since changes in the volume of these vascular smooth muscle cells are thus re
flected 1n therr pattern of 1ctinity 1t seemed possible to study the osmotc influence
of different non electrolytes on the cell volume by merely obsening the mechamceal
tesponses of the muscle to anisotonic solutions contaimng such substances This i
turn would proside snformation about the permeabihty charactenstics of the cell
membranes The present report describes responses of the portal vemn to vanious non
electrolytes of different molecular weights and hipid solubilities Some quantitane
caleul ding the t permeability of the smooth muscle cells have
been performed

Methods

The experiments were performed on Sprague Daules rats with body weights vanymg between
200 and 330 g The ammals were fed a commercial laboratory diet and they had free access to
n long were dissected free smmediately
The vessel was cut open longitudinally
rgan bath conta ming Rrebs solution of

the actual expermment was started The therr thythmie
actity and gave reproducible resy onses to variations 1n tonicity for several hours under these
expenimental conditions.

Typerosmotic solutions contamning d {ferent non electrolytes were prepared by adding the
respective substances to the standard hrebs solution Solunons with decreased tonicity were
obta ned by reducing tt ¢ \aCl cancentrauon of the hrebs solution from 122 mM to 92 or 102
™\ The osmolarty of such NaCllow  solutions was restored (or increased above normal)
b the addition of equiosmolar (or greater) amounts of the different test substances Measure
ments of freemng pamnt depression (Osmometer 31 LAS Advanced Instruments Inc) were
made on the different solutions to check their total osmolanty The expenimental varations of
the medium described 1n Results below 1 1l be presented ma nly 1n terms of changes i molar
concentrauons Table T myes the relationships between molar concentration and osmolanty

P A AR G T 3 e

tal -

the

ion reached the muscle preparation has consistently been marked as the begnning or the
end of the exposure penods
Espenments were performed on a total of 52 portal vemn preparations

Results

1 Substtution of different non electrolytes for NaCi

Previous experiments with the isolated portal vemn showed that a decrease 1 the
tonicity of the Krebs solution by reduction of 1ts NaCl concentranon led to de  lan
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Taere I
Subseance ot mOsm Ounijwater party Mol radus L
weight  pinoles  bon cocflicients I rom Goldstern and
x 10° {Collander  Solomon (1960)*
1924 Davson or calculated from
1964 p 286)  mol weightand
denuty

Sucrose 32 103 003 440

Erythrito} 122 s 003 306¢

Glycerol 92 099 007 2740

Urea 60 09 015 203

Thioutea 7% 093 1z 218+

Ethylene ghycol 62 100 049 2240

Propylene glycol (1 2 Propanediol) 7B 100 17 274+

Tetramethylene glycol (1 4 Butanedwoll 90 098 21 328

¥ lene glycol (1 5 P diol) 104 097 61 346

Urethane 83 099 74 330

Sodsum chloride 585 )83

zaton and med ncrease 1m frequency (Johansson and Jonsson

1968) This excitatory response did not occur if the removal of NaCl was compen

sated for 1y by add of an eq far amount of sucrose Specific ef

fects of the decrease 1 [Na ] or [Cl], are thus of neghgible importance as long as
the changes m these 1onic concentrations arc moderate

A sentes of experiments has been performed 1n thus study 1n order to evafuate de
ability of different organic substances to act as osmotic substitutes for NaCl with
regard to the effect on the vascular smooth muscle Fig 1 illustrates a senies of
recordings from such an expenment The npical spontaneous thythmicity of the
portal vemn characterzed by phasic cantracuans at a frequency of 3 t3 5 per mun
1s seen 1n the control periods preceding the exposures 1o the test solutions In Fig
1A the muscle was exposed to a solution m which the NaCl concentration was re

ed by 20 mmoles/l without any osmotic substitation As described in earlier

2orts there 1> an immedhate and sustained mcrease m mechamecat achwiry g 18

Jus that an exciatory response does not occur #f sotomaity 1s mamtaiged by
addition of sucrose which agamn 1s 1n agreement with our earlier findings ( Johans-
son and Jonsson 1968

Urea enters the smooth muscle cells and equilibrates with the total tssue waler of
the portal vemn preparation i about 10 to 15 min (Anall ef af 1969) Therefore
of used as an osmone subsinute for NaClan the mednim 1t should pot prevent the
cells from swelling As expected there 15 a clear-cut excitatory response 1n Fig 1C
but this develops more gradually than i Fig 1A This slow mncrease 1n muscle ac
waty 1s considered to reflect a slow swelling of the cells which in wra 15 attnbuted
10 the restrcted rate of penetration of urea into the intracdJlular space
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20 mmoles NaCW replaced by

40 mmales thourea/l

A D

40 mmoles sucrose/l 40 mmoles ethylene glycoll

mmum M

40 mmoles urea/| 40 mmoles propylene ghycol)

M&MM mi

4NM1 bl

Fig 1 Mechanical responses of a portal vein to a hypoosmotic soluion (A) and to solutions
1n which different non electrolstes were used as ovmonc substitutes for NaCl {B—-F)

Thiourea has a larger molecular weight than urea {Table I) and one might ex-
pect therefare that it should enter the cells still more slowly However, as seen 1
Tig 1D, the increase n muscle activity developed more quickly n this solution than
when urea was used (C) On the other hand, if we compare the responses presented
1 Fig 1A and D the latter shows a clear-cut delay before the excitation reaches sts
mavmum It thus appears that thicurea immediately after admimstration exerts an
osmotic action on the cells, but the duration of the transient 1 sigmficantly shorter
than with urea

Ettylene glycol has about the same molecular weight as urea, but, 1n contrast to
the latter substance 1t does not seem to be able to slow down cellular swelling and
excitation 1o any degree The response to a solution 1n which 20 mmoles NaCl/1 had
been replaced with ethylene glycol, 40 mmoles/l (Fig 1L) thus did not differ from
the response 1n A where 1o osmotic substitution was used Another related substance.
Propylene glycol, of larger molecular weight also failed entirely to present or delay
the exaitatory response {F

Among other substances used as substitutes for NaCl m this type of expenment
erythritol scemed to be as effective as sucrose 1 preventing the excitatory effect
when the exposure periods were short as in Fig 1 After longer periods mn the
erythntol solution (30 min or more) the muscle showed some increase of actiaty
Substitution of glycerol for NaCl did not prevent excitation due to swellmg but
the onset of the response was somewhat slower than with urea With solutions con
taming hylene ghycol (1,4-b diol) or p bylene glycol (1,5
pentanediol) the excitatory response reached is manmum as quickly as with the
other glycols shown 1n Fig 1E and F Apart from the changes 1n contraction fre.
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quencs, assoaiated with cellular swelling  the larger glycols also caused a reducton
the amphtude of the contractions (see further below) The effects obtamed with
urethane resembled those descabed fos tetra- and pentamethylene glycal

s judged from the results reported abote the different test substances can be
arranged wn the folllowing order with regard to their abihty to prevent or retard
cellular suelhing 1n sclutions with decreased NaCl content sucroses>ery thrital>
gheerol>urea™thwurea>ethylene glycol=prapmlene glycol = tetramethylene gheol

=y hylene glycol = ureth

2 Hyperosmotic solutions
Our previous studies showed that hypertonic swolutions, produced by addinon of
sucrose 1o the normal medium cause a d 1nhib of the o 3¢
ity sn the smooth muscle of the portal vemn and that thus inhibution 1s associated
with a reducton m cell volume ( Johanssan and Jone<on 1968 Anall o af 1969} It
was also shown in these swdies that hyperosmotic solutions cantaming urea wnstead
of sucrose produced onlt a transient inhibation followed by a return to conuol ac-
vty {see alco Fig 2D below s The response 10 urea can be explamed on the bass
of an mstial shnnkage of the muscle cefls and 2 recoveny to control volume wm con
juncuon with the entrance of urea nto the flular space Read: of
normal solution then led 10 a transent excnation due to the osmotic action of the
tracellular urea of Fig 2D belowy

Hyvperosmotic medta produced by adding other non-electrolytes o the standard
Krebs solution have been used sn the present study Fig 2 shows a seres of record
ngs obtained m one of these expeniments For comparison with the effects of other

b es the d inhitbrtors response to hyperosmotc sucrose Krebs s shown
m Fig 24 The response to a solutien contatming 100 mmoles ersthrtol/! s stustrated
i Fig 2B Musde actnan was sfowed down clearh over the whole perod of ex
posure also with the substance and readministration of normal <ofution Jed to 2
ven moderate increase of contraction frequency before control actnity was res
cumed Hiperosmotic solutions produced by adding enthnitol to the standard

edaum thus gave a response pattern which very much resembled that produced b

rosmotic sucrose hrebs This would tndicate that envthrital can exert a sustaied
1otic acton on the smooth muscle cells However with prolonged eaposure pert
30 to 60 myn the inhibiory respense was better sustaned i hyperosmotic

suerase than . Myprrounotic envthntol Krebs and with prolonged exposure to
erythniol there was also a rather pronounced exritation on return to normat solu-
tion In the heght of our presious studies these obsennations suggest that erythestol
does enter the smooth muscle cedls but that this 18 a slow process

Addition of gheerol to the standard Krebs solution produced a transent anhibr-
ion followed by a return to control actnany (Fg 2G1 Re admunsstration of normal
solution led to a marked bur short lasting excitanion a phenomenon probably Te-
Jated fo 2 transsent suelling of the cells caused by the osmatc action of inteacellular

glicerol
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100 mmoles mcrose/l

T ——
" 0

" {0 s
* o Nt

f
1

¢

+100 mmoles efhylene glycolt

faut yemeneemmeste S O UL AL

non electrolytes to the standard
Kirebs solut on 400 dynl o

In prnciple, the same sequence of events was scen with hyperosmotic urea-Krebs
tFiz 2D), but 1t should be notced that the dutation of the osmoyc transients was
shorter than with glycerol

Fig 2E .1 the effects of hyp il when produced by
addition of ethylene glycol With this substance there was no obvious whibitron
dunng the exposure and no excitatory phase appeared on return to sosmotic Krebs
solution This ohservation 15 compatible with the conclusion m section 1 above that
cthylene glycol penetrates the plasma membranes of the smooth muscle to easidy
that st fa1ls to exert any obvious osmotic effects on the cells

Sumilarly, there was no mhibition of contraction frequency duning the exposure
period nor any excitation on return to normal solution with the larger gheols but
as shown i Fig 3 these substances caused a progressive mmpaiment of tension
development This latter change of activity which was obtamed also with urethane
15 Not typical of the responses to hyperosmolanty per se

Hyperosmotic solutions produced by addition of thiourea exerted a very short
lasting snitral inhibition and there was some excitation on return to normal soluton
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A +60 mmoles ethylene glycol/?

L D s A

+60 mmoles propylens glycol/!

< 460 mmoles tetramethylene glycol/|

1T

D +60 mmotes pentamethylene glycol/?

Frg 3 Mechanical responses of a portal ven
:’o"hypcrosmouc solutrons obtained by b:ddl;l!

ifferent glycols to the standard hrebs solu
imin [400aym 0%

Thiourea like urethane and the large glycols nterfered with contracuion ampliude
when used 1n high concentrations

The results reported for hyperosmotic solutions n this secvion suggest the same
order of | bility to the diffe test sub as ob d in sectron [, where
the substances were used as osmotic substitutes for NaCl

3 Quantitatiie aspects of the membrane permeabiity of vascular smooth muscle cellt
The expeniments and calculattons presented 1n this section represent an attempt 10
“use the osmotic respanses of the portal vein to obtain some approximate quantit2
e data on the permeability of cell membranes m vascular smooth muscle
f }The ability of a solute to exert osmotic actions over a membrane can be ctpl‘eﬁ“d
quantitatively i terms of the Staverman reflexion coefficient o (Staverman 1931)
This coefficient vanes from a value of one for ideally non permeant molecules down
to {or below) zero for solutes which penetrate as eassly as for easter than) the
sohent
When considenng the plasma membrane of the vascular smooth muscle cells the
tesults of this and our previous studies suggest that the reflexion cocfficient for
sucrose 15 close 10 or equal to unity The alue for ethylene gheol on the other hand
should be closer to zero For glycerol urea and thiourea which exert transient osmotic
elfects o should lie between these o values The osmouc reflection coefficrent 15
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related to the ratwo of the molecular radws and the radis of the pores through
which the molecules are assumed to pass the membrane (sce below)

A “The equizalent pore radius” The pathways for t b duff of sub-
stances with low lipid solubility are wusually looked upon as fluid filled channels
which are then often treated schematically as a system of cylindnical pores This model
offers a possibility to quantify the size of the channels n terms of an equnalent or
effective pore radtus One way of estimating the pore radius ts to study the perme-
ability of the membrane to several water soluble substances of graded molecular
sizes n order to find the largest molecule which can penetrate and the smallest one
which cannot A problem 15 howeser, that {or several reasons, the membrane does
not behave 1n an all-or-none manner 1n these respects

Observations made in this and 1n our previous studies (Johansson and Jonsson
1968, Arvill et al 1969) indicate that erythntol with a molecular radws of about
21 A enters the vascular smooth muscle cells at a slow rate whereas the sucrose
molecule with a raduus of 4 4 A 1s quite effectnely excluded It would seem therefore
that the radis of the pores should be somewhere around + A

Esumations of equivalent pore radius may also be made by studying water-soluble
substances that penetrate the membrane more easly As meanoned above the
osmotie reflevion coefficient 1s dependent on the ratio of molecular radis and pore
radws This ratio can be calculated 1f ¢ 15 known

An attempt has been made m the following experiments to determine the reflexion
coefficient for the passage of urea into the smooth muscle cells The method used
here for determmation of o 1s ultimately based on principles worked out by Gold-
sten and Solomon (1960) 1 theiwr esumation of the equinalent pore radius in red
blood cells Bastcally, 1t may be described m the following way Consider first a situ
aton 1n which some of the non permeant parncles of the extracellular flud are
suddenly replaced by the same number of penetranng molecules, for instance urea In
this case the cell will start to swell smmedrately 1f on the other hand the decrease
m the of the non b: 15 Yover

d' by an
excess of the permeant substance m the medium a biphasic response may result with
a transient shnokage preceding the increase m cell volume It should be possible to
find a of the p at which there 15 no mmediate
change 1 cell volume 1 e dV/dt 0 att=0 Goldstein and Solomon (1960) termed
this the “sosmotic concentration and showed that 1t 1s related to the osmotic re
flexion coefficient of the permeant sub at tp d| to the

;c;_ 1]
L 1
(Cison @

The nomunator on the nght slde represents the difference between the sum of the
of the 1t non
e of the Ilular non

Sto =

P and the sum of the con
substances whereas the denominator

3633003 dcta phynol scand bol 77 3
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20 mmoles NaCl/l replaced by

Wik, 100 00 e

s L

200 dan I min

Fig 4 Mechamcal sesponses of a portal vewn to solutions i which 20 mmoles NaCl{l wee
replaced by different amounts of urea

15 the sosmotic concentration of the permeant molecule In the practical applica-
tion the nominator will be represented by the abose-mentioned decrease i the
osmolar concentration of the non-permeant particles in the medium and the de-

by the lar ¢c 1on of the test sub: , also expressed 1

mOsm

Goldstein and Solomon (1960) measured optically the volume changes of red
blood cells within fractions of a sec after admnstranon of different test solutions
and calculated osmotic refleatron coefficients for sesveral penetrating substances from
therr 1sosmotic concentranons With the smooth muscle preparation of the postal
vemn it takes a certan time for the test substance {urea) to equiltbrate with the
extracellular space (¢f Fig 5 below) and the time resolution of methods for deter
mination of changes in cell volume will therefore not in any way be comparable to
hat i Goldstein » and Solomon’s studies en red blood cells In the followng ev-
pénments an attempt has been made to esumate the direction of the “ummednte”
change 1n cell volume by merely g the meck ) resp of the muscle
Fig 4 illustrates one of the expenments In the different test periods the muscle was
exposed to solutions contaimng 102 mmoles NaCl/l e 20 mmoles less than the
normal Krebs solution Urea had been added to concentrations of 40, 60, 80 and
100 mmoles/] respectivels With 40 mmoles urea/l (Fig 4A) the increase m the
frequency of muscle contractions attributed to the swelling of the cells, seemed 10
occur from the very begtnming of the exposure period The intervals between the
contractions in the imittal phase of the exposure to 60 mmoles ureaft (Fig 4B) were,
on the other hand, quite comparable to those of the control situation and exca-
tion was not apparent untl after the first mn  Furthermore at 80 and 100 mmoles
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areajl (C and D) there was a clear cut slowing of muscle activity i the first part

of the exp penod 1nd that a hnink of the cells preceded
swelling and exatation If 60 mmoles/l (59 4+ mOsm) 15 thus taken as an approumate
of urea bal umtinlly the 20 mmoles NaCl (366

mOsm) we obtam from equation (1) a value for o of approumately 062 From the
practical pownt of view sodwm and chlonde 10ns can be treated as non permeant
particles 1n this calculation Support for this comes from the observation that ac
tnaty in the portal vein 15 inhibited to about the same extent when the muscle 15
exposed 10 a certam degree of hyperosmolanty produced b) sucrose, NaCl and
sodium eth Iph respectnely (Jot blished observations)

Fourteen evcpts of the kind descnibed 1n Fig 4 ha\e been performed with reduc-
tions 1n NaCl concentration varying between 20 and 30 mmoles/t They indicate that
the osmotic reflexion coefficient for urea lies <omewhere between 06 and 07, 1t 15
obvious that the value cannct be given with amy grca(er accuracy Ve will use 065
asa ble app: for the foll \!

The osmotic reflexton coefficient 1s related to the radiws of the solute molecule,
a the radus of the sohent molecule, a,, and the radius of the pores r, according to
the following formula (see Renkin 1924, Goldstemn and Solomon 1960)

B . 3 3
[2(1~3) _(1_ ‘l) ][14 10242 09(3) -0 93(5) ]
l—g=— T r T T
an\’ Ay aw ax’ aw\*
R R e R
T r T T r
Ii we know the molecular radn of urea and water we should be able to use the
of o for a calcul of the egunalent pore radws of the smooth
muscle cell membranes The values gnen for the radws of the urea molecule vary,
however, depending on how 1t 15 determined The uncorrected figure obtamed from
the Stokes Einstern equation 15 only 16 A whereas a calculation based on density
and molecular weight results 1 261 A (Renkin 1954) \easurements on a stenc
model of the urea molecule gave a mean radus of 203 A {Goldstein and Solomon
1960) Using the latter value the radws of 15 A for the water molecule as gnen
by the same authors, and the value of 060 for 6 1n equanon (2) we obtain by suc
Cessine approimations a pore radis of 37 A corresponding to an a/r ratio of 055
A few expermments were also performed to estimate the osmotic reflection co-
efficients for glycerol and ethylene glvcol using the same approach as with urea The
isosmolic concentration” of glycerol was lower than that of urea when the two sub
stances were alternatively used as substitutes for NaCl in the same expeniments The
reflexion coefficient for glycerol seemed to be somewhat above 07
The expenments 1n Fig 1 indicated that ethylene glycol was entrely meffective as
an osmotc substitute for NaCl It was considered of mterest to see whether a
marhed * over compensation  of the reduced NaCl conrentration by a large amount
of ethylene glycol would be able to delay the excitatory response However, eve

(&)
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when 300 mmoles cthylene glycol were used to replace 20 mmoles NaGl an i
mediate exertation occutred It thus did not scem passtble to obtan an * sosmatic

concentration’ of this substance ndicanng again that ws reflexton cocfficrent 1
low

B otal pore area ond number of pores per cell Data from our previous studs of
uptake of urca-""C n the solated portal vein {Anll ef of 1969) can be combuned
with the present results concermng the permeatility ta urea to seveal some further
quantatn e aspects of the porous pathways of the membrane The rato befween the
rads of the urea molecule and the radws of the pores, a/r, determnied from the
osmont reflevion cocffictent abose enables us o caleulate the restiicted diffusos
coelficient D" for the passage of urea through the celi membranes of the vascular
smeoth muscle B s related to the free diffuston coefficient, D, and to afr accord

mg to the equation {see r g Landis and Pappenheuncr 1963)

2 a 5
az(l—ant~210:f+209(§)-095{3)} @
D 1, r T r,

At 379 C the free diffusion coefficient for ured 15 1 5% 18 em”fscc This and the
afr raue of 0 55 obtamed abave gne a salue for D" of 39% 10" cm?fsee

If we asssme that the cell h 15 the only harnser for the diffs
sion of uret n the smooth muscle and if we make certan assumptions s to the
geometry of this membrane it should now be possible to apply Fick's law of didlu
sion to our previous data on the uptake of urea ito the portal vemn (Andll o af
19635 The values obtamed m chat study for the distnbution volumes of ures *C
after varsable pertods of mcubaton have been plotted semiloganthmcally 1 Fig 3
To facilstate the anahysss of the uptake data the ordinate 1 Fig 5 has been made ©
represent the difference between the maximal dfstrihution solutnie, obtained after 80
mmn of ncubation and the distrbution volumnes at shorter incubation peaods Alter
an mitial rapid phase which most probably represents diffusion 1o the evtracelluftr

mode

wet weight

4358

8

){, 200 sec

4

6
trof U
Fre 3 Setlogsntimaic tepresentauen of P
* n:n columes of urea 11C i portal sein after ﬂj
ferent penods of incubation Ongmnal daa sepor -
2 Y Arcl of al (1903) The ordinate alues fep

sent the difference between the d,dn)unon‘\b)
sme olpaed at fuff equibbrauen and tha
te 5 15w taned wath shorter ncubation periods
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space there 1 a slower component with 1t} of about 200 sec represenung cellular
uptake It 15 worth notiting that the intercept of the slow component and the ord
nate corresponds to a value of 33 mlf100 g wet weight which agrees with the value
of 3+ mlf100 g for the amount of intracellular water obtained by subtracung sucrose
space from total water (Anull et al 1969)

Accarding to Fick s law of diff the Hular conc of urea VC
should increase 1n these experiments at a rate ginen by

DA

c.=c.,(1—-c AN ) )
In this equation C 15 the ntracellular concentration at time t C 1s the extracellular
concentration {being constant) X 1s the thickness of the cell membrane and A/V 1
the surface to volume ratio of the cell The total pore area over which diffusion of
urea into the cell takes place 1s f A and a calculation of f thus gives us the fraction
of the cell membrane which 1s taken up by the pores Assuming that the vascular
smooth muscle cell 15 a cylinder with a radius of 2 2 and a length of 50 s and as
suming a membrane thickness of 80 & (Rhodin 1962} we obtan

¢ 2 XV
T uD A
The total pore area per cell f A would then be approximately 44X 10! em” and

since each pore has an area of 1 {(37Xx10™) cm” there would be only about 10*
pores per cell The number of pores per em” would be 16x 10%

=7 107

Discussion

Many different types of Ining cells behave like osmometers in that they adjust their
volume 1 response to vanations in extracellular tomcity so that osmotic equilibrium
over the cell membrane 1s restored This is true at least with moderate changes n
osmolanity As far as muscle cells are concerned such osmotic adjustments of cell
volume have been described for instance in amphibian skeletal muscle (Blinks 1965)
n heart muscle {Page and Storm 1966) 1n the intestnal smooth muscle of gumea
pig taenta colt (Brading and Seteklewv 1968) and in the vascular smooth muscle of
rat portal vein (Arvll et ol 1969 Jonsson 1969) The regular spontaneous actiaty
of the portal vein which 15 maintained for hours 1n normal hrebs solution and the
consistent responses of this muscle to varations 1 the tomcity of the extracellular
fluid scemed to offer a pessibility for studving the osmotic actions of different sub
stances simply by recording the contracule responses

gsmonc effects on living cells of solutions contatning a large vanety of organic
an b

5 have p; y been subjected to extensive imestigations
and such studies have helped to form the current views on the permeability charac
tenstics of cell membranes Orerton's classical studies on plant cells and later on
amphibian skeletal muscle cells fed 16 his important concept of the rele ofipd
solubility for the rate of penetration of substances into cells {see Overton !
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However later expennments particularly with certam types of plant cells {eg Ruh
land and Hoffman 1925 Barlund 1929, Collander and Barlund 1933, Collander
1954) showed that the passage of substances through the cell membranes could be
greatly dependent also on the molecular size and this suggested a kind of stes e-effect
of the membrane From thesc and other ymestigations it apprars that the ability of
a substance to penetrate it the cells 15 determmed both by 1s hpid solububiy and
by 1ts molecular size, suggesting the existence of tno alternatie pathways for passe
transmembrane diffusion ¢ € hud regions and  swater filled pores  The latter path
ways should be wmportant for the passage of water and of small molecules with Jow
liprd solubility
The different substances examined with regard to their osmotic action on the
smooth muscle of the portal vemn have been arranged in Iable I according to thew
relaine rates of penetration as indicated by the findings in section 1 and 2 above It
1s evident from other data gnen i Table I that ¢hus order of permeabshity cannot be
sumply related to molecular size nor can 1t be wholy accounted for on the bass of
$ipd solubility when this 15 expressed 1 terms of oilfwater pactition coefficients The
apparent rates of entrance of sucrose erythritol glycerol and urea are compatible
with the concept of porous pathuays for these substances The differences between
urea and ethylene glycol which are of comparable molecular size ave so conspreuous
however that one has to assume qualitatve differences s their smechanssms of pene
tration It seems unbkely that the shightly farger hpid solubility of ethylene ghycal
should account for the dilference This latter posssbility seems even more remote i
we consider also the results with thiourea which has a still higher ailfwater partitian
coefiiient but apparenty a slower rate of penctration than ethylene glyeol
Previous studies of other ammal cells are of tnterest 1n connection with the present
findings regarding the permeabiity of vascular smooth muscle to glycerol ure2
ethylene ghcol and thiourea In amphibian sartarius muscle Ouerton (1907} fourd
transtent changes sn musele weight with solutions contaming ethilene glycol but the
rate of penetration of this substance was faster than that of glycerol which i ture
s found to penetrate more rapudly than urea Enythrocytes from several mam
pdaban species showed a i1 ly higher permealnlity to urea than to ethylene
‘ghcol whereas the sitkation was the oppostte m 1an enythrocytes (Hober and ©r
shov 1933 In these respects glycerol resembled ethylene glycol rather than ure?
Hober and PBrskov also found a much lower permeability to thiourea than to ured
m mammahan red blood cells whereas the dilfercnce was small of even reversed i
the etrythrocstes of burds
Returmng 1 the smooth muscle of the portal vetn 1t thus appears fram the com
panson with urea that seme fachitanng mechamsm other than mere hpid solabihity
would be necessiry to ecount for the passage of ethylene glycol and perhaps also Jor
thiourea One possibaliy would be that the hpoid matersal of the membrane has 3
much hugher affimity to these substances than indicated by thear oljwater partition
coefficients (¢f Collander 1947  The apparent rapid penetration of the I-:gf:
gycals and of urethane snto portal voia 1s 1 accordance wath Osertons rule abou




MEMBRANE PERMEABILITY OF SMOOTH MUSCLE 295

the 1mportance of hpid solubility These sub 1n higher ¢ cause
deteroration of muscle activity (Fig 3C and D), a phenomenon which may be
related to the general “narcotic” action of alcohols urethanes, ethers etc on cell
membranes (Davson 1964 p 322)

The quantitative calculations concerning the porous component of the cell nem-
branes performed 1n section 3 above must obviously be judged with caution due to
the 1 of the exp | approach and to the question of the applicability
of the diffuston equitions to pores of molecular size But such resenations apply
more or less to all attempts to obtain a model of the permeabihity of biological
membranes The porous pathways may entirely be a product of our imagiation (or
Iack of 1magination) and what appears to be a molecular sieve effect might be ex
plamable on the basis on other concepts

The esumation of the equnalent pore radius 1s an waportant step in the calcu-
lations presented 1 section 3 Vanous procedures have been used previously to ob
tan evsdence for the existence of porous pathways sn cell membranes and to deter-
mne the size of these pores (see Solomon 1968) In a study of human red blood
cells Paganelh and Solomon (1937) applied Paisewlle s Jaw to measurements of the
osmotic flux of water over the cell membranes and Ficks law of dilfusion to the
uptake of tntiated water By combiming these equations the authors armed at an
equualent pore radius of 35 A Goldstemn and Solomon (1960} obtained a value of
42 A for human erythrocytes from their d of osmotic refl co-
efficients for several different non electrolytes These approaches were both used 11
a recent study of dog erythrocytes which, 1n comparison with human red cells, are
charactenized by a higher permeability to water and water soluble substances (Rich
ct al 1967) The two methods indicated an equnalent pore radus 1 dog erythro
cytesof 59 and 62 A respectnely

The method used 1n the present study 1s based on the principles developed by
Goldstern and Solomon (1960) 1n their study on human red blood cells but the
present experimental approach 1s certanly more ndirect and not as accurate as
theirs The results reported in section 3 above indicated a reflexion coefficient for
urea between 06 and 07 which corresponds to an equivalent pore radws between
352nd 40 A A raduws of 37 A was obtained with the value for o of 065 chosen
for the caleulations 1 section 3 When considering the molecular radn of urea
glyceral erythritol and sucrose (Table 1) their relatne abalities to penetrate the
cell membranes are compatible with this size of pores

It thus appears as if the pores 1n the vascular smooth muscle cells are quite
comparable 1n size to those of human erythrocytes Calculations of total pore area
however result 1n very different values for the two types of cells which 1s not very
surprising perhaps 1n view of their different functional characterssues Paganelh and
Solomon (1937) concluded from their studies of the water permeability of erythro-
cytes that a fraction of approumately 10 % of the fotal surface area of the cell 1
occupied by the pares The present calculations based on the uptake of urea 1*C
mto the smooth muscle cells idicated that the channels avaslable for diffusion of

-
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this substance corresponded to a much smaller fraction, 7x10 7, of the cell mem-
brane In the membrane of the vascular smooth muscle cells there wauld then be
about 16X 10 pores/cm?® compared to about 23X 10" in the membrane of human
ctrythrocytes The number of about 10° pores per cell 1n the smooth muscle of the
portal vein scems rather small sndeed It appears that ths small population of pores
would ot allow a very rapid transfer of water in response to vanations in osmoltrity
We may haie to assume that water can penetrate the cell membranes also by other
pathways than those available to urea but this question cannot be setiled until the
water permeabittiy has been studied directly either by means of tritiated water or by
detailed analysis of the time course of the osmotic changes 1n cell volume

Further studies of the osmotic behaviour of the portal vein and of its permeablity
to different substances may help 10 elucidate 1n functional terms the physical and
chemycal ch istics of the cell in this type of vascular smooth
muscle and may contnibute to the understanding of the control of 1ts contractle
machinery

This study was supported by grants from the Swedish Medical Research Counail (BG9 14\
28 05) Magnus Bergvalls Suftelse Air Force Office of Scientific Rescarch through the
Luropean Office of Aerospace Research OAR United States Air Force under contract
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Thaoks are due to Miss Eva Sahlstrom Miss Sn Carlund and Mrs Gun Jidesten for valu
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Abstract

Euvter, U 8 v and F Lisuagko Effects of some metabolic ¢o factors and mhibitors
on transmutter release and uptehe i 1solated adrencrgic nerse granules Acta
physiol scand 1969 77 298--307

teotad: bol, "

\ arous and have been tested on the release reuptake and net
uptake of noradrenahine (“A) m ilated splene nerve granules Cytubine, tnoswe and
undine triphosphate factitated uptake of NA to a similar degree a3 adenosine diphosphate but
less than adenoune triphosphate Cyche ANP had no effect

\ anions hibtors of the yespiratory chain and oudatie ptosphorylation (rotenone chlos
promanne anumyce and oligamyein) inhibnted Loth release and uptake of MA at 10 »—10*
A{ Atractylate had no action at 102 M Cyamde and azde at 10 3 \f had no or a stght ac
tion only

The uncouplers duntraphenat carbomy) cyanide m chlorophenyl hydrazone desasp din and
pentachlorpheno} all increased the refease rate of NA from granules and infabited reuptake

“The results suggese that the ATP facilitated uptake process requires electron transport and
that the abulity of the granules to retamn bound NA 15 dependent on an energuzed state of the
system At Jeast certain steps of electron tranwport-coupled phosphonlanen occurring in msto-
chandna appear to be mahed m ammne release and uptake in granules

On t of granules from bovine spleruc nerve homogenates the
Telenne e of moredrerabme (hAY s waely depredann om the wmperasere gL
and NA concentration of the ncubation medium {Euler and Lishajko 19632
19673 In 2 NA free medsum the release constant 1s 18X 10 or 18 per ceat per
nunute at 207 and pH 75 The nes release race approaches zero at a NA concentra

N tion mn the medium of 10% M as a result of concomtant reuptake (Euler Stame
and Lashajko 19631
) In granutes which have been partially depleted by previous ncubation  net
“uptake of N occurs m the presence of the amine i the medmm Ths uptake 15
small a1 10 M N1 but i greatly enhanced by addion of adenasine tuphosphate
(ATP) and Mg~ (1 3 m\I} to the medmum (Euler and Lishajko 1963 b}
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The presence of ATP m nerve granules (Schiimann 1938) and the facthtation of
uptake of transmitter after addition of \TP to the medum rases the question
whether endogenous ATP 1s also imolied 1n the “spontaneous” reuptake of NA
dunng incubation of granules, and whether the mechanism by which ATP might
act 15 through the mechanism of electron transport hinked phosphorylation

In order to obtain more mformation about the nature of the processes govermng
release and uptake of the transmutter m the storage granules some expeniments have
been carried out i which these events have been studied 1n the presence of vanous
nucleotides 2nd a number of metabohc inhibitors

Methods

ANl expertments were made with bovine splenic nenve granules obtamed by squeening nerves
between rollers or by homogenization of the desheathed nerves 1 an Ultra Turrax apparatus
(Janke & hunke), Freiburg) with 013 M potassum phosphate pH 7 5, about 10 ml per g
nene tissue at ice water femperatuse
e nerve homogenates or press juice was centnfuged for 10 min at 9000 x g i order to
remove larger particles and the used for the b nder these
condittons the N A concentration 1 the medium attained a value of 1—3x 10 & A Each tube
contaned 8 m! parucle suspepsion corresponding to about 05—1 g nere per tube
T e . ea n o . were incubated lfor 60 mun at 20° C and
at 50000x g after the mcubation In all
um the sediment was washed with fresh
- extracted with 05 ml 04 M perchlonc
acd and an abquot after additon of 25 ml water and centnfuzation used for fluonmetnc
esumation of A
In the net uptake expennments the NA content of the granule suspenston was depleted by
60—30 per cent by incubation for 10 mn 2t 37° The suspension was then further incubated
for 30 mun at 20° dunng which time net uptake occurred At the end of the incubation period
the ™A content in the granules was measured as descnbed aboe
1In some expeniments the reuptake and net uptake has been studied in the presence of radio-
actne dl \ A exther as IH-dl VA or ¥C dl N\A' The incorporation of labelled \A 15 expressed
as the ratio of the specific actrstties of NA m the sediment and in the supernarant (S4 gp/
$As) The radioactiity was measured 1 a Packard hiquid scintiltation spectromieter as de-
senbed previously (Euler and Lishajko 1967

'

Results
Effect of nucleotides on release reuptake and net uptake of NA in neree granulec
Adenmine nucleotides
As described 1n previous papers {Euler and Lishaiko 1963 b 1967) ATP strongly
retards the net release of NA from incubated nene granules 1n the presence of
Mg® This effect 15 duc m part to mcreased reuptahe of NA as evidenced by *he
ncorporation of radicactne NA It has been obserned however that the labelled
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portion of the reuptake m the presence of ATP 1s smaller than what may be ex
pected 1f the release was unchanged This suggests erther some 1nhsbition of the
release, or reuptake of unlabelled NA, possibly as a result of incomplete muxing of
newly released NA with the medium

ADP enhances reuptake and net uptake, although markedly less than ATP The
degree of enhancement shows varauons from one expertment to another in com
parison with ATP On an average, the effect of ADI on reuptake and net uptake
15 about one half of that of ATP AMP exerts only a weak action on NA refease or
on NA net uptake 1 concentration 1—3 mM No defimite effect was observed with
cAMP (Fig 1)

Effect of CTP, JTP and UTP

These three nucleotides sumulate reuptake and enhance the net uptake of NA 1
nenve granules to about the same extent in a concentration of 3x 10 * M ITP exerts
a shightly stronger action both on reuptake and net uptake Quantitatvely the effcct
15 of a sumlar order as that of ADP (Fig 1)

1 Inhibstors of the respiratory chamn and oxidatiee phosphorylation
Rotenone which was tested as mhibitor of NADH oxidation irhibited both release
and reuptake 1n concentrasions from 10 % M

Anumyain A an inhibiter of both sucainate and NADH oxidation  almose com
pletely prevented the reuptake of NA at 10 * M and higher concentratons winle
moderately inhibiting the N\ release (Fig 2y Similarly it anhibited or proventd
the ATP facihitated net uptake of NA after previous partial depleton of the

“granules

Cyamde azde RO\ 10 * N inubited the releasc of NA by 1725 per cent but
haid no effect on the reuptake or net uptake of NA even at #5103 M concentr2
von
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ANTIMYCIN A O LABEWLED NA

3
s

RELEASE NET UPTAKE
Fig 2 Splenic nene granules 1n
cubated 1n 013 A{ K phosphate
pH 75

Left Release expt Ordinate
per cent remaming N4 in gran
ules after 1ncubation 60 min 20°
with antimyain A 1n different
concentrations

Right et uptake expt as 1n
Fig 1 ATP facilitated \NA up-

R L I L N . A R LR )
take gradually dimimshed by ad = BOMIN 20%— 10 3'H——e31 29°——
dition of antmycin ¢+ + o+ ATPITM

REMAINING NA IN SEDIMENT
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The effect of NaNs differed from that of cyamde 1n that 1t shibited NA uptake
and ncreased the NA release rate at 10 - M

Chlorpromazine was tested as an whibitor of phosphonylation reactions associated
with electron transport (Low 1939) It has previously been shown to mhibit NA
release as well as NA uptake mn nene granules i concentrations from 3% 103\
{Euler and Lishajho 19682) (Fig 3) This effect 1t has in common with other
adrenergic alfa blockers As seen 1 Fig 3 NA release 1s inhibited at 310 ¢ M and
incorporation of N blocked at 101 M, both 1n release and uptake expeniments

The releasing effect at 310 4 M suggests an action dfferent from that at lower
concentrations  Similar diphasic effects have been observed for premlamine and
some other drugs (Euler and Lishajho 1968 b)

Atractylate which inhibits transport of ATP and ADP through the mitochondnal
barrier, but has no effect on ovidatne phosphorylation as such (Heldt Jacobs and

Klmgenberg 1965) had no effect on release or uptake of \A when gnen in con
centrations up to 103 M

CHLORPROMAZINE O LABELLED NA
{ NET UPTAKE

3
4

Fig 3 Splenic nene granules m
cubated 'n 013 M K phosphate
5

P

Left release expt Ordinate
per cent remawng \A 1n gran
ules after incubanion 60 min 20°
with elorpromazine m Gifferent

ncentratons  (Circle 1n cokunn
=labelled N ot added)

Richt et uptake expr as m
Fiz 1 AT faciltated NA up- Tt a0 b <3u0t | 3 20
take prevented by chlorpromazine P f0MiM 20— 10 3730 20°
take B “ATP ¢ATP

REMAINING NA IN SEOIMENT
8
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Oligomyetn This compound, which inhsbits ATP ase and oxidation coupled 10
phosphonylation, exerted a marked mhibition of NA release, about 60 per cent at
3% 10N\ 1t also mhibited the ATP facilntated net uptake of NA in partiall
depleted granules (Fig #) It dilfered 1z action from antmyca m beng same 10
tmes less active on the net uptake of NA and also 1 lackmg the imcreased exchange
effect on DA between medium and granules

2 Other rnzyme inlubitors

Arsenate 1n concentrations up to 1 8x 10\ had no definite effect on release of
reuptake of NA

AaF No effect on release or uptake was observed with Nal' (n a concentration of
103N

3 SH-reagents

Jodoacetate 103\ moderately or shghtly inhibtted the release rate Addition of
KCN and 1odoacetate 10 * M together caused a shightly greater inhibition than each
of the two compounds separately In 3104\ ton neither 1od e
nor KCN altered the \A release rate when gien separately whereas the combned
effect was 35 per cent smhibjton

pehloro  and plydroxy mercuriben.oate o 1odosabens and N ethyl
malairmde (NENf  had no sigmficant effect on the NA release rate at 3> 104 Mor
caused a shezhr anfub In 103y the p mercun benzoates cavsed 3

rapid and almost complete \ A refease which also occurred at +2 o sodosobenzoate
and VEM had no definste effect on the release at 3,10 * \f but NEM nhibied
net uptake by 41 per cent

~4 Lncouplers
nitrophenol  D\P
NP mcreases the \ 3 release 1 concentrations from 104 M upwards Above 3X
04\ the release 1 increaced ener and above that obsened in the presence of
ferncvamde  basic release rate  ndicaung that the effect 1s not due merely 10
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Fig 5 Spleme nerve granules incubated 60 min 20° 1 0 13 M K phosphate at pH 75 Relcase
expt with addition of ATP and CCP ATP induced mhibrtion of release and increased reup-
take prevented by CCP 3X 108 M Increased NA seleate and reduced reuptake at higher
concentratons of CCP

Fig 6 Splenic nenve granules incubated 60 mun 20° 1 0 13 M K phosphate at pH 7.5 Release

expt_Trphasic action of desaspidin on NA relcase from granules and ihibitton of reuptake of
N4 from 310 6\

mhibition of reuptake This may, however, be a contributing factor at concentra
tions from 10 ¢ M on since the proportion of incorporated radicactine NA begms
to decrease at this level

The net uptake of NA m the presence of ATP 1s mukedly reduced by D\P at
310471 The net uptaht of NA decreases rapidly at higher concentrations and 1s
small at 3% 10 * M

Dinttrophenylhydra tne (DNPH)
The bndranne demvatve of D\P acts in principle Ihe D\P increasing the release
rate of NA from 3 10 ° M on It mnhibits reuptake and net uptake of NA 1 about

the same way as DNP Thus at 6X 104 M the mcorporation of 3H NA s less than
10 per cent of that 1n the control

Carbomy! cyamide m chlorophemylhydra.one (CCP)

Heytler and Prichard (1962) have described a new class of uncoupling agents the
catbony! cyamde phenylhydrazones In the present expenments we have used the
m chloro demvatne of CCP (kindly gnen to us by professor A Revnard Buffalo
NY)

CCP 1mcreases the release rate of NA m concentrations from about 10 %{ on
Part of this effect 15 apparent and 15 due to inhibition of reuptake but part 1s due
10 2 direct releasing effect as indicated by the fact that release exceeds that caused
by ferncyamide In addition to the direct release effect the wcorporation of MCNA
15 1nhibited by about 85 per cent at a CCP concentrz
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Tasee I Effect of varsous metabolic and enzynuc inhubitors on release reuptakeand ATP facita
ted net uptake of NA 1o 1solated nerve granules {decrease ncrease or no change)

Release Reuptake  Net uptake  Conc M
Chlorpromazine N —— —_—— 10
Rotenone . . - 104
Anumycn A —_ —_—— —— 10
Ol gomyain [ - - 310
Atractylate D o o 101
) Ny (—) 0 4] 1~4x10*
Nay, 4] 0 0 10
5 CMB p HMB 0 0 o 101
o 10dosobenzoate (—) 0 3104
AEM (—) 0 —— Ix10
NaF 0 1] [} 107
Todoacetate {—=) (—) 10
K arsenate 0 [ 2x10¢
DAP + + —-— - 10
D\PH (+) ——— ——— 610t
cer + + - — - = 0
Desasp din + 4+ —_ - 3x10*
Pentachlorphenot f. —— 10

The ATP facilitated reuptake of NA 1n release experiments 1 annulled by CCP
1 concentrations of 3x10%\ (Fig 5)

The net uptake of NA m partially depleted granules 15 decreased by CCP in con
centrattons of 10 ¢ M and higher as shown by the reduced incorporation of 7H M

As regards 1ts direct releasing effect and the inhibition of NA uptake CCP »
similar 1 action to DNP although st appears to be some 100 umes more effectne

Desasprdin

Desaspadin acts as a potent uncoupler of oudative phosphorylauon in ra
mitochondria (Runcherg 1962) It also stimulates the latent ATP ase 1n low con
centrations but has an mhibitory action 1 higher concentrations Its biphaste action
15 more marked than that of DNP (Runcberg 1963)

As seen 1n Fig 6 desaspidin (kandly placed at our disposal by dr L Runeberg)
increases the release rate from about 10 ¢ M on and at the same time nhubtts the
reuptake »f NA The release rate increases to a maximum at 10~ A whereafter 1t

SN decreases up € 104 M At 2104 A the rlease rate 15 agan strongly increased

Reuptahe 15 almont ec mpletely snhibated from 10~ \f on and 1s thus obsersed duning
of 10 M desaspidin caused na effect on
07, sndicattng

t Iner

211 of the three pha «» In a conc
the release at 2 € whercas 1t strongly 1ncreased the release of NA at 2

a specific effect
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Pentachlorphenol
Like the other uncouplers tested, pentachlorphenol increased the NA release from
3103 M on and at the same time mhibited the 1ncorporation of labelled NA by
reuptale ‘The strong release at 310 * M sull partly persisted at 2° G, suggesting
an unspecific action

Discussion

The tnphosphates of the nbosides cytidine, inosine and undine markedly enhanced
the NA uptake i granules (Fig 1) Therr effect was of the same order as that of
ADP On the other hand AMP had only a weak facihtating effect on the NA up
take and with cAMP no effect could be obserned This 1s 1n harmons with the
concept that cAMP mediates catecholamine action at the effector side e subse
quently to the interaction at the receptor site (Sutherland Robison and Butcher
1968)

The high temperature dependence of the release of NA on incubation of nene
granules 1n vanous media and its character of a first order reaction suggests that
the release process 1s 1n some way balieall lated Prel y observations
{Gracobim unpubl ) indicate that the OK)gen consumption of 1solated granules
amaunts to only a few per cent of that 1n mitochondna On the other hand the
release and uptake of NA 1n a suspension of nerve granules 1s of the order of 10
nmoles per incubation unit 1n our expenments If these processes are dnven by
energv producing reactions these would be expected to be of 2 small order On the
other hand 1t can not be excluded that mitochondna participate in an indirect
way to the granule mediated processes tn tizo possibly by producing ATP

Carlsson Hillarp and Waldeck (1963) studied the action of a number of enzyme
mhibitors on the facihtating effect of ATP \Mg on the amine uptake in adrenal
medullary granules Of the compounds studied the SH reagents appeared to exert
the most powetful mhibitory action

Metabol have been 1n the axonal uptake of amines nsofar
as this pmccss can be separated from the granular uptake Thus Rarpehar and
Wakade (1968) reported that while 1odoacetic acid or DNP 510 # ML intibited
the uptake of ammnes n the perfused spleen only moderately they had 2 con
siderable intubitory effect when green together

harshner and Smith (1966) obsered that cyarude and iodoacetic acid each
had only bttle effect but when gnen together prevented catecholamine secreton
by acetylcholine 1n the perfused adrenal gland Secretion was not inhibited by anty

mycn or ohgomycin given alone but exther of them i combination with 10doacetate
blocked secretion

Of the intubrtors acung at different sites of the resp y chamn chlorp:
rotenone and antimycin A inhibited or prevented the release as well as the uptake of
A mn granules These compounds completely presented the ATP facilitated net up-
take of NA 1n partially depleted granules in concentratons of 3x 10 4 M Cyanide

and azide on the other hand had only moderate effects at 103 M and were not
parallel i action
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The sulfhydry] reagents p chloro and p hydroxumercurs benzoate o 1dosa ben
zoate and NEM had only weak mnhibttory actions on the transmutter relese The net
uptihe was mhibited some 40 per cent by NEM mn a concentration of 3x 10 4 A\

The rapid breakdown of the release mechanism obscrved with the g mereun
benzoates at 1033 even at 29 scems to indicate that mtact SH groups are neces
sary for the graded NA releise

The observed actron of oligomycin as well as of chlorpromazine mn low concentra
tions may be assocrated with their mhibitory action on ATP formation as found m
mutochondria (Lardy Johnson and McMurray 1958) On the other hand atractylate
had no action m concentrations up to 10 * M which may be due to the fact that it
does not mhibit oxydative phosphorylation as such (Heldt ez af 1965)

All of the uncouplers tested DNP DNPH CCP desaspidin and pentachlorphenol
increased the release of NA from granules and jnhibited reuptake and the ATP
dependent net uptake thercby differing from the inhibutors rotenone chlor
promazine antunyein and oligomyemn which inhibsted both uptake and relexse of
NA The results are sugg of an ATP-dependent process involved i the uptake
and bindtng of NA 1n the granules (¢f Belleau 1966) A partsespation of endogenous

ATP an the release of NA may also concenvably occur

Although previous and present results strongly suggest that the ATP Fciltated
net uptahe of NA mn nerve les 1s dependent on bolic processes the avail
able data do not allow more precise characterizations of the processes imolied but
they speak 1n favour of the assumption that 1t least certun steps of clectron
transport coupled phosphorylation stmular to those imolved 1n mitochondna par
tcrpate The presence of ATP in the granules and its marhked effect on the 1
corporation of NA from the medim into the granules suggest howcier the na

portance of phosphonylating | I bly coupled with oxidations In ths
direction speaks also the effect of oligomyon winch 15 considercd as a fauly speafic
agent for the inhib of oudatine phosphorylaton The effect of oligomycn 15 £

block release as well as uptake of NA n the granules an effect which 1s on the face
similar to that of reserpine LSD and some other drugs with psychotropic actions
Anumyain differs 1n some respects 1n its action from oligomsetn although e s mghly
active as an inhibitor of the ATP facshitated uptake of NA These data would be
companbie with the view thag N4 vpeake and bmaing o dependent aw gl opphany
lation Exogenous ATP which normally greatly facilitates uptahe of NA 10 the
granules 1s devoid of actron m the presence of anumyon which ndicates that
electron transport 1s required for the action of ATP

It has also been noticed that in the presence of exogenous ATP and N the
hubitory effect of this graup of compounds 1s reduced or requires a higher conren

~\ tration

The uncouplers on the other hand appear to cause an alteration of the condstons

iding to reduced abilits or unibility of the granules to retan the bound NA 7
Function which thereiore mught be dependent on an energrzed state of the system
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Effect of Acid in the Duodenal Bulb
on Gastric Secretory Responses to Sham Feeding!
By
Goran NiLsson

Recerved 29 January 1969

Abstract

Nusson G Effect of acid 1n the duodenal bulb on gastric secretory responses to sham
feeding Acta physiol scand 1969 77 308—315

Gastnic secretion was sumulated by sham feeding 1n Pavlov pouch dogs with esophageal fistulae
and 1solated pouches of the duodenal bulb Reduction of the intrabulbar pil to pH 3—4 in
hibuted the acid response to sham feeding Bulbar acidification was more effectsve 1n nhibting
acud responses to 1 and 10 mm of sham freding than responses to 30 min of sham feeding
Short penods of bulbar acidification were sufficient to actvate the bulbar 1ohilitory mechanism

Perfusion of 1solated pouches of the duodenal bulb with 01 N HCI mhubats gastric
acid secretion 1 response to a test meal (Andersson and Usnas 1961), exogenous
gastnn (Andersson Nilsson and Uvnas 1965 1967, Andersson and Nilsson, tn press)
and insulin hypoglycemta (Nilsson 1969)

The present series of expeniments was undertaken to study the effect of bulbar
aaidification on acid responses to vagal activation by sham feeding, which 1s con-
sidered to constitute a more physiological stmulus of gastne acid secretion than
wsulin hypoglycerma The expeniments were performed on Pavlov pouch dogs pro
vided with esophageal fistulac and 1mnenated pouches of the duodenal bulb

Methods

Surgrcal procedures

7 mongrel dogs weighing 1318 kg were provided with ceophageal fistulae according 10 3
lat, d at thus Jat v {Olbe 1959) The dogs were also provided with mucosal

septal pouches of the stomach Paslov type) and smnenvated pouches of the duodenal bulls

(Andersson and Uvnas 1961 After each surgical procedure and before the experments were

started the dogs were allowed a period of 2—3 weeks for recovery

.

wpenmental procedures
experiments were stacted in the morning after the does had Leen fasted for 18—21 hrs
< 1 acid output way recorded for ) hr Gasinc secretory respontes were coflected 1n 15 ml:n
“sons and followed for 3—4 hry The volume was measured and the acudity determined by
A preliminary seport of ths msestigation was presented at the X11 th Scandinsyian Congress
of Phyuology Turku, 1966 Acta phyaol scand 1966 68 suppl 27
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Tase I Secretory responses 10 10 mun of sham fecding i Pavlov pouch dogs with and without
perfusion of the duodenal bulb with 09 °, NaCl or 01 N HCI

Experimental procedure Num  Secretion 1n meq aaid (mean and range)
ber of
expts  Control Response to 10 min of sham feeding
perod
(1hr) lsthr 2ndhr 3:dbhr  4thhe
Dog 19
Controls 3 002 436 374 336 3

09°, NaCl m the duodenal bulb for
30 mun before and 30 min after the 3
start of the sham feeding procedure

As percentage of means for controls
01N HCln the duodenal bulb for 30

run before and 30 mm after the start 3
of the sham feeding procedure

As percentage of means for controls

Controls 3

09 °, NaCl in the duedenal bulb for
30 min before and 30 ram after the 3
start of the sham feeding procedure

As percentage of means for controls
01 N HCl 1 the duodenal bulb for 30

mn before and 30 mun after the start 3
of the sham feed ng procedure

As percentage of means for cantrols

(0—  (#19— (246— (210— (187
005)  464) 515 584  414)

[ 160 381 373 308
(= (406— (351— (306— (258—
529)  419) 468  341)

- 106 102 m 9
0 050 114 185 179
(—)  (023— (087~ (17— (110—
074y 155  190) 274)

- 1n 30 55 58

0 366 336 216 208
“) (306— (247— (048— (129—
428) 418) 326 277

° 373 368 259 135
(—) (243— (243— (11— (015—
467)  465) 337} 203)
— 102 110 120 65
0 0 001 021 049
) (0— (0— (05— (020

ool 001) 029) 100}
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3 Fig 1 Acid responses 1o 1, 10 and 3D mip of
sham feeding (SF) m 3 Pavlov pouch dogs
{7=#,21=0, 22=x) Each symbol represents

MN OF SHAM the mean of 3 espts Vertwal bars show 1ic

T 10 30 FEEDING range

ATID QUTRUT IN mEQ/4 HOURS
o
—o—t

control e were d to if the acid response to sham feeding w35
nfluenced by bulbar perfusion with a solution of an nert agent In these experiments act
secretion was elicited by 10 min of sham feeding The bulbar pouches were perfused with
PP Ay T oLY Tk R T S % the perfusate

. ntrol expen
. uches 1 the
- . - 1 procedure

" Three senies of expenments were performed In series A the pil i the duodenal bulb was
kept constant (pH 1 1—14) duning 4 hrs by bulbar perfusion with 01 N HCl After 1/2 bt
R T S sl it i R S i B T

min

. . . . tead, the
du pouches
we . with of
11 270 o0
we . . . 1 of the

eff s+ pussosast swnia s an CpttilulnS sl pia s 1

In senies C the effect of differens pH-levels i the duodenal bulb on the acyd responses to 10
min of sham feeding was studied In each experiment the bulbar pouch was perfused with on¢
buffer solution The perfusions were performed as in series A The degree of secretory 1nhitn
ton was caleulated from the acid output during 4 hes and expressed as a percentage of the
mean acid output dunng perfusion with buffer solution of pH 7 Bulbar perfusion with thas
buffer solution does not influence the acid responise to sham feeding Sorensen’s citrate HC!
buffers were used

All bulbar perfusions were performed at a rate of 60 mi per hr The perfusons did not
vinbly affect the appetite of the dogs The pH of the effluent perfusate collected dunng ! o€
15 mim was determined The technique of bulbar perfusion was descnibed in detait i 3 previous
paper (Andersson “alsson and Lynas 1967)

. Results

N
1 seen m Fig 1 the gastrie acd output was dependent on the duration of the
o feeding
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OIN MO IN THE DUOOENAL BULB

160
160
140
120
100 SF 10 M|
80
z
2 6o
E]
'E 40!
» N
z
o HOLRS
5 ° 1 2 3 a
Fig 2 Aed responses to 1 (lower ’3‘ OIN_HCI [N THE DUODENAL BULE
graph) and 10 (upper graph) Eo
yun of sham feedmg (SF) m a ©
Paloy pouch dog (7) wath &
(closed symbols) and without
(open symbols) 01 N HClin the 0]
duodenal bulb Each svmbel rep-
resents the mean of 3 ewpts o HOURS
Verucal bars show the range ) i 2 3 4

Seres A

These expenments were performed on 2 dogs Fig 2 and 3 ilustrate the results from
each dog Bulbar perfusion with 01 N HCI almost completely inhibited the gasine
acd responses to 1 mun of sham feeding The acid responses to 10 min of sham
feeding were less mfluenced and the acxd responses to 30 mn of sham feeding snll
less susceptible to bulbar mhibition

Senies B

The results from this series of expenments are presented 1 Table 1 and Fig 4 In
ths sertes the sham feeding peniod was comstant (10 min) whereas the duraton of

@
2
3
2
<
59
E
.
B f
Fig 3 Acd responses 1o 1, 10 and 30 mn of §
- T wh 83
. - Is)
- bol § i t
ars 40

MILOF SHAM

show the range. 1 19 30 FEEDING
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Tame 1} Seeretory responses to 10 min of sham feeding 11 Pavioy pouch dogs with and wathout
perfusion of the duoden.] bulb with 0 § N HCI

Expenmental procedure Num  Secretion 1n meq acid (mean and range)
ber of
expts  Controt  Response to 10 run of sham feed ny,

period
{2 hr) Ist hr Zndbr 3edhr  dthhe

Dog 5
Controls 3 002 146 164 082 043
(0— (140~ (145~ (052— (01—

004) 1351) 188) 126) 88}
01 N HCI sn the duodenal bulb for 5

run during the sham feeding prace 3 006 031 097 070 060
dure @02— (01— (037— (056— (028—
010} o4 140) 09} 116)
As percentage of means for controls -~ 21 39 85 153
01 N HClin the duodenal bulb for 30
rutn before and 30 min after the start 3 003 003 oot 009 078
of the sham feed ng procedure {0— 003~ (0~ (008  (049—
oos) 004 002 012) 103
As percentage of means for controls - 2 1 1 18
01 N HClin the duodenal butb for 30
smun before and 4 hrs aftee the start 3 002 oo [ 002 o0
of the sham feed ng procedurc (0— (01—  (0— (001— (001~
003y 002) 001 00y 003
As percentage of mezns for controls - 1 o 2 5
Dog 21
Controls 3 009 264 12 070 049
(0— (212— (72— (023— (02—
017) 31 172) 165 061
©1 N HC i the duodena) butb for 5
min during the sham feed ng proce 3 004 139 153 055 00
dure 0— (W= 19~ (@24~ (O
0gs)  170) 193  0&n  03()
53 126 7 5]

As percentage of means for controls -

01N HClin the duodenal bulb for 30

mun before and 30 rin after the stant 3 oor [:] 120 134 080

©13— (087 (08I— (03—

of the sham feed ng procedure o—
ooz 086  14n 203 )12
percentage of means for controls ~ 14 99 191 163
11n the duodenal hulb for 30

«fare and 4 bhrs after the start 3 003 027 003 o0 oud
" sham feeding procedure 0— (12— (o—  (003— (0—
o0s) 048 ooy o07  o0)

- 10 2 6 ]

As percentage of means for controls
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Q1N HCL IN THE DUO

SF CENAL BB
120
4
3
@00
1
P
z
Fig 4 Aad responses to 10 mn of _ 60
sham feeding 1n a Pavlov pouch dog 2
(22) with {closed symbols) and with £ 40
ont (open symbols) perfusion of the 3
duodenal bulb with 01 \ HCl for 5 _ 20
min_Each symbol represents the mean o
of 2 expts Vertical bars show the € 0

range

bulbar perfusion with 0 1 N HC! was vaned Bulbar perfusion for 5 min considerably
decreased the acd output, the perfusion was started esther simultaneoush with
(Table II) or after {Fig +) the sham feeding period Longer penods of bulbar per

fuston pro} d the d of nhib {Table IT)
Series C
The results from senes C are p dinFig 5 Red of the trabulbar pH to

“ produced inhibition of the sham feeding response More pronounced snhibition was

obtamed when the intrabulbar pH was further reduced Maxumal inhibition occurred
atpH 11—14

Discussion
In a senes of 1 estigations the pattern of gastnc secretory nhbition induced by aad
tn the duodenal bulb has been studied by using various secretory stimuh Thus, 1t
was shown that imgation of 1solated pouches of the duodenal bulb with 01 N solu-

160
g
3 140
o
W 120
2 glo
w B8O
]
Fig 5 Aad Lg®
cid responses to 10 mn of » 2
sham feeding 1n 3 Parloy pouch dogs § % 40 }}
(5=x, 7=® 18=0) at different pH S
s the duodenal bulb Each symbol & -
tepresents the mean of 3 expts. tn one 5 & 20

dog \ertical bars show the range pH
values refer ta the pH of the perfusate

oH
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tons of HCI caused pronounced inhibition of secretory responses from gastric
pouches to exogenous gastrin (Andersson et al 1965 1967, Andersson and Nibsson
n press)

In the present study gastric secretion was taduced by sham feedsng Sham feeding
15 ered to munuc the cephalic phase of the gastric secretory cycle Sham feeding
stimulates the gastric acid secretion by a dual mechamsm By synergistic action be
tween direct vagal action and gastnn on the HCI glands these are brought into ac
tivaty

There 15 expertmental evidence that bulbar mhibition 1s mediated by a humoral
mechanism acting at the HCI glands rather than by a nervous mechamsm Thus
acdiication of totally denervated bulbar pouches mhibrted acid responses o exog
enous gastin (Nilsson to be published) The bulbar mechanism has a great effi
crency 1n inhibsting acid responses to gastrin Lowering of the mtrabulbar pH to 3—
abolished acrd responses to doses of gastrin which were just enough to cause the HCl
glands to sccrete in Paviov pouch dogs {Andersson and Nidsson m press) i€ the
bulbar pH was further reduced the acid responses to cven larger doses of gastnn
were completely mbubited (And, et al 1967 Andersson and Nilsson 1n press)

Vagal actnation by sham feeding releases amounts of gastrin from the antruw
which per se are too small to cause the HCI glands to secrete (QOlbe 19Gta) Stace
the bulbar mecharusm 1s very effictent mn nhihiting acid responses to gastrmn (An
dersson ¢2 al 1967, Andersson and Nilsson 1n press) one would expect that reduc
tion of the intrabulbar pH to about 1 should completely 1nhibrt acid responses 19
vagal actnation in which the vagal excitation 15 dependent on gastnn to cavse the
HCI glands to sccrcte 1 1p} hit of acid resp o vagal actnatent
mmght then he due to mability of the bulbar mechanism to influence the disect ragal
excitation of the HC glands

In recent studics 1t was found that sagal actnation by sham feeding for 1 min
(Mlsson and Sjodin to be published) and for 10 mm (Olbe 1964 b Nilsson and Sje-
dm to be published) requires gastrin to cause the HCI glands to produce significant
acid respornises Sham feeding for 30 mn howeser still produced high acid responses
1 Pavlov pouch dogs which had undergone surgical resection of the antrum and
the duodenal bulb {Nisson and Sjodin 1o be pubhshed)

Ini the present study bulbar perfusion with ¢ 1 N HC! completely inhibieed acid
responses to 1 and 10 some dogs to 10 min of sham feeding wiereas infubron of 208
responses to 30 mun of sham feeding was less pronounced Since acid responscs ©
prolonged sham fecding (30 min) are less susceptible to bulbar imhibimn dwect
vagal excitation of the HCI glands is probably nst suppressed by the bulbar mecha
nism Instead the bulbar mechansm may mhibit acnd respomses o sagal actnation
by nterference with gastrin

Tagether the prescnt and peevius results (Andersson and Uvnas 1961

et al 1963 1967 Andersscn and Nilsson 1n press “ilsson 1 press) from expest
=nts on dogs have gnen strong evsdence for the ewstence of a mechansm 38 the

. f
_ 1odenal butb which inbibits gastric acid secretion Short penods of acidification O

Anden
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the bulbar mucosa are required to produce secretory intubition and both the present
and previous results (Andersson and Nilsson, 1n press) show that reduction of the
pH 1n the duodenal bulb to pH 8—4 15 sufficient to actwate the bulbar mhibron
mechanism

Ihis axestigation was supported by research grants from Statens Medionska Forskmingseid
B67 14X 88 03, Rarohnska Institutet and Torsten and Ragnar Soderbergs Stiftelse
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Demonstration of Adrenergic Receptor Function and
Innervation in the Ductus Arteriosus of the Human Fetus
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I O Borzus, T Marsrors, D M McMureny? and L OusoN
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Abstract

Borzts, L O, T Marmrors, D M McMureny and L Ousox Demonstration of
adrencrgie veceptor function and mnercation n the ductus arteriosus of the
human fetus Acta phystol scand 1969 77 310321

v PERV

the ductus 1n neonates

The possible mechamstas for the post-natal closure of the ductus artersosus have been
studied by many (for review see Dawes 1968) Oxygen has been shown to be 3
strong constricting agent in ammal experiments both i tatro and m 1120 Further
more the assocration of hypoxia with patency of the ductus 15 well hnown On the
other hand the proposed roles of chemical med like catechal acet!
choline 5 hydroxytryptamine and bradykinin are less settled (Born ez al 1956 Ko
valtik 1963 Smuth Morns and Assali 1964, Melmon et af 1968)

"The purpose of the present study was to 1 estigate the postibibity of an adrenerg'®
mechamsm imohved m the closure of the ductus arteriosus in man usmg HSsucs
tained from human fetuses The fetal ductus was studied by 1 combination of 140
different techniques 1 the determination of adrenergic receptor function t# e
and the histochemtcal demonstration of adrenergtc nerves by means of the Falch
Hallarp fluorescence technique

Material and methods
Fetuses R
Twenty-one human fetuses of csumated gestational age from 10 o 24 wecks (ﬂm:urd ps
¥ CRL 5520 cm) were obtained from legal abortions \ine of these were
function experiments mine lor histochemucal studies and three jor bot

7

lrn'mte of US Public Health Service Traimng Grant 5 T01 HD 00166 03

215
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- ’ voa . .
Receptor function experiments

1 Perfusion experments (7 fetuses) A polyethyl catheter was d into the distal

- . - - ® ductus The aorta

.- . = mam pulmonan

. N - . d 20 m! overflow

- .- . vol% Oz and 65

pH of 74 Tem
‘The catheter was connected to a perfusion set up with a constant flow rate pump (Watson
Marlow H R. Flow Inducer) and a pressure transducer (Statham P 23BB) The perfusion
Duid was Tyrode solution delnered from the yesemoir The perfusion rate was usually 6 ml/
min_ which gave a base ine pressure of about 10—20 c¢m H:0 Changes n the pressure
resuluing from the adminstration of drugs were recorded (Offner Dynograph) Drugs were
mjected directly mto the perfusion system Acetylcholime jodide noradrenaline buartrate and
the alpha adrenergic blocking drug, phentolamine (Regitin) were used 41l concentrations are
gnen m terms of the salts Fresh drug solutions were made up m distilled water for each
e;{pcnmem. Injection volumes were 0 1—03 ml Control ingections of distilled water had no
effect
I Speral strip expersments uith ductus arterosus (2 fetuses} or thoracic aorta (7 fetuses)
Tsolated spiral strp preparations of the ductus arteriosus or the thoracic aorta were placed
under tension 1 a 20 ml oserflow bath at 37° C, filled from a re<enoir of Tyrode solution
through which the gas muxture bubbled Cumalanve dose effect cunes (van Rossum and van
den Bnak 1963) were determuned for noradrenaline and acetylchohne

Hutochemical experiments

Tissues were exther taken dsrecthy to hustochemustry or studied after the receptor function ex
peaments had been performed They were - e * .
be quenched in liquid propanc cooled by - -

alehyde gas for the histochemical fluore: .

and Jonsson 1967, Norberg 1967 Ofson

spearfic fluorescence of the adrenergic nernes were found 1n tssues stored for as long as 24 hrs
m ¢old Tyrode solution or 1n those Wissucs previously used in the receptor function expenments

Results
Receptor function experiments
I Perfusion expernments Acetylcholine (013000 sig) produced dose dependent
contractle responses which were reproducible without faugue (Figs 1 and 2 The
resulting pressures from the highest doses 1 1000—3000 ue were 31—63 cm H O

utmﬁ'ﬁ b ACET YL CHOLINE ———————— NORADRENALINE
e= 20 S e v LR
= -~
<5 10
et
£ 0 : 0
4 g —
03 1oy 30y 300, ~lmo
Fig 1 Actual d of Icholine and drenal ne induced i the

isolated perfused human feal ductus artenosus (CRL—10 cm  ote the prompt response
both drugs and that the effect of noradrenaline 1 lancer lactine and thas tha dnes
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enllyd
50

40

Fig 2 Dose effect curves of acen!
cholne {sohd circles) and noradrena
Imne (open crrcles) an the isolated per
fused human fetal ductus artenows
Ingections of acenylcholine could be
made in succession without tach
phylawus or fatigue, but there was 2
mrked degree of tachypylaxis wib
noradrenaline [ins 1s demonstrated by
the two response to 1000 ug When
the dose was gnen ammediately after
the previous dose (low dotted hne} a
very low response was obiamned but

& = 7 when gnen after a long wait (3114
Q1 w 10 100 10008 br), o vk bughes seapane woied

30

NORACRENALINE

20

PRESSURE

Noradrenaline caused a contraction of the ductus which was assoented with 2
marked degree of tachyphylasis (Figs 1 and 2) This phenomenon was noted even
when the ntenial between two successne mjections was as long as 1—2 hrs and
made 1t difficult to determune a full dose effect cune

In one exg 1di to the perfi fiwrd of the alpha adrenergie antago
nust, phentolamme (5 pg/ml), blocked the contractle response to noradrenaline
completely, but transiently as when the blocker was washed out the responsc of the
ductus returned to the pre blockade level

mf

m
200 ¢ ACETTLCHOUNE 200 ACETRCHOUNE

NORADRENALINE

= 100
S0 /
==}
== /
. NORADRENAUNE

O it T 5 o S0 05 5 % 8
™S kom0 3 % oy 00500505 5 50 s00l

.

apen
3 Cumulatne doze effect cunes of acetylehotme (sohd mc(}n) and “md‘;"fxl,‘ffpl; ‘f:u
cles) from wwlated speral stap preparations of huma? fetal umlx]; anluun“\‘alr et e
aorta (right panel Both tisues contract with acehicholme Duesal “:. mwptzn o
noradrenahine so that a dosc effect cumve can be derermined Aoria 3 not
adrenaline
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Fig 4 Fluorescence microphotograph of the human fetal ductus artenosus x 120 Tangennial
sect on through the arcular muscle laver of the med 2 \umesous fine vancese fluorescent nenve

termunals are <een running parallel to the muscle bundles An oblique section through parts of
the internal elast ¢ membrane (autofluorescent) at bottom

Fig > Fluores.ence microphotograph of the Junction between the human fetal ductus ar
teniosus (upper half) and the decending aorta (lower half) x 120 The medial mus le layer
of the ductus s transiersalls_ectioned and the vancose nerve fermnals appear as white dots
The descending aorta lacks fluorescent reres but conta n nusmerous elastic lameliae visible
owtag to their weak autofluorescence

11 Sprral strip expertments In the largest fetus 1t was technically posaible 0 make
« spiral stnp preparation of the ductus 1n order 1o determine the dose effe-t re ation
ship for noradrenaline and acetvlcholine (Fig 3 In this preparation there was no
disturbing tachvphslaus to noradrenaline

In sinps of ascending and descending thoracic 2orta atetlcholine produced good
Pprompt contractions so that a dose effect cune could be determmed Fis 3 How

ever noradrenaline never produced amy contractile response in a wide do-e rance
(0003—500 prg/ml}

Hustochemical expenments
Abund

thin I fibers with od vancosities were consistently found

between the smooth muscle bundles of the media Fig +  The media was of ~

siderable thickness and the nenes were more frequenth found at the .
.
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parts of the media In the youngest fetuses, nerves were in fact found only s the
outermost parts of the media Most nerve fibers ran parallel ta the circular mucle
bundles No flucreseent nenve termunals were found i the descending sorta Elasse
lamelfae were not found 1 the ductus exctpt for the internal elastic membrane Ths
was 1n contrast to the large number of elastic lamellae found v the descending aorts
at the departure of the ductus (Fig 5)

Discussion

A review of the literature on the role of catecholamsnes, in particular noradrenahine
1 ductal closure disclosed that all experuments had been cirned out n ammak
(fetal farnbs and gumnea pgs) Results, however, were conflicung e that naradrens
line was found to constrict the fetal anunal ductus by some (Born ez af 1956 and
Kovallik 1963), but not by others (Smith Morns and Assal 1964) No reports of
expeniments m the human fctal ductus arteriosus were found
Both adrenergic and cholinergic receptor function has been found to be well dael
oped carly n humman fetal e (Boreus 1967, 1968 McNfurphy and Borcus 1968 and
unpublished data) The prescnt 1 oitro experyments on the human futal ductis
srteniosus abo demonstrate the presence of adrenergic and cholinergic receptor funt
tiont since a prompt ductal ¢ followed the ad of drend
and acetylcholine 1n a dose dependent fastion Abo the noradrenaline response
conld be blocked by an alpha antagonst As we have shown carlier acetylehaline
causes contraction of many other human fetal tisues such as e esophagys
trachea gorta and pulmonary artery The cholimergic function m ductal closus®
should thercfore be mvesugated in more deta Furthermorc it 13 1o be noted that
the oxpgen tension i these studies was kept constant and high No ateempts were
made to clucsdate the influence of vanations 1n the 0xygen tension on the cantractic
state of the ductus
The responsivencss af the human fetal dustus artertasus to naradrenaline correlates
well with the histochemical fluorescence demonstration of noradrenaine pen®
tenmnals in the smooth muscle layer of the media The sympathenic mnenvation o
Dblond vessels has been shown 10 form a plexus of nerves confined mosthy to the outef
border of the media (Efunger Ialck and Sporrong 1966 Norberg 1967 Howerer
as shown 1n thes paper the nenve termunals mn the human ductus are not restacted
ta the auter border of the media but penctrate more decply mto st Adrenergit
nene termnals o other desed g organs from man and other speeies d) ot )ﬂ\;
25 propounced varicosstcs as those i the dyctus artenosus {Chinger of at 1968 O
Tgon ef @b 1969 The appcatance of the adrenergic auve termmmls of the duﬂ“;
L osus 15 mort bike (hat f adult ussues and suggests an eather m syt O
Nm» s which may play 170l i the dosure of the ductus P
g {n the ductus a norrdrenabine contracfe sesponse as well as adrenerg! ik
wrnnnaly wete fouad On the < ther hand 0 the thoracic 1orta neither noradre! "
hine sensitisity pot fluoresceat nerve germpals could be dononstraed Thus 8
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results from the receptor function experiments and histochernical studies correlated
well In conclusion therefore, the human fetal ductus seems to be prepared with an
adrenergic mecharusm, which later 1 neanatal Ife may contribute to 1ts closure

This imestigation was supported by grants from the Swedih Medical Research Counc)) (B69
12\ 711 O+ and K68 14\ 572) the Association for the \id of Crippled Children Magaus
Bergnalls Suftelse and Stftelien Therese och Johan Anderssons Minne
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Uptake and Distribution of Rubidium-86 and Potassjum-43
in Mice and Rats—an Autoradiographic Stady
By
Kurr A Ovssow, Rune Soremark and Kenverst R Wine

Recened 3 1ebruary 1969

Abstract

Ousson, K. A, R Sorevark and K R Wine Uptake and distribution of rubidum
86 and potasstum—43 1 mice and rats — au autoradographic study Acta phy
stol scand 1969 77 322332

The uptake and distribution m muce of rubihum 86 ("Rb) and potassum-A3 (PR) wat
studied uving whole body auteradiographsc techmques In addition a mlcm:\ummdnagmp)ncl
study of the dutaibution of *Rb an the heads of raty was made The results demonstrate igh
relatne accumulation of ® Rb un hyzline and articular cartilage tendon, forming bone Jisef
pancreas salnary glands thymus spleen and skeletal muscle At one hour post injecvon the

distibuton pattern of Ik was sumlar to but much less differentiated than that of ”“k
- . - wan e han

present results de high reltne 1 of "RL and *'h in lyahne art
articular carulage tendon and formng bone and high MRb concentrations n lormung troth
and focta) bone and cartilage obsersationy which hive not bren made in earhes studies Te
sumlanties 10 and differences from the resulis of a sendar study of the uptake and dissssbsten
of caesium 137 (137Cs) are discussed

Rubidium 86 (**Rb; has been used as 1 tracer nuchide for potrssium in uptahe
transfer and dilution studits (Rubsno ef al 1938 Miballe et af 1901b Burch and
Ray 1958 Henegar Friskey and Preston 1959 Becker 1962 In general the distribu
tion and uptake of thus radionuchide appear to be proportionsl to the distubution of
naturally occurnng potwstum and rubidium (Relman 1956) Remal exeretion of
™ sdim or "Rb paralldds that of potassium or potsssim 12 (4 k) ar sbout one

¥ the potasstum excretion rate iRubmo o al 1938 hunm ot al 1959, \lu:"
. 02y The excreuon of ** Rb by sweat and salinary glinds 1s simifar to that of 'k

renson and Burch 1957 Langley and Brawn 1961 Iracer studies i mammib
and external counting ind ssmphag studies in man have dumomstrited sigrifient
quantiate differences 1 the uptabe of MRb and ¢ k1 1 number of tssies Wathin

222
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a few hrs to a few days after administration ™Rb 15 less concentrated than %K i
brain unne, bone and plasma At the same time, these two radionuchdes are nearly
equally concentrated in erythrocytes and skeletal musele while more **Rb than 'K
15 taken up 1n the viscera (Ralpatrick et al 1936, Tyor and Eldndge 19536) It has
also been shown that a sizable discrepancy exists between the rubidium and potassium
spaces as determmed by dilution expenments {Henegar ef a' 1939, Relman 1926,
Kilpatnek et al 1956 Martin and Walker 1958)

Rubidium can to some extent act as a physials pl for p m
some tssues while caestum 15 less suitable as a substitute In several tissues, these
three alkali metals are not taken up 1n the same proportions as are found for the
organism 2s a whole (Relman 1926) The possibility exists that rubidium andfor
caestum play physiol roles, indirectly by p hib of a p
effect or directly by being essential to some process The first step i the investiga-
tion of this possibility 1s to compare the relatine uptake of radioisotopes of these
three elements in the vanous ergans and tissues of the body

In the present miesugation, the uptake and distribution of **Rb 1n mice was
studied by means of whole body autoradiography A second senes of whole body
auteradiograms was made from mice which had been admimistered **K 1n order
that companisons mmght be made with the **Rb data of the present study and the
caesium 137 (** Cs) data of Nelson ¢t a! (1961) In addition a senes of mcro-
autoradiograms was made from sections of the heads of voung rats which had been

d: d **Rb These d were used to provide more detailed n-
formaton on "°Rb uptake with special emphasis on erupted and unerupted teeth
and the surrounding hard tissues

Materials and Methods

“SRb and 43k, were produced 1n a nentron reactor (The Swedish Atomic Energy Co Studsuk
N\ykoping) ““Rb was obtamed by irradiatmg RbCH in a thermal neutron flux of 1 4x 1013
neutrons cm? sec? Carver free 9k was obtamed by rradiaung enniched 13CaCOs with
thermal neutrons according to a method by Forberg (1962) Ihe radionuclides thus obtamed
were diluted with physioloic saline solution before myection One to two 4Cr per gram body

hoahas a1 — - e —80°C
ile mice of the NMRI
The four anmnals were

For micro autoradiography 8 male rats of the Sprague-Dawler stran 9 davs old were n
Jected intraperitaneally with “Rb Four rats were sacrificed | day and 2 days after the single
ingection The rats were hightly anesthenzed with ether and then sacnficed by decapration
The heads were immedhately mmersed m the cold solution

For whole body autoradiography twenty m cron sagttal section were taken at various lesels
through the frozen specimens using a sledge microtome The sections were mounted on adhesnc
tape “The sections on tape were placed an contact with Rodires X rav films dunng the
exposure persod For mcro autoradiographs five mucron sertal sagittal sections_yes  ade
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stomach
(oesophageal
muscles kidney spleen  pat) lung tendon  brain

Testes unnary njection intestine | ver heart thymus  salvery
bladder site

Fig 1 A whole body autoradiogram from a section of a male mouse 1 hr after 1p 19 tion
of ™Rb White arcas corresj ond to tissues or organs with high selatice concentrations of radin
rubsdium This autoradiogram 15 also represeatative for the female mouse which wy sacnificed
at I hr post imjection

through the rat heads and were mounted on adhesive tape The sections of the rat I eads were
then pla ed in permanent contact with Hford G5 autoradtographic plates After the cxposure
development and fixation of the G5 emulsions the sections were stained with haemalum and
eosin The whole body and micro autoradiographic techniques used have previously been
described by Hammarstrom (1966) and others

Results
Rubidwun 86 (whole body and micro-autoradiography )
The pattern of accumulation of #Rb n the tissues of mice relatuc to that i sheletal
muscle remamed relatively constant from 1 hr through 5 days post-injection except i
the hver, foetus and lens where the 1 of *Rb 1, and m the
blood lung hidney unne and placenta, where the relative activities decreased be
tween 1 and 5 hrs postinjection (Fig 1 and 2} Desprte the different routes of
adminsstration no differences werc scen between the accumulation patterns 1 the
male and female mice The following descriptions unless otherwrse stated apply 10
all sacnifice times under 1vestigation and to both males and females
A general comparison of thie uptake of **Rb seen 1n the mucro-autoradiogran™ of
the heads of rats with that in the corresponding tissues i the whole body auto
radiograms of mice rescaled no discernable differences In the following deseriptions
« _therefore the information obtained from the micro autoradiograms will be used 10
npplement that from the whole body autoradiograms desptte the fact that different

pecics werc used
s
Cireulatory and reticulo endothelial systems *Rb was rapidly lost from blood such
that, by 1 hr postanjection the actinty in blood was among the lowest in the body
The mcro-autoradiograms showed some actisty remaming in the crvthrocytes
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fudney  (oesophageal part)
foetus ‘ spleen ' iver lung eye

placenta pancreas l heatblood  cartilage
intestne stomach
{secretory pat)
B~ . . o
Ject .o . . .
s - . .

Blood vessel walls showed a lower accumulated actinity than that mn blood Heart
muscle showed 2 moderate uptake of **Rb, sigmficantly more than 1n blood and less
than in skeletal muscle

The concentrations m thymus and spleen were approumateh the same as i the
sheletal muscle The Iiver accumulated more **Rb than any of the other viscera and
more than skeletal muscle, the relative concentration increased markedly between 1
and 5 hrs post-njection No d of I of **Rb in Iner paren
chyma and the reticulo-endothelial elements could be made Bone marrow and
Iymph nodes had low **Rb concentrations

Resprratory system The lung tissue mcludmg the bronch: showed a low uptake of
*"Rb, appearnng to be approvimatels equal to and decreasing with that m blood It
must be remembered howeser, that the lung tissue represents a very small porton of
the area of the lung and the actual **Rb concentration must be much higher than 1t
appears The uptake in the resprratory mucosa was relatiely low A very heawy

accumulation occurred mn the hyaline carulage of the tracheal rings and nasal
conchae

Muscle, bone, skin, and assocrated fissues In skeletal muscle mcluding that of the
tongue, the accumulations of radiorubidium was among the highest in the body
being lower than those 1n hyahne and articular cartilage tendons forming bone and
Iner The tendons showed more actnaty than therr associated muscle and much
more than cortical bone
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foetal
hver muscle  bone ntesting

T

cartilage sp nal cord placenta bran

Fig 3 An enlargement of a portion of a whole body showing the distrib of
™Rb 1n the shdomen of a pregnant mouse 5 days after an 1% tnjection Nate the hugh relatne
rpuke 1 caruilage and Fone and the even distnbution of low actistty in the soft tissues 1 7
oetus

Bone of all types showed a remarkably low uptake except at pomts of rapid
growth The micro-autoradiograms showed that the trabecular bone of the manditle
had a higher concentration than the cortical bone and the blood

Hyaline cartilage of the ribs and articular cartilage as well as the hyaline cartilage
of the trachea and nasal conchae showed the greatest concentration of *'Rb of all
tissues of the body The fibrocartilage of the intervertchral discs, on the other hand
very little radiorubed

Stun and subcutaneous fat showed low concentrations of radiorubidium In the
hair follicles the uptake of **Rb way also low In the central parts of the hair shafts
however, a moderate amount of actinity had accumulated

Teeth As in compact bane the uptake of radiorubidium in dentin and ename!

15 low However the mic a dem d hugh conc m
. Jeveloping unerupted teeth relatne to the surrounding hard nssues (Fig 4) A l’"S]"
httle

P
relative concentration was seen 1 the odontoblast and ameloblast regions Very
activity was visible 1n the dental pulp
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Fig 4 An enlargement of a small portion of a mucro-autoradsogram of the head of a male rat
snowing the distributon of ““Rb tn a developtng molar toon 3 &x sfter an 1 p ImpEuTn
The region of high relatine actnity 15 here seen as a grev shadow supenimposed on the regions
of growth 1 the enamel and dentin

Digestize tract The mucosal walls of the mouth oesophagus and the oesophageal
portion of the stomach contamned very httle actiaty while the secretory part of the
stomach and the mtestinal walls showed a moderate concentration or nearly as much
as that 1n sheletal muscle The gastric and intestinal contents had much less actaty
than the gastnic and mtestinal mucosa

Of the associated viscera Iner showed the greatest accumulation of **Rb while
the gall bladder showed very httle actvity Pancreas and skeletal muscle actiities
were approvimately equal In the salivary glands, a ymoderate concentration of *Rb

was observed at all postinjection periods bemg approwmately the same as
skeletal muscle

Urogenital system By 1 hr moderate activity had accumulated 1 the unne By
5 hrs, the actvity in unne had markedly decreased The actiuty mn the kidney at
1 hr was about equal to that 1n skeletal muscle From 5 hrs through 5 days the
“Rb concentration decreased to a level below that of sheletal muscle No differen
tiation was ever seen between cortical and medullary 2ccumulation i the kidney

Testis showed a low uptake of *Rb

Lactating glands also showed a low uptake of "RV

The vaginal mucosa had a moderate accumulauon of "*Rb No ovaries could be

dentified In the placenta the accumulation was low being approumately equal to
and decreasing with that 1n blood
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Foetus By 1 hr after the injection actnity was visible 1n the foetal tissues The
relative accumulation increased with tme Withm the foetus (Fig 3), a relatnels
marked accumulation was seen in cartilage and bone while radiorubidium was evenh
distributed 1n all the soft tissues No actinity was visible 1n the amnjone flund

Nervous system The central nenvous system showed a low, relatvely rapd ac

1 of *Rb No daff 1al uptike was seen 1n the tissues and flurds of the
CNS

The lens of the eye accumulated radiorubidium slowly At 1 hour only 2 narrow
zone mn the perphery of the lens had any actiaty At 1 day, the actiaty zone was
much broader but did not become any broader at longer post injection pertods The
micro-autoradiograms also demonstrated a low uptake tn the vanious ussue layers of
the eye bulb The vitreous body showed a somewhat higher accumulation than the
other tissues and fluids of the eye The lacrimal glands showed a low concentration

Potassium 43 (whole body autoradiography )

The distnbution pattern 1n muce of radiopotassum at 1 hr post mjectton was
simtlar to that for radsorubidium (compare Fig 5 and 1) There were, however a
few sigmficant chiferences The distnibution of **h was much more even than that
of * Rb Relatine to skeletal muscle accumulation hyaline and articular cartihge
tendon and Iner showed lower accumulations of +'K than *’Rb while the comverse
was seen in heart muscle Jung, bone and brain No comparisons at later post mjec
tion times could be made

Discussion
Due to an clegant producton procedure developed by Forberg (1962) **A can now
be made available carner free 1 suff, for brol 1 expenments A
p of the radiophysical properties of “'h and the commonly used *h
sp nal cord
muscles vertebra fver  lung thymus ban ore
P =7 - Ny
ot AT -
it PN P f
~ A
N
G )
Ay D

testes urnary  inection bloodun  ntestne heart | salvery gland
bladder 518 vena cava cantage
caudal s

se § Ir after an 1p 17

Fig 5 A whole bodv autoradiogram from a section of a male n u R e (Fie 11

Ject on of YR Note th e mare even d stnt stion ay compared w &} that o
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reveals that 3K 1s more switable for 1utoradiography because of 1ts lower energy
beta radiation and longer half life 224 versus 125 hours (Radwlogical Health
Handbook 1960) Other potassium radtoisotopes are not switable for most biological
studies The radiation properties of **Rb are far from 1deal for autoradiography
Thin sections and emulsions should be uced in order to optumze the resolution m
autoradiograms made with these radionuclides

\ice were used for the whole body autoradiographic preparations because of the
small size of the adults including the pregnant females and the necessity to minimze
prob ems 1n sechoning calcified tissues Young rats were used for preparations for
mucroautoradiography of the head region because the larger size permitted easter
tissue recogmtion The fact that the rats were young made 1t possible to view both
unerupted and erupted teeth and also reduced the problems n s~ctioning calerfied
ussues

The pregnant female mic~ were mjected mtravenously rather than mtrapen
toreally (which 1s casier and more certain} 1 order to avoid njection nto the
ammotic sacs Comparnon of these antmals with the males which were nje ted
ntrapenitoneally resveals no differen es 1n accumulation of **Rb even as early a< 1
hr post injection Unfortunately the amount of 3K available at this ttrme did not
permut us to extend this part of the study to include sacnfice times later than 1 hr
post mjection

Autoradiograms from senal sagutal sections from each mouse and rat were ob
served tn compiling the data No single section contained all of the tissues and organs
of 1nterest 1o the present study The descriptions of the relatne concentrations there
fore mnclude many which do not appear in the necessanly hmited number of auto-
radiograms presented 1n Fig 1—2> The radionuchde concentrations n sheletal
muscle was used as the reference m all compansons because samples of skeletal
muscle were present m every sectron and because of the attention which has earher
been paid 1o the o of these rad des 1 sheletal muscle

One of the most strihing observations 1 the study of the uptake and distnbution
of *"Rb 1n mice 15 the rapidity with which the accumulations of actisity in the vartous
tissues and organs come imto equilibnum Changes 1 the concentrations relatne to
that m skeletal muscle at sacnifice times later than 1 hr post mjection occurred i
only a few tissues and organs Sigmficant continted increases 1N actinity were ob-
served only 1n hver foetus and lens Even in these an equilibrum had been achieved
by 5 hrs post injection Those tissues and organs which showed decreased relatne
concentrations of “*Rb between one and 5 hrs post 1njection are those whose activities
would most likely be directly related to the serum activits which must contnue to
decrease due to excrenion and contmued uptake by those tissues which are slow to
equitbrate Thus kidney and unne concentrations logically follow that of serum
Since only small amounts of "Rb were found 1n red blood cells the whole blood
concentration would tend to follow that of serum The luney and placenta which
contain very much blood 1 companson to ather viscera might be expected to con
tam “'Rb in concentrations more or less proportional to that in blood From 5 hrs to
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5 days post injection, the concentrations of *'Rb 1n all tissues and organs appear to
maintain a relatively constant relationship to one another, decreasing slowly with
mereasing time post injection It would appear that none of the tissues srresersably
accumulated *Rb but this remains to be confirmed 1 quantitative studies

A companson of the present results with quantitative studies on the uptake of
#°Rb 1n selected tissues of rabbits (Ralpatrick et al 1956) and rats (Mabulle ef of
1961a) shows close agreement Mabille ef al have shown that within 1 day post
imjection blood had one of the lowest *Rb concentrations (assuming the whote
blood concentration to be an average of those in plasma and red blood cells) with
only bramn bone and skin being lower Skelctal muscle lungs intestines kidney and
heart showed simular concentrations which were above that 1n blaod Liver st owed
the highest concentration of the tissues studied Encept for the concentrations
bramn and red blood cells which mcreased dunng the first 5 days post mject on.
the *'Rb content of these tissues decreased uniformly 1 a parallel fashion through
the thirteenth day post njection (Mabulle ¢t al 1961a)

Neutron actination analysts studies have confirmed the results of earher imvestiga
tions which d d that only il of rubid are prescnt 10
hard tissues (Soremark 1964, Brudevold and Soremark 1967) In additon st has
been shown that the dentin and enamel of unerupted teeth are exceptional among
the hard tissues studied Unerupted teeth have approximately ten times as much
rubidium as erupted teeth or concentrations which lie within the range of those 1
muscle and viscera Erupted teeth have relatively low rubidium concentrations
simlar to those of other hard ussues (Lundberg Soremark and Thilander 1963
Lundberg Soremark and Thilander 1965b)

In the present study *Rb 1s seen to be ac lated 1n very small 1n bone
as might be expected from the above data on rubidium concentrations However
there were regions within the bone which were very high m *Rb concentration
These were the regions of most active growth and those where tendons attached In
the study of *’A distnbution 1 hr after injection even greater relatve concentra
tions of **K than **Rb were obsened 1n formng bone and 1 cortical bone 10 the
regions of muscle tendon attachments High relative concentrations of PSR were
also present 1n foetal bone In unerupted teeth all regions of active enamel or dentin
formation were observed to accumulate high concentrations of **Rb Since bone 282
whole and erupted teeth have refatinely fow rubidium concentrations 1t would be
expected that these accumulations of *Rb must be displaced duning the mmcmlluh
tion process or perhaps the maturation of the matric It could be that these hig]

neentrations represent non selectne accumulition of positnely charged atoms 1

e matnix before mineralizauon begins It 15 alko possible that potassium andfor

dium play an actise role 1n matnx formation maturation or in the beganning

‘stages of mineralization N
In a review of the literature Relman (1926) made comparisons of the dxslr:n‘:

tion and uptake of potassum rubidium and cacsium 1n mammahian tissucs 1 :
histnt patterns of Hy occurmng | and rubndium are very smi
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High concentrations of both elements are found in erythrocytes muscle and viscera
and low concentritions mn plasma and bone It was alo noted that the concentration
ratios of rubidium to potasstum and of caesium to potassium 1n ammal tissue are
much greater than those 1n the earth s crust indicating that at least some tissues can
distinguish among these three alkal metals and take up caestum and rubidim
preference to potassium {Relman 1956)

The results of the present study show that the ussues of greatest accumulation of
©Rb and “*K are hyaline and articular cartilage This 15 1n agreement with the
d stnbution pattern of 33 Cs as described by Nelson ¢f al (1961) In companng the
relative accumulation of 23°Cs 1n hyaline cartilage with the high relatine accumula
tion of sodium 22 ( Na) m the same tissues (Huggert et al 1961) Nelson ef af
(1961) speculated that the accumulation might be non specilic in nature and similar
to the action of an ton exchanger 1f this were so one would expect the four 1ons to
be taken up preferentially Cs>Rb>>R>>\a (Samuelson 1922) An d b
companson of the accumulation of these four radionuchdes (*¥Cs from Nelson rt al
1961 *9Rb and **k from the present study and " Na from Huggert ef af 1961) i
the carnlage of the nose trachea nbs and articular surfaces relative to the accumula
tion of each 1n sheletal muscle at 1 hr post imjection shows some varation from

this preferential pattern but does not gne sufficient evidence to either confirm or
refute ths hypothesis

Other organs and ussues were seen to 1ary in their relatine uptake of potassum
rubidium and caesium (*¥7Cs from Nelson et al 1961) The following comparisons
are all based on the concentrations of the nuclides relative to their concentrations in
sheletal muscle Heart muscle appeared to take up more **K and ¥¥Cs than Rb
Liver showed a higher relatie uptake of **Rb than either “*h. or ¥Cs The m
testines thymus and salnary glands accumulated more 1¥7Cs than either *Rb or
“R Relative to sheletal muscle concentrations 1n the dam more 3Cs than *Rb
appeared m the foetus {not studied for *3K)

The necessanily limited number of tissues which can be studied quintitatively m
mestigations such as those of hilpatrick et al (1926) and Mabulle et al (1961a)
serves to emphasize the value of whole body autorad ography as a methad for sur
veyng tissues of interest for further quantitatne work Further some differential
uptake patterns such as that of **Rb 1n bone may be missed 1n guantitatine studies
on whole organs The whole body autoradiographic data of the present study and
ot of Nelwon ef al {1961} wdicate that 1 would be of great ymerest 1o stdy yuan
titatnely the nature of the uptake of potassum rubidium and caestum 1 various
cartilagenous tissues tendon different kinds of bone the dentn and enamel of
forming and erupted teeth salnary glands reticuloendothelial tissues placenta and
foetal tissues ncluding cartilage and bone The uptake of potassum rub dium and
caesium 1m these tissues has recenved hittle attention to date
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Oxygen Uptake in Skeletal Muscle of
the Anesthetized Dog during Sympathetic Vasodilatation
By

Per Bowme and Jozer Novotsy1

Recened 6 Februan 1962

Abstract

Bouyie, P and | Novotrny Oxygen uptake wn sheletal muscle of the anesthetized dag
during sympathetic 1asodilatation Acta physiol scand 1969 77 333—-343

Owgen uptake 1n dog sheletal murcle was smdled Jpon actnation of the svmpathetc cholin
ergic vasodilator nerves, upon reflex P nervous (one
and 25 2 fesponse to 1a acetyIcholine infusion om;en upxakc was calculated from the arterio-
venous o¥ygen saturation and the blood flow area
or of the sympathetic Jambar cham, after adrenergic ner\vus Iﬂockzde, produced an 1ncreased
blood flow and 2 rise an calculated oxygen uptake in the muscle In most ammals the oxygen
up!nk: returned to, or went shghtly below, pre stmulatory levels after an nitial increase for

o'dmrm HOhr\er mn some cxperiments !he oygen uptake was elevated dunng the whole
PCﬂ of

Reflex tone was produced in cross.

: by e et e e of the secipiomn dog. When the
SZen expepiments by Sumulatng (1e cafond Hmus Ao ey RS NI
A e v . . . N . PR o
are dilated '
The sympath ) "

nenes are considered to mnenate pre
capillary resistance vessels in skeletal muscle (Folkow Mellander and Oberg 1961
Rosell and Uvniis 1962, Renkin and Rosell 1962 a, Bolme and Fuxe 1967+ Elasson
¢t al (1951) and Ehasson, Lindgren and Uwnas (1952) assumed on the basis of
experiments 1n anesthetized cats and dogs that the sympathetic vasedilator nerves
were activated to prepare the muscles for sudden effort This view was further sup-
ported by Abrahams, Hilton and Zbrofyna (1960 1964) who made expeniments in

d and cats and d that the vasodil
actnated i defence reactions

nenes are

L Vimimg screnust, present address Institute of Pharmacalnoy Coerhodmak 4
Sciences, Bratislava Czechoslovakia
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Recently, further studies have been reported concerning the sigmficance of the
pathetic dilator nervous mech On the basis of expertments where the

vasodilator nenes were actnated 1 conscious dogs, both electrically in the hypo-
thalamus (Bolme et al 1967) and as conditional reflex to exercise (Bolme and
Novotny 1969) 1t was further clasmed that the vasodilator nerves are actnated prior
1o situations when an increased muscle blood flow 1s suddenly required It therefore
appeared of interest to study the transcapillary exchange of oxygen following sympa
thenc vasodilator nerve stumulation 1n order to further elucidate the physiological
function of these nerves

Prestous studies concermng the effect of sympathetic vasodilatation on the trans
capillary exchange in muscle have been controversial Hyman et al (1959) reported
an unchanged or even decreased exchange of I'® while Barlow and Walder (1963)
and Bolme and Edwall (1968} found an enh d disapp of rad T
from a skeletal muscle depot durmg sympathetic vasodiatanon Rosell and Usnds
(1962), using cats, found an mtal increase mn oxygen uptahe followed by a de
crease dunng sympathetic cholinergic vasodilatation Considering these apparenth
conflicting data 1t seemed of interest to reexamine the problem n the dog

} 1

In the present study we report the effects of symy . 1asodi)
produced by hypothalamic and hetic lumbar cham 1 on the oxygen
uptahe 1n dog sheletal muscle For companson we also studied the oxygen uptake
during vasodil produced by reflex mnhib of v nenous tone

and by intra artenal acetylcholine nfusion

Methods

The experiments were performed on 23 mongrel dogs of both sexes weighing 6—18 kg Most
doey were premedicated with morplune (10 mg/kg sc ) and anesthetized with « chlorslose

the caroud or from the femoral artery by a Statham pressure transducer (P 23 AC)
The relatne venous oxygen saturation {“reading salue ) was continuously re(urdtd":“
direcune the senous outflow from the muscle through a cuvette ivolume 05 ml wor::!r(“l
"0, 2 nellecn, oamrir; CCavametar MQ 3 hopn & Zonen Delft Holland) The bl Y
srned to the anmal via the femoral vein All recordings were made on a Grass poheraP

o X frequenth
o desermme the srersl Ovaturaven asierl smples e len 1o v
Tiag the exp
Provent ov i s
“ve measurem . i b
the same was N . R ¢
blood samples was then d using a s
Zonen De‘}[t Holland The hemoreflecuon method was previously cahbrated ‘:’:,‘:;kx
spectrophotometnc method Drabkin 1950 The Ozsaturation values of the venou!

s wav the
were platted agwinst ther respectne  reading ralues from the CC-oumeter In this wiv 0

ot
continuous O~saturation readin®s were made quantitatne over the whele scale (&

ook 1962
w’\%”hm anli!m:ogon:g:x of the blood samples was measured by a photometer (Lanon s

AB Ljunnbcrg & Co Stockbolm, Sweden)



SYMPATHETIC V ASODILATATION AND OX1GE™N UPTAKE 335

The oxygen uptake was determined by multiplyng the blood flow (mlllOD € muscle) by
the ¥ xygen P the
P A PG SR Y d the Oxcapac .
' . . . - - .
was \l.‘pl constant (about 2 ml) and was compcnsam] lor n the oxygen uptake determinations.
In there was no ume loss due to mung of
blood in the euv rﬂ: when blood of different saturations pasced the system This was tested in
mode! experiments by perfusing blood saturated to different degrees, through the cuvette and
continuously recarding the Oa-saturation
The sympathetic cholinergic vasodilator nerves were actnated by electrical stimulauon of
hypothalam:c pathways v1a umpolar, 045 mm gauge stainless steel electrodes, stereotactically
onented into the appropnate area The stunulus currents were supplied by a Grass model
S4D and consisted of pulses of 2 msec duration, frequencies of 40—
80 ump{sec, and intensities of 15—5 % In some experiments the \asodilator nenes were
actnated by electrical stmal the chain through a bpolar silver
electrode at the L4—L5 lesel In these expenments the vasoconstrictor response was blocked
with dihydroergotammne (01 mg 1.a) or by pretreatment of the dog with reserpme for o
days (05 mefkg 1m daly) The stimulus currents used had a duration of 2 msee, [requencies
of 1--10 1mp/sec and intensities of 58 \
In cross circulaion expenments the wolated muscle way perfused wath arterial blood from

and intensitses of 26 \

cetylcholine chlonde (1 ug/ml calculated as the base) was infuced manuall 1n such a
way as to mumic the blood flow increases produced by actnation of the svmpathetie cholin
ergic nerves or by inhibition of the vasoconstrictor nenous tone Mmpme (01—02 mg pa)
was gnen to venfy the nature of the ehcited on hy and
chan stumulation

¢ 12 1njections or infusons were gnen mio a previously-cannalated branch of 4 poplitea

or through a side arm of the artenal drop recorder when used

Results

Actiwation of the sympathettc cholmergic vasodilator nertes
In 13 dogs the muscle blood flow was d by 1 vasodil h
in the hypothalamus The blood flow effect could be blocked or reduced b) atropmc
\01--02mgia) A tachycardia and a shght increase m arternal pressure were alo
observed The effect on the venous O, saturation vaned somewhat between the
amumals However in the majonty of the experuments (8 out of 13} stumulation led
10 a gradual nse 1n venous O swturation re to a decreased arterio-venous O wdif-
ference This effect persisted for one to four minutes after the sumulaton had
ceased and the arculatory effects had diappeared

A representatie expenment is shown n Fig 1 The sumulation produced a nse
m artenal pressure The blood flow increased immediatel from 54 to 12 ml/mm
but the venous O-saturation did not change unul 15 sec' after the onset of the
stmulation  Consequently there was an mimal nse n calculated oxigen uptake
After 30 sec of stimulation however the venous O saturation had increased from
69 t0 81 per cent leadng to a return of the calculated oxvgen uptake to the pre-
stimulatory level A further drop in the calculated onygen uptake was obsep

? The ume values gen are corrected for the dead space of the tut
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Fig 1 Dog 6 ka \Morphine Chloraloce \{ gastro nemus 28 g Effect of sumulaton of
vasodilator pathways in the hypothalamus

1 Sumulation with 15V 2 meec 40—80 1mp/sec

2 The same as ! after administrat on of atropne 02 mg 1a

1ng the remaiming penod of enhanced blood flow Yt hen the sumulation was stopped
the blood flow rapidls returned to resting values but the venous O saturation 1
marmned at a supra normal level for about tho minutes Thus during this penod the
calculated oxygen uptzhe was still below prestmulatory levels The cffect on te
blood flow and oxgen uptake caused by the stimulation was although not abolished
considerably reduced by pine (02 mg1a indicatng that sympathetc cholin
ergic fibres had been actnated (Fig 1 23

In fne of the 13 dogs stmulated tn the hipothalamus the results differed some
what from those deseribed 1n Fig 1 In these dogs sumulation produced enhanerd

“~muscle blood flow and a nise in artenal pressure However the venous O -saturation

not much elevated and this led o an increased calculated oxygen uptake dunnt

e whole sumulation peniod The increased oxvgen uptake could hardly be due @
tscular movements as the results were the same even after the admunstraton of
the neuromuscular blocking agent gallamine todide (Flaxedil®  One such expernt
ment s shown 1n Fig 2 In the left panel the hypothalamic sumulation Jed to aB
artenal pressure rice and an increased muscle blood flow The Owsaturauon did nt
change ven much and thus the caleulated oxygen uptake was elevated dunng the
whole period of blood flow nise The fact that svmpathenc cholnergic \—.:sodlh‘l'"
nerves had been actisated 1s shown by the blocking effect of atzopine (night pancl)
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1 2
Fig 2 Dog 13 kg Morphine Chloralose \M graahs 49 g (From the same expenment as
Fig 3) Effect of sumulation of vasodilator pathways m the hypothalamus
1 Sumulation with 3—5 V 2 msec 50—80 imp/sec
2 The same as 1 after admrmstration of atropine 0 2 m;

g 1A
ote that the calculated oxygen uptake before atropine was elevated dunng the whole penod
of vasodifatation

In order to get as pure cholinergic vasodilatory effects as possible, the sympathetic
lumbar chain was stimulated 1n five dogs The vasoconstrictor nervous response was
blocked by dibydroergotamme (Orstanorm® 01 mg 12.) or in two dogs by pre-

treatment for two days with reserpine (Serpasit® 0 > mg/kg Lm daily) In all expen-
ments patk chain \! d

2 d the same effects an atropine sensitive
muscle vasodilatation and an mmually increased ovvgen uptake followed by a return
10 resting values after 2030 sec Frg 4 illustrates these effects dihydroergotamine
had been gnen 1n thus expeniment Following sumulation with esther 1 1mp/sec or
3 1mpfsec there was a drop tn venous O»saturanon together with the initial blood
flow nse During this ttial pertod the calculated oxsgen uptake increased three
to four fold After 20—10 sec the venous O saturation started to nse and the
oxygen uptake returned to restng salues After the stimulations the oxygen uptake
was even hat d 1 the most p

ed decrease being after 3 imp/sec
which bad produced the greatest blood flow nise Atropine (015 mg 2a ) abolished
the blood flow effect caused by the sumulation There was also no change m the
venous O saturation in response to the svmpathetic chain stiunulation after atropine

Acetylcholine mfusion

As a regular finding acetlcholine produced changes 1n blood flow and .
saturation which were sumilar to those usually seen af
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Fig 3 Dog 13 kg Morplune Chloralose M gracilis 49 g (From the same etperiment 2

Fig 2)
At nznal acetylcholine 1 ug/ml infusion (total dose 1 ug)
Note the 1mtial increase 1n caleulated oxygen uptake followed by the decrease

by
%
-y~ [
w0 S R
—_— —
VENOUS - Sp— !
“SATURATION 28 —_— T
- —_—
AU i — /’\\
» FUPTAKE
: / U0 WS
TIME 1MIN -
SIGNAL ~=- '—5.-4—‘i—‘—f_—' -—4"——[—-—4——4."“
Fiz 4 Dag 12 kg Ptn!o))albﬂ,;) A3} (a:zmrnnmm 51 g Effect of sumvlavon of luml ar
cham 01 1mg 1a had been previously gnen fo block the

vasocomstnctor nenvux response
1 Sumulation with 5 \ 1 msec 1 sm» sex
2. Sumulation with 5 V 1 muec > mmp se-
3 Arropine 015 mg 12
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ake with sinus nene sumulavon and
. - increase produced by them

thetic vasodilator nerves This 15 illusteated m Fig 3 (see alo Fig 5 2) The blood
flow increased rapidly, but the venous O»saturation drd not change until 10—15 sec
later Thus, the calculated oxygen uptake was imtally increased However, dunng
the rest of the mnfusion the venous Os-saturation gradually increased in spite of a
constant blood flow Thus, the calculated oxygen uptake soon returned towards
resting values After about two munutes of dilataton the ealculated oxygen uptake
was even decreased, an effect which persisted for five munutes after the acetylcholine
mfusion had ceased exen though the blood flow had retumed to resting values after
about 30 sec After atropme (01—02 mg 12 ) no effect m blood flow or oxygen
uptake was elictted by acetylchokine

Inhibition of the 1atoconstrictor neryous tone

In six experiments muscle vacodit was preduced by 1 the caroud
sinus nene on one side, thus reducing or the prevaib h
vasoconstrictor nenvous tone In response to the sinus nene stumulation the artenal
pressure decreased markedly Therefore, 1n order to heep the perfusion pressure
constant during the stimulation, the isolated muscle was perfused with a

Vi
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from a donor dog Under these cir the ik of vase tone
mn all experiments led to an increased oxygen uptake during the penod of enhanced
muscle blood flow The magmtude of the nse 10 oxygen uptake was correlated to the
blood flow effect a large increase 1n blood flow was paralleled by a large sncrease tn
oxygen uptake

A representative expioment 1s shown in Fig 5 1 Sinus nerse stmulanion pro-
duced 2 three fold increase an blood flow but the vcnous O: saturation was un
changed or even shghtly decreased This resulted n a substantial nise in the cal
culated oxygen uptake, from 07 to 23 ml Oy/min/100 g muscle The reaction on
acetylcholine infusion was the usual one (Fig 5 2) The blood flow was increased
to the same extent 23 by the sinus nenve stimulation However, the caleulated oxygen
uptake was only mitially increased and went down to, and even below, resting levels
dunng the didatation

Discussion

The present study 15 a part of a systemauc mvestigation of the physiological role of
the patt cholinergic vasodul. nerves In the expersments reported hire we
have mcreased the blood flow 1 resung muscles by vasodilator nenve stimulation
and compared the effects with those following other types of vasodilatation Undes
our expernmental conditions the restng muscle in the anesthetized dog had the
capacity to Increase its oxygen uptake dunng vasodilatation Whether or not this
was due 1o muscular anoxia present 1n the anosthetized but not 1p the consows
ammal cannot be judged from our expeniments

Vasodilatation 1n dog skeletal muscles due 1o sympathetic sasodilator pene ac
tnation resulted 1n an sntal increase m the caleulated oxygen uptake Rosell and
Unnas (1962) have previously reported simslar rosults in cats The increase m the
calculated oxygen uptake obsernved mtially dunng the vasodilatation might reflect
an ancreased transcapillany oxygen exchange Ioweser with the method used m ovr
expenments 1t 15 Aot possible to determunc f changes 1n capacitance function of the
muscle blood vessels contnibuted to the effeet 16 Inghly deoxygenated blood washed
out from the vemns duning the yunal period of vasodilatauon mixed with Blond
which had just passed the capillanies shs would snterfere with our caleul sans of
axsgen uptake (¢f Mertens and Run 1938, Kramer and Schafer 1939 Thit
~ ‘ther the observed agtial increase i caleulated oxygen uptake way due £ a real

apillan O uptake or not cannot be deduced from our expenunents

Y During swmpathe tic cholinergic sasodilatation the calculated oxygen nptaye had
sually riturned o prestmulaton lesdds after 2030 see In many dogs the oxizen
uptake was then further decseased an effect prmssting after cossation of the stumu
fation when the blsod flow had retumed to resing leels This deerease i the

e~n uptake might rflect an autoregulatory closure of precapsflary spluncien
«sodilatatien of the
apitary sphuacter

oxy
Jeading 10 a reduced capillary surface area Sympathe?
artenoles wall lead 10 an increased transmural prevure 8
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Jevel causing the sphincter muscles to contract (Djojosugito et al 1968) Rosell and
Uvnas (1962} ducussed these mechamisms 1 detail as a posaible explanation of the
decrease 1n oxygen uptake

The effect on oxygen uptake following acetylcholine nfusion was ssimilar to that
usually obsened following sympathetic cholinergic vasodilator nerve stimulation
These results mdicate that acetylcholine and the vasodilator nerves exert their
precapillary dilatory effect mainly on the resistance vessels at least after the mitial
period of vasodilatation The rather rapid return in ealculated oxygen uptake after
the mitial increase suggests that the pre-apillary sphmcms are influenced to a much
smaller extent As was the case foll rasodil

a slight de
crease in calculated oxygen uptake was seen af(cr the muual increase during acetyl
cholime infuston indicating a closure of precapillary sphincters

Djojosugito et al (1968) reported different effects on capillary filtration coef

ficrent (CFC) upon svmpathetic vasodil and following acetylcholine infusion
in the cat Those authors observed an ncreased CFC 1n response to acetylcholine
and a d d CFC duning sympat! 4l Those ¢ cannot

be directly compared with oars since the studies were performed i diffesent species
However Djojosugito et al (1968) reported that during acetylcholine infusion CFG
did not increase by more than 50 per cent whereas during maximal metabolic vaso
difatation 34 fold ncreases are observed (hgellmer 1964) Thus the expeniments
by Djojosugito et al (1968) indicate that acetylcholine produces only moderate ef
fects on the precapillary sphincters 1n skeletal musele of the cat at least with doscs
grving blood flow increases comparable to those produced by vasodilator nerve stimu
lation

Tt must be emphazsed that acetylcholine infusion was used m our experiments
only as a standard procedure to produce blood flow 1ncreases of a sumilar magmitude
to those obtained upon actvation of the vasodilator nerves or by inhibition of the
‘asoconstrictor nervous tone Thus a more detailed and systematic mvesugation 1s
required before defimte conclusions may be drawn about the effects exerted by
acetylcholine on the oxygen uptake 1n skeletal muscle

Stimul of hypothal dil thy prod \ 1ction
the cutaneous and splanchnic vessels (Ehasson Llndgren and Uvnas 1952} If this
‘asoconstriction 1s pronounced 1t will result m an increased arterial pressure This

Pressure nse might via b tivat lead to of v
Denous tone 1n vessels of sheletal muscle (¢f Bolme Ngai and Rosell 1967) Thus
co t inhibiton of tor nervous tone could explam why 10 the

Present study, a sustained mcrease 1 oxygen uptake was seen 1n some of the dogs on
hypothalam ¢ vasoditator nene actnation

Inhibstion of the vasoconstnctor tone by sinus nerve stim slation led to a sustained
ncrease m oxygen uptake prosided that a concomitant increase 1n blood flow was
produced This finding 1s stmilar to that seen m cats by Rosell and Uvnas (1962)
An increased oxygen uptake has also been reported in skeletal muscle during the
Compensatory hyperemia obtained after cessation of vasoconstrictor nerve stimulation
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t Pappenheimer 1941, Bolme and Gagnon to be published) As pomted out by hrogh
(1929) only @ smalt number of the capillanies 1n a resting muscle are simultaneousl
open I s probable that the vasoconstrictor tone usually present during rest plays a
role 1n keeping the majonity of the capillanes closed When the vasoconstrictor tone
15 ihibited, more capillaries will open up as a result of a loss of tone both n the
arterioles and 1n the precapillary sphincters and a larger capillary surface area will
be available for oxygen exchange (Renkin and Rosell 1962b Cobbold et a! 1963)

In contrast, Stamsby and Ots (1964) obseryed no consistent change 1n the oxygen
uptake of the gastrocnemius plantans muscles 1n the dog on decreasing the neuro-
genic \ rictor tone although they obl d 1 but transient blood
flow One expl for the discrep between our results and those of
Stamnsby and Ous {1961) might be that they measured the oxygen uptake by taking
mmtermuetent arterral and venous samples Stamnsby and Ots (1964) rmght then
have falled to observe a transient increase in oxygen uptake smce this was not con
tinuously folloned

It 1s possible to link the obseryations made 1n this study to a previous smestigation
(Bolme and Novotny 1969) showing that in conscious dogs the sympathetic vaso-
dilator nerves are actnated as a d ! reflex tn p of exercise Thus
1t appears that the vasodiator penves might play a role 1n preparation for muscular
exercise by directing more blood to the muscles However, the oxygen uptake m
sheletal muscles 1s probably regulated mamly by other mechanusms eg locally
produced metabolites

This imvestigation was supported by grants from Swedish Medical Research Councel (B68-14%
40-0¢) Natwonal Insututes of Health Bethesda Md USA (Tramung grant 5 TI HE
5614 05) and from harohinska Inststutet

We wish to express our gratitude 1o Dr Vidal Botelho Herrera La Paz Bolmia for valualle
assstance Ve are also indebted to Mrs Ulla Pettersson Department of Chncal Phys ology
Serafimer}: Stockholm for the k oxygen on
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Abstract

Jonssoy, G and Cu Sacus Subcellular distnbution of *H.noradrenaltne tn adren-
ergic nerues of mouse atrium-——effect of reserpine, monoammne ovidase and
tyrosme hydroxylase inhibition Acta physiol, scand 1969 77 344—357

2 P U VR Y Ve “u o adrenerge nents
" " - = or the methylester

- . . * ence hystochemical

Sawre 3 4 m C wefa e evowlu sUb s sLLpIIG uab 3l23)ub Cause o pronounced decrease an the
Iine stores The sub lar distribution was practically idenacal in un-

o
treated, nialamyde pretreated and H44/68 pretreated animals, approwimately 30 % 3H nor
adrenaline was recovered 1n the particulate fraction which in all probability contains the
amyne storage granules In the reserptne nualamide pretreated mice, however, most of the

and the granylar uptake mechanism seem to operate The morphalogical studies disclosed dif
ferences in the adrenergie nenes when the noradrenahne taken up i manly granulash ot
extragranularly stored since the varcosities are in the former case disunct and the later
case less disnet whle the pre terminals are more promment Methodological studics of the
h P fol lular distab studies have also been performed, the
results of which are discussed in view of the expenmental data cbtained

It 15 now well established based on both brochemical and electronmicroscopic
fence, that the peripheral adrenergic transmitter NA® 1s manly stored m specrit
reurnnal storage granules (Euler and Hillarp 19356 Schumann 1938, Campos

. Shideman 1962 Potter and Axelrod 1962 Lundborg 1967, Hokfelt 1969) Ex-
wnoush administered N3 15 rapidly taken up by the avonal membrane of the
adrenergic neuron and subsequenth meorgorated into the storage granules, mamnh
by means of an ATP-\[g -dependent uptake mechamsm Thys latter process ean i
cfficrently blocked by reserpine  Carbsson ef al 1963, Euler and Lishagko 1963

ATAO ~mmenomine oudast

1 used NA= d 1 N\\f = normetaneph



SUBCELLULAR DISTRIBUTION OF 3H \ORADRENALINE 345

Carlsson 1966, Stitzel and Lundborg 1967, Lundborg 1967) Howeuver, a small part
of the NA taken up intraneuronally can enter the granules v1a a reserpine resistant
uptake mechanism (Stitzel and Lundborg 1967)

The uptake and accumulation of H NA in adrenergic nenes of rat ins and
mouse atna after reserpine pretreatment, MAO or tyrosine hydroyylase inhibition
have been characterized 1n previous imvestigations (Jonsson ef al 1969, Sachs 1969)
It was therefore considered of 1nterest to study the subcellular distribution of ex
ogenously admimstered *H NA 1n adrenergic nenes under the expenumental cond
tions mentioned 1n order to be able to correlate histochenucal 1sotope and subcel
lular distnbution data Since the h procedure 15 constdered to be most
cntical in subcellular distribution studies (see Euler 1966) <ome methodological
studies of ths step have been performed

Material and Methods
grcal studies of the homogeniza procedure
A Subcellular distribution of 3H N A
Aice (male NV RI, 25 g) were given an sv 1njection of 20 4C SHNA (710 C/mmole)
30 ™ hafaca v ~faa T — o W R A I ]

Methodol,

during homogemzation a few atria from untreated anunals were homogenized at 0° C after
the addition of 0'1 4G 3H \A Radsoactvity was extracted from the pellets and from the high
speed supernatant with n butanol/01 €5 HC! using 3 ml for the pellets and 4 ml for the
extraction of 1 ml supernatant An ahquot of 2 il was measured m 10 m) toluene-ethanol
) sannllation solution wsing a hquid scntillation spectrometer (Packard \Model 3002)
Recovery of the extraction procedure was found to be about 90 €% No corrections for recorery
were made Quenching was momtored by the addion of a standard amount of 3H toluene
B Fluorescence hustochemsiry
¢ expeniments performed were the same i punciple as 1n A except that the 1+ mjection of
SHNA was omutted and atna from 4 arumals were used to get enough maternal All of the
1anious pellets (coarse crude mitochondnal and mucrosomal fracuon) were taken out of the

centnfuge tube and frozen 1n hqud propane cooled with hqud mtrogen and then freere
dried After thns . v ‘

for the histoche

paraffin secnone .
“mRTUSCUPE ‘(tor .

ton an the fluor - .

003 % NaRHi 1n 92 5 1sopropanol to check the speaificaty of te monoamune fluorescence
(see Corrods ¢t al 1964) The sections were further miesgated 1 a fluorescence micro-
‘l%fsc;l)'ﬂgraph 10 obtain emission spectra and fluorescence intensity measurements (see Jonsson

Effect of reserpine, malamude and H44[68 on the subcellular distribution of *H N A
A Differential centrifugations

our groups of mice were studied 1) Lntreated 2 Pretreated with malamude (100 mgike
t? 2ho) 3) Reserpme (10 mglkg 1p 16 his) and malamde 100 mefkg 14, 2 hrs)
+) H44/68 the methylester of a methyl p tvrosine (500 mg/kg 1 p 16 hrs) The mmece i
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various groups recened an 11 ingection of 20 xC FH N (7—10 C/mmole) 30 mn Lefore
sacrifice The atria were dussected out washed and homogemzed for 60 sec as described abore
The homogenates were centniuged 2,000 g for 10 mun to obtain the coarse fraction (P] tts
supernatant was centrifuged 107 000X g for 60 min to obtamn a particulate fraction (P2} and
a Ingh speed supernatant (S) The crude mitochondnal and microsomal fractions were thus
« f together The rad ty was extracted from the pellets and supernatants ss
descnbrg !aba\'c I‘n some expenments atna were mecubated for 30 mun at +37° Cun ttro

taken up

In 2 expts the pellets and supernatants were extracted with cool 04 N perchlorie acid and
the extracts chromatographed on Dowex 50 W X4 10n exchange columns (diameter 40 mm
and height at pH 1, 120 mm) 3H NA and 3H \\{ were determined according to Carlscon and
Waldeck (1963) and the acid and neutral catabolites estimated by shaking the effluent after
acrdification {pH 2) with 300 m! ether The volume was reduced under vacuum and rado-
activity determined (see Rutledge and Jonasson 1967} No corrections for recovery were made

B Cradient centnifugations

The ana of 4 ammals from each group were homogemzed for 60 sec 1 D% m) 025 M
sucrose 1n D005 M phosphate buffer pH 74 containing D001 M MgCla Tie an mals had
recened 20 uC 3H NA 1y 30 min before sacnifice The homogenates were centrifuged 2 000X
for 10 min and 04 ml of the supernatant was carefully layered over 2 continuous sucrose
gradent ranging from 025 M to 655 M sucrose {prepared according to Britten and Robers
1960) ‘The gradients were then centrifuged sn a 3 x 2 ml swing out rotor 136 000 x g (average
force) for 60 min The eentrifuge tubes were punctared at the bottom and fractions collected
(7 drops/fraction) These were counted i 10 m! Bray scintdlat on solution with # ml ethand]
(Potter and Axelrod 1963)

C NA assay and fluorescence histochemistry
Endegenous NA of whole mouse heart was determ ned after the sartous pretrestments ac
cort T T A 1Y I . - '

pre .

his
fors 1965 Sachs 1969) To allow adequate stretching of the tusue the atna had to be im
mersed in cool Rrebs Ringer bicarbonate buffer for 10 min before whole mount preparaton

Results
Alethadalogieal studies of the kamogenization procedure
The *H NA recorered i the microromal fraction when the time of homogenszation
was vaned proved to be farly constant for alt the times used (sec Table I) For the
rest of the expenments a hamogenization time of 60 sec (24 strohes) was chosen Mo
redistribution of ®H NA from the supernatant to cellular particles occurred dunng
homogenizition since almost A1l radioactvity (92 €c) added was found w the
supernatant
Fluorescence histochermstry of the pellets showed that n the coarse fraction piwsed
of non homogenized adrenergic nerves could be identified (see Fig 1A) The num
~\.ber of nencs howerer was markedly reduced as compared with the non homos

“iized atria The adrenergic nerses innen ating the vessels were the most resistant 10
he homogenization procedure No nenes could be obsened i the erude mtto
Béndral and micro omal fraction but n the foriner fraction a very few smalt
fluorescent dots were obsersed which might possibly have been non disrupted VAnt
costtes {see Fig 1Bt The nucrosomal fraction simply showed an even farrly intense
fluorescence (emission max 480 mu) {see Fig 1C), which could be partly reduc
by NaBH; treatment and resututed by renewed formaldehyde gas treatiment
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Tancz 1 Subeelllar distubution of 4 NA ¥n mousc atria after various number of strokes during
the expressed in per cent For details sce ma-
teral and methods Each value 18 lhe mean of 4 determinations

Number of Coarse fraction Crude mutochondrial -+ Supernatant fracuion
strokes microsomal fraction

12 4 16 (45411 5) 10

24 33 21 (5+16) 6

36 35 21 (2 + 16) 4

72 34 22 (55+165) 4

Tluorescence lustochemustry of mouse atria
Whole mounts of mouse atria were used to study the adrenergic nerves and nene
terminals 1 their full extent (¢f Malmfors 1965) In the untreated mouse, the
adienergic nerves were arranged 1n a ground plexus located 1 the endocardium and
having a farrly uneven distribution (Fig 2) This plexus consisted of characteristic
vancose nerves several running together n bundles, which gave off single termmals
with strongly fl; I This type of pref howeser, does not
Ppermut any conclusion as to whether the ground plexus extends 1ato the myocardium
In a few of the atna strongly fluosescent cells could be observed from which proc
esses seemed to ongnate {see Fig 3) The registration of emission spectra showed
the peak of emission to be 480 my, which 1s typical of formaldehyde induced cate
cholamine fluorescence (Fig 4) The fluorescence of these cells could also be abol
1shed by NaBH, treatment, and restituted by renewed formaldehyde gas treatment
Atna from ammals pretreated with nialamide showed the same innenation

Ppicture as those of untreated ammals No difference mn distnbution or mtensity could
be observed

B
Fig 1} of i pellets of h mouse atnia
A The coarse (mtuon (2000 g 10 min) shows strongly fluorescent parts of adsencrgic
nerves th ek nema b na E. osities X 150
an even weak fluores ence
: (=) which may be non

€ The microsomat ‘ractxon (107000 x g 60 mun shows an even fairly intense {luarescence

without any parts of nenes The striated appearance 15 an artefact due to difficulty 1 cutting
this fragile peller x 150
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Fig 2 H stochem cal demonstration of adrenergic nerves in a streteh preparation of atrium
from untreated mouse The adrenergic nerves form a ground plexus mn the endocardium of the
atnum  Four strongly (luorescent vancose nerves are scen runming together (—) Single
varicose termunals leave this bundle x 200

Reserpine caused a total disappearance of fluorescent nerves (Fig 5A) but a sub-
sequent 1v 1njection of 02 mg/kg dI-NA (30 mun before sacriflice) resulted 1n 2
restitution of fluorescent nerves provided that MAO was inhibated (malamde}

~ *

% | L4 w'
a7

B

Fie 3 A and B Strongls flucrescent clusters of cells in streich fregarations of mouse atrum
Processes seem to ongmate frem wme «f the cells » 200

A
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FLUORESCENCE
2

Fig 4 Emussion spectra of a fluorescent cell (-~) of
mouse atnum and of a model protein layer prepared
from a 2 % {w/\) aqueous solution contammg 10 4 A
dINA (—-——) and exposed to formaldehyde gas at
+80° for 1 hr Fluorescence expressed mn arbitrary unts

(Fig 5B) These nenves showed, however, a different morphology than thewe 1n the
atna of untreated ammals The vancosities were less distinct, and the tenminahy
showed a reduced fluorescence intensity and smoother appearance
Tescent non termunals could also be seen

Pretreatment wath the potent tyrosine hydroxylise inhibitor, THA/68 reanlted in p
marked reduction of the number of adrenergic nerve termunaly, and of e Miares.
cence mtensity {Fig 6A) A certain degree of varaton m the deplction was olweryed
between ammals The injection of dI NA (02 mg/kg 17 30 1 befoge wenfiee)
Tesulted 10 a morphology, 1 respect of both the Irequency of nerymy

and the flunrese
cence intensity, that was pracucally denticxl 10 that of atris from untre e g afe
(Fig 6B)

Strongly fluo.

Py

[ ™ .
s :
L: Y .2 ;o

A /-

re
Fig 50 Stretch preparatian of mouse ST, after prere, g .ot
+p_16 brs) No adrencrgic nerves are visible, only 3 fog 20NE with reserpint, <L
B Mouse atnum alter pretreatment with téserpne (1 Btollupreseent pramer,u
mg/ke 1p 2 brs and \A (02 mefks 1v 30 myy) oy MOk Ip 10 s g
strongly fluorescent nerve bundles The varicosges o © Browsl plex i

LA
a smooth appearance X 150 € Rt very distmet €
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A B
Fig 6A. Mouse atnum alter pretreatment with H44/68 (500 mg/kg 1p 16 hrs} Only a few
very famt adrenergic nerves can be seen (=) X 150
B Mouse atnum after pretreatment with H$4/68 (500 mg/kg 3p 16 hrs) and NA {02
mg/kg 1v 30 min) The adrenergic ground plexus has the same general appearance as that
ﬁi the umr;gaed mouse Bundles of varicose nerves, from which varicose terminals leave, can
scen X

The dose of reserpine used lowered the NA content of the whole heart (009 pg
NA/g) by about 85 % compared with the untreated (060 ug NA/g), as determmned
by chemucal assay H44/68 caused a reduction of the NA content (018 ug NA/g) to
about 30 ¢5 of the normal

Subcellular dustnbution of *H-NA in mouse atrta

The analysis of the metabolism of SH-NA (both in trro and i uitro) after the dif-
ferent pretreatments revealed the formation of small amounts of metaboltes (se¢
Table I} The radioactnaty extracted will thus mamly represent *H-NA, 80 S¢ of

more

50

a0

.

.0

Ly

<

e Fig 7 Uptake of 31 NA 1 the Pz fraction of mewse
3 atrim after sanous pretreatments For details sc¢
,,xm text The results are expressed as the amount ©f
r 3H NA m the Pafraction calculated as a percentar®

of that in Fa+supernatant fractions The columnt
represent the mean*SF A of 68 determwmation’.
N " Ren M N\ =pormal N\i=malamide Res=reserpine



SUBCELLLLAR DISTRIBUTION OF *H NORADRENALINE 351

asce T Uptake of $H \NA *H N\ and *H acid metabol tes sn subceltular fract ons of mouse
atia The ammals had recenved 20, C H NA 30 mun before sacnifice We ght of 4
atna 157 mg (range 12 4 mg — 186 mg)

SHNA TH M *H acids

PE *a* 21 % PE %
Untreated P, 1268 86 182 10 73 )
P, 1008 90 101 9 11 1
s 2174 91 167 7 48 2

4750 - 450 — 132 —
Nalamde P, 1878 89 211 10 21 1
P, 1349 %0 150 10 °
s 2717 96 13 4 — ]

294 4 - 474 — 21 —
Reserpne P, 1nt 89 12 10 01 1
+ malam de P, 84 88 11 12 — 0
s 745 80 168 18 18 2

910 - 191 - 19 —
HH[68 P, 161 9 88 7 13 1
P, 1228 96 26 2 26 2
s 2858 88 323 10 65 2

5247 — 439 — 104 -

* The figures give the percentage of the sum of the *H actmity found n respectine fraction

After an 1v injection of 20 4C (=000 mg/hg) 3H \A the uptake and reten
tion of *H NA 1n the particulate fraction (P-) was about 32 €¢ of that found 1n both
P» and the high speed supernatant (S) (Fig 7) “ialamide pretreatment did not
alter this distnbution but the total amount of *H NA extracted from the varous
fractions was <omewhat increased (see Table Tf) Reserpine + malamide pretreat
ment however altered the distnbution markedly and only about 10 ¢ was re
covered i the P fracuion The total uptake and retention of "H NA was also re
duced to about 20 ¢ compared to the untreated animal H4+4/68 pretreatment re
sulted 1n 2 somewhat increased total uptake of 3H NA but the sub ellular distnbu
uon was the same as that of the untreated anmmals Pracucally the same distnbution
results were obtaned after an 1% mjection of 02 mg/hg 10 mC/mmole) *H \A 30
min before sacnifice The subcellular distnbunon of H NA after iz z1tro incuba
was essentially the same although the high speed supernatant contamed
more than i the in 1 o studies ’
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2

A
3
ANHYION 3SOUINS

Fig 8 Subeellular distnbution of
3H NA 1n mouse atrum homogenate
The mice had recenved 20 uC *HNA
1y 30 mun before sacnfice Ho-
mogenates were centrifuged o a 0 55—
025 M sucrose gradient prepared #s
described 1n matenal and methods
4 ® Untreated

Pretreatment  with  reserpine  and
nizlamide  © © sucrose molan-

x10¥dpm
8

~

e emtemtsiaiing

1] 10 13 20
FRACTION. MUMBER ty
The distribution of rad: vity 1n a sucrose gradient (025053 M)

after centnfugation was practically identical in the untreated, malamide and
H#4/18 pretreated anmmals The mamn part of the radioactintiy was found at the top
of the tube, corresponding to the supernatant and a small peak was found at the level
corresponding to about 04 M sucrose (see Fig 8) In the seserpine 4-malamide case
however almost all of the radicactivity was located at the top of the gradient The
general expenience was that 1t was often difficult to obtam a ¢lear cut resolution of
the peak equilibrating at 04 M sucrose (¢f Michaelson et al 1963) About 5  of
radioactivaty layered on the gradient could be recosered from a very small pellet ob-
tained at the bottom of the centnfuge tube

Discussion

In the last few years there has been a considerable interest i uptake mechansms of
the transmutter 1n the adrenergtc neurons since these processes are considered t0 be
of the utmost importance for the function of the nerves and they can also be modi
fied by certain drugs The generally accepted view to day 1s that the adrenergic
neuron possesses two uptahe mechanisms, this view 1s based on expenimental 3
dence of b h 1 electron precal and bioch 1 ongm (sec among
others Malmfors 1965 Carlsson 1966 Folhow ef af 1967 Hamberger 1967, Ivent
1967 Hokfelt 1968 1969) One uptake mechanism the so-called membrane pump
operates at the level of the axonal membrane and the other intraneuronally at the
€1 of ¥ne amint storage g E Y & WA can vires i 2T

N up by the membrane pump and then incorporated into the amine storage grant Tes
mainly via 2 Mg ATP dependent mechanism which 15 veny sensunve 10 reserpint
both n t1ee and m titro (Carlsson et af 1963 Euler and Lishajho 1963 Stamne
1964 Inenen et al 1960 Lundborg 1967) Small amounts of trapsmitter can alo be
incorporated into the granules via a Feserpine resistant mechanum (Sutzel and
Lundborg 1967} The membrane pump 1s considered to play an important role for
the uptake of circulaung catechol. and ns physiological mgmficance 15 o
termunate the action of the transmutter released at the adrencrgic nenc terminals
whereas the granular uptike mechamsm 1s of great ynportance for the tot1) uptake
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storage and retention of the N\ taken up wintraneuropalhy (see Iveren 1967)

The present work was imtuated by the findings of Malmfors and Sachs (1968}
that the pholozy of d ad nerves 1n rit indes dffered after the
1y mjection of NA n rats pretreated with re<erpine + malimide and rats pretreated
with the synthess ihibitor HH/68 It was d from the kol 1 prcture
after 1v admmustration of DA that 1 the reerpme + malamude case, the smme
taken up 11y was mainh larls located and 1n the H4/68 case
probably granularly located In order to prove this more directh, a parallel hoto-
chemcal and subcellular distribution studs swas made of NA taken up and retamed
in the adrenergic nenves of mouse atra.

‘The methodological studies of the homogemzation procedure disclosed that homo-
genization of the atna was not complete even after 180 <ec. since {luorencence hnto-
chemutry of the coarse fracuion showed this to contain parts of non-disrupted adren-
ergc nene termmals (see Fig 1A} Thus findimg could venn well explun the
amount of *H WA recovered 1n this fraction {¢f Euler and Luhajko 1963) Recoven
of *H \A 1n the particulate fractions could not be increased by a longer homogemzas
tion ume A homogemzanon time of 60 <ec was therefore chosen for the rest of
the fractonauon studies Most of the NA taken up by the atra 1 most probably
localized 1n the adrenergic neurons since immunosvmpathectomrzed atrin which
ustachemucally shawed no adrenergrc innervation have been found to tike up ouly
about 10 € 3H NA an titro (107 M 30 min) compared with 1tn from untie wedd
ammals {Sachs 1969) When atna were hamogenrzed at 02 C after adding *ILN A @

the homogenization medium  almost 100 ¢ of the radioactiuity was recovered in the
hugh speed supernatant, which shows that no redistnbution of *ILNA e {rom

the supernatant to cellular particles during homogemzation 18 07 €' T aie hiows
ever, several data to support the view that m tiro most of the NA b matel In e
granules which indicates that there 15 a release of the Lound wnlies diiig o
gemzation of the tissue (se Carbson 1966, Tuler 1966) No flunteaent pupv

tenmunals could be obsenved i the erude mitochondrial or serosormil feaethon ny
1 the former fracton a few small fluorescent structures whach iy lt §+ fierty fuor
moeenized varicosities could be observed In the mucrosomal friction anly andnn widd
evenly distnibuted fluorescence could be scen to judge from the spectral il N (111,
reduction results This 15 probably due partly to diffusely distributed NA s iy
that no 1ntact nene terminals and only vers few—1f am—1aricouties were found i
he erude amtockordraal feaction wdicates dree wose of the s gake tigt I e
fractions represents a granular uptake In the studies after vanouy pretee stpne e
crude mutochondnal and microsomal fractions were therelott centrifryedd o yr theee
although this fraction must be considered as fawrly 1mpure, sinee it i eptanna <
with mitochandna other cell organelles and fragments [ ;e yntoek gy s b
have been shown not to take up any NA (Potter and Axrlriw] [4yr %)

Fluorescence hustochemistry showed the endocrrdium of 4§/ qyps 0 R0
charactenssuc adrenerge ground plexus and blood veswed fuperganm (6 h
ctal 1963 Ehmger et al 1966 Lipp and Rodin 1967) § yme shoe et 2

T—EYUX  {cta phy of cand §
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decuded whether or not the ground plexus extends nto the myocardium The fluo-
rescent cells sporadically found n the atria doubtless contain a catechol: and
are probably of the same type as described by Jacobowitz (1967, ¢f Boyd 1960 and
Bloom et ol 1961) Since they are relamely seldom seen and are probably of a
‘ chromaffin® cell type, the possible uptake of NA m these cells must be very small or
neghgible
Reserpine caused a complete disappearance of the fluorescence of the drenergic
nerves, and the NA content of the whole heart was reduced ta 15 € of the normal
valye (see Carlsson 1965) The fluorescence of the adrenergic nenves could be rest
tuted by an t1v injection of dl NA (02 mg/kg 30 min before sacrifice), but the
antmals had to be prefreated with malamide 1n order to prevent the ntrineuronal
cataboltsm of NA tahen up (¢f Malmfors 1965) The appearance of the nerves had
changed however, since the varncosities were less distinct and the whole ferminal
had a smoother appearance The pre-terminal axons exhibited a very strong fluores
cence mtensity (¢f Malmfors 1965, Malmfors and Sachs 1968) In this case too the
subcellular distnbution differed from the normal since most of the “H NA was
found i the high speed supernatant, supporting the view that reserpme has a block
mg effect on the granular uptake mechanism These findings are consistent with the
results of Stitzel and Lundborg 1967 (see also Carlsson ¢t al 1963 Euler and Lis
hajko 1963, Iversen et al 1965) A small uptake had, however occurrd m the
paruculate fraction (P.) which was reserpine-resistant This may be due to the
granules possessing two uptake mechanisms, one Mg**-ATP-dependent which can be
blocked by reserptne and another which 15 not affected by this drug (sce Stitzcl and
Lundbarg 1967) 1t has been shown however, that the reserpine resistant uptake 15
dose dependent sunce Stjarne (1964) and Euler wnd Lishajho {1965), using a high
medium concentration of NA found tr titro that a reserpine resistant granular up-
take was ohserved Stmilar results have been obtained 1n fluoreseence histochemical
and electron microscopical studies on intact adrenergie nerves (Hamberger and
Malmfors 1967 Hokfelt 1968) Part of the uptake s the P; fraction may alo be
due to this fraction contatning a Jew vancosities or due to non speeihic hinding of
NA to proteins Tyrosne hydroxylase ihibitton produced by H#1/68 resulted in 3
wacked ceduction of the fluorescence in the adrenergic nerves and chemical 252y
showed that the total NA content of the whole heart was reduced to about 30 fc of
normal  Since HA4/68 efficiently wnhibits the rate hmiting step {tyrosned!
;dm“phcn‘lalanmc) 1n the NA biosynthesis a depletion of the endogenous haY
Usr 1s produced (Spector et af 1965 Anden et al 1966 Corrodi and Malmlors
1966 Udenfaend 19661 After an 1+ imjection of NA the nerve fluorescence %18
resututed and the characterisuc picture of \ancose herves was scep It wis wh
neeesany to inhibit MAO contrany to the situanon when the annnals had been
pretreated with seserpine HA4/68 15 ytself a0 MAO snhibitor (Jonvon et al 196%
The subcellular distribution after H14/68 showed the same pattern as thit from on
treated amemals mmphang that the granular Mg \TP uptake mechantsm wis 1{1
tact afthough the granules must imuially have been almest empry The 1 uptake
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and retention of 3H NA i the HH4/68 pretreated arumals was only shghtly higher
than n the untreated (¢f Laverty and Robertson 1967) and with the doses of NA
used the amount taken up could not account for a complete refilling of the almost
emptied stores, not even after a high dose (0 2 mg/kg) Similar results have been ob-
taned 1n 1 zitro studies on rat 1ns and mouse atna (Jonsson ef al 1969 Sachs
1969} It may be suggested that exogenous NA does not easily mix with the onginal
N4 pool or pools Recently electronmicroscopical data speaking m favour of this
view have been published (Hokfelt 1968) It has been found, howeer, that rat
heart NA levels reach approumately normal values after perfuston for 10 minutes
with 2 medium containung 10 "—10 & M NA 1n antmals previously depleted of their

d NA with decab: (Bh harya 1968)

MAO whibition alone did not affect the morphology or the subcellular distnbu
tion of TH NA of the adrenergic nenes although the total uptake was mereased

Most of the NA tn the particulate fraction equilib with a of
about 04 M sucrose, when a continuous gradient 1s used ranging from 025 to 035
A 2 result which 15 very close to that of Michaelcon ¢t af {1968) Some (23 <) of
the radioactivity was, however, associated with heavier particles Whether these are
another type of storage granules and/or varicosities, or a co-precipitaton of granules
equibbranng at 0 4 M sucrose with other cell fragments 1s a matter that must await
further mestigations (¢f Roth er a’ 1968)

From the results presented m this paper 1t has been confirmed that reserpine acts
as a potent inhibitor of the N4 uptake in the amine storage granules although there

1s 2 small reserpine resistant uptake After tyrosine hydroxylase inhibition by H44/68
there 15 a p 1 depl of the endog

NA stores in the mouse atnum
but in contrast to the reserpine-case the subcellular distrbunion of exogenously ad
munistered *H NA 1s principalls the same as in untreated ammals Both the mem
brare pump’ and the granular uptake mechamsms are thus intact after tvrosme
hydrovylase whibinon but the uptake and retention of 3H NA 1 not as great as
could be expected to account for a complete refilling of the empued stores The
morphology of the nerves exhibits a different appearance when the \A taken up 18
mamnly granularly or extragranularly stored since the sancosities are 1n the former

case distinct and 1n the latter less distinct at the same tume as the preterminals are
more promminent

The mestigation has been supported by re<earch grants from the Swedish VMedical Research
neil [B68-12\ 2295.07) and by grants from “Suftelsen Therese och Johan Andersso
Munne” “Magnus Besgvalls Suftelse  Svenska sallskapet for medicinsk forskmng  and Ka
tinska Institutet (“Resenationsanslaget )
or generous supphies of drugs the authors are indebted to the followsng compames Swedish
Ciba Valtingby Sweden (Serpas!®)  Swedish Pfizer Stoctholm Sweden “iam:d®) and
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Effects of Slow Infusions of KCI inta the 3rd Brain Ventricle

By
Kerstrv OLsson

Recened 7 February 1969

Abstract

Otsson, K Effects of slow infusions of KCl into the 3rd brain tentniele Acta phy
siol scand 1969 77 358—36+

Duning slow {75 4lmin) infusions of strongly hypertonic (04—085 M) RCI solutions int¢
the anterior part of the 3rd bram sventncle of the goat, a series of behayioural reactions de-

. . N -

1 of d |

It 15 concluded that a rather selective non spe¢ific
may be obtained by slow infusions of KCl into the anteror part of the 3rd sentricle The ex
penments have gnen no evidence that an elevated K* concentration in the diencephahc regon
sttmulates renal R excretion specsfically

Hypertonic NaCl and some other hypertonic solutions were previously mfused into

the 3rd brain ventricle of the goat for the purpose of studying central control of water

and electrolyte balance (Andersson Olsson and Warner 1967 Andersson Dallman

and Olsson 19692a) Intraventricular nfusions of hypertome KCl were ontted st

these studies because preluminary nfusions had been found 10 cause certain strhing
~effects which apparently were due 10 a non speaific stmulanon of diencephalic peu
ons during their exposure to an abnormally high k. concentration This obseryanon
uggested thit K ion stimulation via the 3rd tentnicle might provide some new o+
formation on dtepcephalic mechanisms Thercfore, a sertes of experiments have been
undertaken mn which the reactions of goats to slow nfusions of KCI solutions mto
the 3rd sentnele have been studied

Methods

Arsmals The experiments were performed in 9 adult female gosts (bw 3040 kg The
anmals were used fur expenments over periods from 2 to 5 months The same goats were 24
subjected fo expenmer v in which the effect of mtraventncular nfunons of hnwrl%{;l(‘ ;n
on renal Na- excretior and on water intake was studied ( Andersion ef al 19693) The mf
T intersal besween experiments m each single anml was 3 days The goats were )



INTRAN ENTRICULAR RCL-INFLSION 359

confined 1n metabolism eages by means of collars and all experiments were conducted in these
cages. The animals had access to chaffed hay and water ad Itb, except for certan penods of
time dunng the expenments when water had to be withheld 1n order to prevent fatal over-
hydration Each afternoon the goats were gnen 400 g of commercial gram mix and 6 g of
NaCl either added lo the gramn mux or dissohed 1n some warm water Room temperature was
mantamed at 20+
ratn xmﬂantnlmru and infusion technigue All ammals were prepared with permanent
cannulae 1n the anteror part of the 3rd bran ventncle To minmize the “dead space’ the m-
fusions were performed via an nner cannula which was filled with the KCl solution and was
inserted to the ventricular end of the permanent cannula before the infusion was started The
operation and mfusion techmiques have been descnbed 3n detal earher (Andemsson ef al
1967} A total of 3> mmolving imt lar nfusions of RCl were made The
rate of wfusion was always mantained at 75 plfmin and the duration of the mfusion perods
varied between 3 and 60 mun  KCl concentrations from 015 to 085 \M were used
Hydration In some expeniments a water diuresis was established by giving the goats 100 ml
of tepid waterfkg bw by stomach tube 2 hrs before the intraventricular infusion was started
Samples Blood samples were obtained 1n hepannized synnges from the jugular vern Unne
samples were taken at 10 or 15 mn intenals v1a a retention catheter inserted 1n the unnary
bladder Duning one experiment imohang determmnations of renal mulm clearance a priming
dose of inulin was followed by nfusion of tnulin (12 ml/hr) mnto the jugular vein 1n amounts
which produced a d plasma inulin between 8 and 12 me/100 ml At
the end of each clearance period (15 min) the urinary bladder was washed two tumes with 10
mi of water
Amlyxu Plasma znd urnne Na* and k‘ concentrations were determined using an EEL flame
and the the ﬂuxds was determned by the method of Brun
(1949) For determmatmns of unne osmulanly a “Rnauer’ osmometer was used Inulin con
centrations 1n plasma and urine were determined by the Josephson and Godin modification
(1943) of the diphenylamune reaction.

Results
The mfusions of KCI into the 3rd \entncle were generally started around 11 am
At this ume of the day the goats had eaten to satisfaction from the morming refill of
the hay bin They had also performed postprandial dnnking and were thus no longer
nterested in hay and water available 1n front of them

General charactenstics of the tesponse to the mfusion
Although certain individual differences were seen, the behaviour of the goats during
infusions of KCI solution mto the anterior part of the 3rd ventncle followed a rather
regufar pattern Dunng prolonged (30—60 mmin) mfusions of the stronger solutions
(04—085 M) a senies of reactions developed 1n a typical time sequence An urge
to dnnk which rapidly grew very strong, became apparent after about 10 rmun of
infusion At the same time the respiratory rate started to increase from about 20/mimn
to levels between 100 and 200/min  While retaming the urge to dnnk and the
Polypnea, 3 of the 9 goats started to eat another 10 to 20 min later In 3 ammals
this feedmg Tesponse attamed the character of ravenous hunger Excited snorting
and other s1gns of minor rage accompamned the fully developed hyperphagia These
behavioural effects outlasted the mfusion penod by about half an hour

Thrst and polypnea also developed dunng prolonged inf of the weaker
(81503 M) ROl solunions although there was a longer latency time Obious
hyperphagia was, howes er, not observed under these condmons

A constant effect of the infusions was increased yenal Na® excretion Brief (35
mn) infusions performed 1n 3 of the goats dunng h)dmnon abo manably caused a
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temporary inhibition of their water dwresss The following 1s a more detailed de
scnption of the effects of the mtraventncular RCl infusions on the water and
electrolyte balance of the goats

Tharst

Sinee ntray ! fi of NaCl sol also were made n the present
goats, 1t was possible to compare 1 the same animal the thirst response to nfusions
of equimolar NaCl and KCI nto the antenor part of the 3rd sentricle NaCl solu.
tions which were approimateh isotomc (0 15 M) to the cerebrospinal fluid {CFS)
did not cause dnnking Howeter, even 0 15 M KCl induced an urge to drink dunng
prolonged infuston Compansons made between the effects of equimolar, hypertome
(0 3—085 M) solunions of NaCl and KC! revealed other charactentsuc differences
In the pre hydrated ammal infusions of hypertome NaCl did not induce drnking
whereas mnfustons of equunolar KCI elicited a strong urge to dnnk, whether the
goats had been hydrated or not In the non hydrated goat prol d snf, of
hypertonic NaCl induced the latne and c led drink described earher
(Andersson et al 1967) In contrast, the dnnking caused by equimolar hCl was of
the same excessise ch as that ob d by electncal i! n the antersor
medial part of the hypothalamus of this species (Andersson and McCann 1955) The
thirst was not quenched by continuous dnnking and the water bucket had to be re-
morved 1n order to prevent senous over hydration of the goats In spite of the more
excessive and uncontroiled drinking the latency time before thirst appeared was al

ways Jonger during KClinfusion than duning infusions of equimolar strongly hyper

toic (03—085 M) NaCl solutions The differences between K* and Na nduced
dnnking are illustrated m Fig 1

Natriuresns
It has eatlier been shown that slow nfusions of hypertome N2Cl solution snto the
3rd ventricle of goats d on a salt suppl d diet provokes natriurests

reaching maximum about one hr after the onset of the infusion Some increase 111

TNWATER] i Fig 1 Excessne, and almost
i

ooy continuous drsking elicnied dur
" ing a slow (75 glimn) wluson
/ of 085 \f KCl into the antenor
NaCl  part of the 3rd wentrcle For

¢ comparison 13 shown te mor
controlled  cumulatne dnaking

een dunng a sumilar nfusion of

! equrmolar NaCl in the same goat

The ARGl mduced drnling had
to be muerrupted fhort ontal
arross) 10 prevent scrous OvEr
hydration  The intraventncular
mfusions were started at xre
ume Note the longer latency
ume for the R mduced drn
M g
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Fig 2 The natriuretic effect of a 30 mun infusion (75 alimin) of 03 M NaCl mto the an-
teror part of the 3rd ventnicle (left), compared to the much more proncunced natruretic re-
sponse to 2 sunilar infusion of equimolar KCl in the same goat (right) The increase n renal
K excretion remained of the same order 1 both expeniments

renal K* excretion also occurs Dy of muhn <! have md d
that the glomerular filtration rate (GFR) mcreases and that the relatine tubular re-
absorption of Na* decreases to some extent dunng this natnuresis (Andersson ef al
1969 a)

The 1ntraventncular mfusions of KCl myanably prosoked a similar natriuretic
response and a moderate increase in renal ko excretion which was comparable to

that seen during natnurests induced by the nt lar infusion of hyp
NaCl (Fig 2) Studses of 1nulin clearance performed mn one of the KCI experiments
indicated a 20 ¢ increase 1n GFR duning peak However P

made between the effectnn eness of equmelar NaCl and KCI 1n provoking natriuresis
revealed differences Prolonged (30 to 60 min) mfusions of 1sotomc NaCl (015 M)
did not cause any mcrease 1n renal sodium excretion while considerable natnuresis
was cbtained by the mfusion of KCl solutians of the sarae low molanty When the
effects of equimolar hypertonic solutions of NaCl and KCl were compared 1n the
same animal, the response to intray 1 £ of KCI was always
considerably greater and more sustamed than the response to NaCl infusions (Fig 2)

In pre hydrated goats the natnusetic effect of brief (5 to 10 min) ntraventncular
wnfusions of even strongly hypertonic (05—085 M) NaCl was weak or sometimes
absent Corresponding infusions of KCI however effectnelv elicted natnuresis also
In pre-hydrated goats Due to this fact senous hyponatrenna happened to be nduced
In one of the goats Witha 1 hr internal two 10 min 1nfusions of 085 M K

a

~
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Fig 3 Temporary mhibut on of
the water dwresis and rise m
urine osmolarity caused by a
bref (5 mun) infusion (75 sl
min) of 1sotome (015 M) hCl
into the anterior part of the 3rd
sentricle of a hydrated goat Note
the Jack of response to a similar
mfusion of isotonic NaCl

made mto the 3rd ventnele of the pre hydrated amimal By 1nadvertence water was
avatlable after the KCI infusion and the goat made thirsty by the second infusion
emptied the 5 | bucket 1n one drnnking sequence During the following 3 hrs the
renal Na* and Cl excretion was of the order of 15 mEq/min resulung in a fall of

plasma Na to 115 mEq/I and plasma Cl 1o 82 mEq/i

Inhibition of uater diresis

Brief infusions of hypertome NaCl into the anterior part of the 3rd ventricle have
been found to cause a temporary inhibition of the water duress of hydrated goats
(Andersson ef al 1967) The whubition 1s apparently due to release of antdiurctic
hormone (ADH) from the neurohypophysts since the elfect disappears when ex
pernimental diabetes insipidus has been produced by interruption of the hypothalamo-

} hyseal col

YP
Brief {3—5 mun) mtrasentricular

1

Dallman and Olsson 1969 b)
of RC)

! f dm3of

I

the present goats during hydration resulted in a similar temporary snhibition of the
water diuresis with a conconutant rise 1n unnary solute concentration In contrast 10
NaCl however KCl effectnely inhibited the water diuresis also swhen infused as

practically ssotomie (0 15 M) solution (Fig 3)

Discussion

bk conc

A nise an the

excitable cells by depolanst

~ tion (Fate and Katz 1951) Consequently injections of potassum salts into the
tisterna magna and mto the lateral ventnicles have been found to exert a non speefic
Jumulation of the central nervous sustem (¢f John Tschirgi and Wenzel 1939)

In the present expenment hCl was slowly infused nto the antersor part of the 3rd
brain ventacle From there 1t may reach large areas of the brain by diffusion within
the CSF throughout the ventricular system. The transport of mfused ko 1ons from
the 3rd sentricle 111 the mesencephalic canal to the 4t seatnicle s aho facshitated
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by CSF flow 1n that direction at a rate of about 0 1o ml/min 1n the adult goat
{Heney Held and Pappenheimer 1962) Howeiver dunng a constant intraventricular
mfusion of a solution with a k. concentration considerably above that of the CSF
the k. 1on density must remam highest near the cannula opening In the goat the
clearance of R* from CSF perfused through the \entncular system 15 four funes
greater than the clearance of Na™ (Hewev ¢f af 196%) Using a similar techmque,
Cserr (1962) has shown that 80 €¢ of K™ 1n the perfusate leaves the ventncular
system by 1omnic {lux across the ependyma 1nto the bram tissue Therefore the parts
of the brain which 1n the present expeniments most hkely have been exposed to the
hughest K concentration are the medial hypothalamus the medial preoptc region
and the antertor ventral massa wtermedia This 15 also evidenced by the behavioural
effects obsenied durng the infustons The first obvious reactions of the anmmals were
an urge to dnnk and polypnea The same reactions can be induced 1n this species by
electrical shmulation m the antenor medial hypothalamus (tharst) and medially 1n
the preoptic region (polypnea) (Andersson and McCann 1932 Andersson Grant
and Larsson 1936) Less consistent and at a later stage dunng the intraventricular
mwfusions of KCl hyperphagia developed In the goat (Larsson 193%) and other
speaes this effect 1s obtained by electrical stimulation 1n the lateral hypothalamus
Tt appears that the intrasentnicular infusions of RCl gradually mcreased the extra
cellular K 1 these parts of the brain to a level causing non specific simulation and
that areas adjacent to the ventncular wall were affected in the first hand

Evidence has been produced that hypothalamic osmoreceptors control the re
lease of ADH from the neurohypophysis (Verney 1947 Jewell and Verney 1927)
and a similar hypothalamic mechamism masv participate 1n the regulation of water
mtake {¢f Andersson 1966) That the RCl infusions stimulated both these mecha
Risms 10 2 non specific manner and not osmotically 1s indicated by the observations
that brief infusions of 1sotonsc KCl caused an mhibinon of the water diuress of
bydrated goats and that prolonged infusion of 1sotome hCl nduced thirst 1n both
hydrated and not hydrated anmals It has been shown that a nse m the h con
centrafion of the medium causes a release of ADH from mcubated neurohypophyseal
tissue (Thomn 1966) However only minute amounts of hCl needed to be nfused
mto the 3rd ventnicle to cause a marked inhibition of the water dwress (Fig 3)
Therefore a direct effect of the infused K 10ns as far distant as in the posteror lobe
of the pituitary seems unlikely The possibility that ADH nught have been released
from the nieurosecretory cells within the hypothalamus appears to be eliminated by
the observation that such a release does not occur due to potassium depolarzation
n 2itro (Bie and Thorn 1966)

The intraventncutar mfusions of strongly hypertonic NaCl (03—08> M) mduced
the urge to drnk sooner than did s milar 1nfus ons of equimolar hCl The relatisely
long latency time before drinking d dunng the it ular hCl
ind:cates that the extracellular k concentration had o reach a certain level before
exaitatory depolanzation of the thirst  neurons took place With a transependymal
flux of K much faster than that of Na  Hewses et al 1962 1t appears that a much
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smaller rise 1 the extracellular Nv7 concentration 1s needed to stimulate the thint”
neurons That the nise 11 Na® concentration may be 4 natural stiumulus to the hypo-
thalamtc thirst mechamsm s also mdicated by the lack of other behavioural effects
duning the nfusions of bypertome NACl A further indication 1s that (m contrast o
thurst induced by the mtraventriculir KCI mfustons) the NaCl elicited thirst was
temporanly quenched by the drnking of water (Iig 1)

‘The natriuretic response to nfusions of hypertome NaCl inte the 3rd ventncle of
the goat suggests 1 central control of renal Na* excretion exerted from the dien
cephalic regton in this species (Andersson of al 1969 a) The much more pronounced
natriuresis ehieited by sumtlar infusions of equimo’ar RCl {Fig 2) may reflect 2 pon
specific simulation of such 1 mechimsm However, the present experiments gave no
suggestive evidence that an clevated R* concentration in the diencephalic region
stimulates renal K excretion spectfically

This work was supported by the Swedish Medica] Research Counail (Project B69 143 503 03)
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The Effect of Gastric Juice Extracts
on Histamine as a Gastric Secretory Stimulant
By
Lars S Sean
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Abstract

Sexs, L S The effect of gastric juice extracts on listamune as @ gastric secretory
stimulant Acta physiol scand 1969 77 365—371

Extracts from the 1solated, vagally denenated gastric antral and fundic pouches (Heidenhain)

of dogy were prapared by dialyzing sgunst water 3nd lyoptulizauon The extracts were ine

gx}md with histamine for 1/2 hr and then injected s¢ anto dogs with Herdenhain pouches
. Framiarilie Sy s %

- . b o ¥ .
and in one of the dogs recening fundic Juice extract there was an 18 55 increase (P<<001). It
was concluded that gastnic juice extracts seemed not to nterfere with the stimulatory effect of
histamine on the oxynuic glands

Gastric secretion of acid has been shown to be inhibited by the 1v mnjection of ex-
tracts from gastne puice Extracts prepared from human anacid gastnc juice and
Juice of 1solated antral pouches 1n the dog are the richest source of this mhibitor
(Brunschwig ot al 1939, 1940, Hood, Code and Gnindlay 1933 Semb 19664, b}

Honever, the mode of action of thus “gastric nhibitory substance™ {G1%) s not clear
Previous studies have shown that intrasenous injection of extracts from gastromn-
testinal secrettons inhibat acid responses to histamne (Semb 1969) In prelimimnary
tasts, sc or 1m admimstration of GIS did not affect the response to 11 histamine
The purpose of the present study was to test whether GIS could n some way alter
the stimulating effect of histarmine on the ogntic glands If GIS acts by breaking
down or otherwise changing histarmine, this should be elicited by 2 titro mcubation
and s¢ imjection of the two If 2 change of the histamine was effected, this would
Bive a reduced secretory response as compared to an injection of histamine alone
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The following 15 a report of experiments where extracts from the antral and fundic
Juice of dogs were incubated with histammne and assayed by sc impection in Hewden.
hain pouch dogs

Material and methods
Anmals
5 mongrel dogs weighing between 7 and 15 ke were equipped with vagally denervaged fund e
pouches (Heidenhain} and two dogs with vagally denervated antral pouches. The technuque
l;)r T:;;szcbz;numchon 15 described earlier (DeVito and Harkins 1959, Rheault et of 1985
eml

Lxtracts
The dialyzed and lyophtlized extracts of the secretions from both the fundic and the antral
pouches were prepared as detailed earher (Semb 1969)

Expentmental procedure

The dogs were brought to the Pavlov stand after an overmght fist (14~18 hrs) It was
ascertamed that there was no secretion from the Hegdenham pouch for a penod of approv
mately 1 i The tesponse to subicutancous 1njection of 100 pg histamune diphosphate {corre
sponding to 36 4 g2 base) in 5 m) 09 %% NaCl was measured for 75 mun In one scpes of 31
expts 1q 3 dogs, a second dose of fustamine was gnen after a perrod of about 1/2 hr ol
secretory arrest In another series of experiments, the first histamine inyection was followed by
a sc, 1agection of a mixture of 100 ag histamene acid phosphate in 5 ml of 09 7% NaCl 10
which was added [ mg/kg bw of either antral (36 expts in § dogs) or fundic extract {13
expts 1 3 dogs] The histanune and extracts wera mixed together at room temperature for 1/2
hr 1n a beaker with continuous stiring before the sc Injection

Collectton of gastne yurce
The gastuc jusce was collected by grauity dramnage into graded centnfuge tubes firted to the
cantfa from the Heidenhain pouch by means of a plastic adapter

Analyns of gastnic purce

The gastrc jice was collected for a total of five 15 mm persods after the sc ingections The
volume of each sample was measured directly in the graded centrifuge glass 1n the second o
third sample aliquots of 1 m} of gastnic yuice were utrated to pil 70 agmnst 0OIN NaOit
using neural red as indicator The average peak concentration was calculated as a mean of
the determined salues for these two periods m each dog lhe peak acid output was %

calculated 1n a umufar way, multipl, volume by for these two periods
Rectal temperatures
Rectal temperatures were measured in each animal every 15 min during the tests by means ‘;}

2 USCO clinieal thermometer No changes were recorded m the rectal remperatures in any
the aniunals

Statestical anaiyns
Wears pvad standard eror of the wezns (SE) and the sgnilicance of diflereace Letween means
atihazing the Student s t test were calcelated according to Bradford Hilt {1955y

Results
The effect of histamine alone (Table I)
Gastac acd secrttion started tn the fing 15-mun period after the subeytancous injres
won of histamine and resched maumal values i the second and thud 1% min
tpenind A gradual 11l to secretory arrest was obsersed in the fourth and fifth 15 min
» pemods (Fig 1) Although there wasa considerble vartation in the response on difs
ferent davs there was an acceptable reproducitality of volumes of gastrie guice, the
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Tastz I The response to repeated subcutancous anjcctions of hustamune 1 Herdenhain pouch dogs
(31 expts 1 5 dogs)! *

Dog  Number Volurmes of gastric Peak concentration Peak acid output
of expts  juice m1f75 mun meqft peqf15 pun
Hstamune Histamine  Hust Hust Hist Hist
La 97+11 94411 139135 139122 429458 416150

9
St 7 109410 110x03 124+37 124337 483147 450 L3¢
Sa 5 9012 115413 113232 1271420 350137 529455
Ba H 115303 103+04 102182 10642 419162 351352
Pe 5 961£05 10106 86281 9+78 29946 365138

* All results are given as mcan S E M
* The resulis marked wath asteriks indicate significance of difference from controls (*—p<005,
" p<001, see=p<0001)

concentrations and peak output of titratable acid 1n four of the fine dogs In the
fifth dog (Sa) an increase mn all three parameters was observed after the second
tustamine injection

The effect of histamine combined with antral extract (Table 11)

The response to njection of histamine combined with antral extract was not sigmifi-
cantly different from that observed after histamme alone 1n 3 of the 5 dogs In one
dog (S1), there was a staustically sigrificant decrease n both volume of gastric juice

and concentration of titratable acid while in another (Sa) the average volumes of
gastric juice were unch d, but an d

acxd was found

bl

and output of

The effect of histarmine combined with fundic extract (Table IT1)

The response to sub of 1 bated with fundic extracts

was on the average not statsucally significantly different from that obtamed with
the njection of histamine alone 1 2 of the dogs In the third dog (Ba) a statstically
sigmificant increase n gastric secretion was found

Discussion
The double hustamine test has been 1n use for experiments On gastric secretion since
the 19205 (Lim 1924, Ivy and Javois 1925), and has been extensively used for the
study of gastnc secretary inhibiion (Polland 1931 Ruers Osterberg and Vanzant
1936, Gray, \\urqmwsky and Ivy 1940 Friedman and Sandwerss 1942, Janowitz
and Hollander 1957) The use of two successive stimuli for demonstration of mhiby
tion by injection of a test substance to possibly alter the response to the second injec-

o
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Taste I The response 1o subcutantous injection of hnstamine combined with antral cvtract (GIS)
10 Heidenhain pouch dogs (36 cxpts i 5 dogs)? *

Dog  MNumber Volumes of gastric Peak aad concentra- Peak acid output
of eepts  juice mIf75 mun ton (mea/l) (neq/15 mn)

Hust Hot +GIS  Hust Hut +GIS  Hot Ha +GIS
ta n 78511 86415 140434 138224 418275 42280
S 1o 133212 97404%%° 127534 110x27% 563460 374=61°"
$a 5 133426 117220 110262  127£34%%0 497479 (03-85*"
Ba 5 127213 134213 119527 11244 462447 524447
Pe 5 91413 f123=tSew TBILB( 7384  J00LS56 290456

' Sce Table
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Tante 11 The response to subeutancous injections of histamine and histamine combraed with fundie
extract (HP) 1n Hedenbain pouch dogs (15 e<pts 11 3 dogs)? *

Dog Number  Volumes of gastnie Peak acid concentra- Peak acid output
ol expts  yuice mt/75 mmn tion {megfl) eaf15 mun
Hist Hist +HP  Hust Hist +-HP  Hust Hust +HP
5 5 73%18 65409 117475 10+£74 4771126 386466
Sa 5 9917 99109 18440 127435 47469 519435
Ba 5 128407 153£11%* 120439 123446 562:£33 603127

+* Se¢ Table [

tion of stimulant 1mphes firstly, that one can predict the response of the second m
Jection of stimulant 1 comparnsont with the first Secondly, the dose of stimulant or
the stimulus must not be so great as to mash the possible mhubitary effect since an
interse relatonship has been shown between the sensitiaty of gastnic secretion to sn
tubitors and the secretory rate (Gray, Bradley and Ivy 1937 Code et ol 1919)
Thurdly, 1t 15 of great importance that the iming of stumulus and mhibition 15 correct
¥e, that the mbnbitor acts at the same time as the stmulus

Regarding the first smplication of the method there was an appreciable vanation
11 the day to-day response to a fred dose of | injected sub Iy 1n the
present study, and also a sanation 1n the response to the sccond injection of hista
mine compared to the first However when companing the averages for five or more

espenments m each dog there were no Ily sigmbcant duf between
the mean respanses i four of the dogs while a sigmficant increase of 27 ¢¢ 1 re
sponse to the second 1njection of | could be d ! in one dog

(P<0001) A uning out of the gastrc secretory cells to repeated injecton of hista
mune daes not seem to have oceurred 1n these ammals which agrees with the results
found after continuous mjection of the drug (Code et al 1949) It should therefore
be possible 1o tompare average responses from each dog i thrs study of extracts
from exther the antrum or the fundus mcubated with a fixed dose of histamme with
the response to histamne alone

The dose of hustamine chosen 1n the Ppresent expeniments was of the same magm
tude as that giving a response of app: b 50 €¢ of on Intravenous
tajection duning 1 hr (Code et al 1949) The doses of the extracts from antrum or
fundus were also of the same order of magnitude as those shown previomsly to gine
mhibition upon 1y mpection {Semb 1966a 1963) In earhier studies 1t was shown
that mhibition of gastric acid secretion took place about 3/4—1 hr after the 11 10
Jection of the antral extracts In the present study the matenal was mcubated with
histamine for 1/2 hr before mjection into the dog The maxmal secretory responye
to subcutaneous histamine 15 reached after 1/2—3/4 hr The failure to demonstrate

PR
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any change in resp to h bated with gastnic extract can therefore he
taken as a failure of extracts to interfere with the stumulatory effect of histamme on
the oxynuc glands

The injection of antral extracts together with the second dose of lustimine showed

no 1y f different resp as compared with the control in four of
the fne dogs In one dog howeser, the volume response was lowered on average
27 ¢ (P<001) Furth , the « and output of tieratible 1ad

showed sigmificant reduction Thus, 1n this one dog, the possibility occurred that the
histamine was altered by the addition of antral extract However, the dog which
showed this mhibition also showed the greatest sanations in day to day Tesponse
and the result 1s unrehable from this pomt of view In the expenments with fundic
Jutee extracts there was no change n the response to the mnjection of ncubted hita
mine as compared to hustammine 2lone 1n two of the dogs while in the third there was
an 18 ¢¢ increase {P<<00!) n volume of gastrc juice, but the average concentra
ton and output of acid was not statistieally significantly different from controls
The faslure 10 show nhibition 10 the majonty of tests 1 this study seems to f1vour
the concept that antral or fundic extracts under the conditions of these expernnents
do not act by interfenng with the stimulatory effect of histamine on oxyntic ghinds

This study was aided n part by grants from Nordisk Insulinfond The Norwegian Research
Councyl for Sctence and the Humanities (Award No 103 50) and donations from shipowner
Anders Jahre
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Studies on the Relaxing Actions Mediated by Stimulation of
Adrenergic 2- and f8-Receptors in Taenia Coli of the Rabbit
and Guinea Pig
By

Rorr Anperssos and Enr 4 Momvte Lunprior s

Recenved 19 February 1969

Abstract

Asperssony R and £ Momste-Lunonorsr Studtes on relaving actions mediated by
stunulation of adrencrgic a- and percceptors m tacma colv of the rabbit and
guinea prg Acta phisiol seand 1969 77 372—38%

In expestments on tacma col from rabbis 1 studv was made of the mechansms wherel v
catecholatminies induce a relaxing effect In a low concentration (52 1x10¢ gfml) | plem!
cphrine selectnely sumulated adrenergic a receptors this effect was blocked mmplcrrlv by the
adrenergic @ blocking agent dibenamine In a low concentrinon (&3 7x10% giml}
11soprenatine welectively simulated g receptors this effect was blocked completely by the
adrenergic d receptor blocking agent sotalol In higher <oncentrations phenylephrine and 1o
prenaline stmulated both adrenergic @ “and # receptors their relaxing effect could only be
Ilocked by a of and soralel In taem1 coli from ralbi
the Iluts)mhl concentration for ¢ receptor mediated relaxation was Jower than that for rel1a
tion snduced \1a @ receptors i tacnia ol from gumca mzs the reverse wat found 11¢
relaant effect tuduced s1¢ adrenercic a receptors was blocked selecesely by factars sach av
cold treatment  digitalis glycosides desoxscorticosterone which could be assumed to o coeave
the sonic gradients of h ard Na  across the cell membrane or reduce 1ts 1ome perme bty ~
On successise reduction of the carbohydiate resenves of the mus le the relaxation induced viv
adeenerzic § receptors was inhibsicd more raprdly than that induced v & receptars 1 heophy
line and purorncin which imhabat the enzvinatic hydrobses of cvclic AMP potentiated sele tne
Iy the g receptors medhated relaxaton

The mechamsm or wechansms by which catecholamines induce 1 rehxant dfect
tn smooth muscle e under discusaon

Many different possible exphinations for this tffect e been presented ireview,
Lundholm Molhme-Lundholn and Ssedinre 1906)

Mohme Lundholm 11953 suggzested that sumulition of the ¢ wbotndrite me-
taboliem with a resulting imerease 0 lactate production w s of importance for the
relvng effect Burnstock (198 and Bulbning 11960) conudered that sumulation
of the Na —K pump 10 the eell membrine 15 1 rosult of stmulaion of the enercy
production was the came of the hyporpolanzaton mhubinon of the clectrical ace
ity of the cedl membs e and the reliavon induced by adrenaline in nn col

372
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from the gumea pig Burnstock et al (1963) found that the magnitude of the re
laxant effect of adrenaline m trema coli from the guinea pig was dependent upon
the extracellular K -conc Thev d that adrenalne selectively n
creased the permeability of the cell membrane to K and thereby induced hyper
polanzaton
Ahlquist and Levy (1929) demonstrated in expeniments on dogs that the relaxant
effect of catecholamines on the intestine tn sifu was produced via stmulation of
both adrenergic @ and ;> receptor mechamism These results were later venfied by
Furchgott (1960) and Buchnell and Whitney (1964} on wolated intestine from the
rabbit and man recpectively
Tn the depolanzed gumea pig taenn cobi cooled to a temperature that abolr hed
the rvthmic actty drenal, d the permeabilits to K without 1n
fluenang the \a permeability Ths effect was inhibited by adrenermic « receptor
blockade It was not produced by 1sopreniline ar inhibited by an adrenergic § re
cepror bloching agent (Jenhin son and Morton 1967) They suggested that the
a receptor mediated relaxation was due to a selectne mcrease 1 the permeability
tok
In expeniments on taenn col from guinea pigs under more phystologrcal condi
tons—polanzed muscle at 37° C—Bulbang ¢t al 11966) and Setellen (1957)
could find no regular relationship howeser between a relaxant effect of adrenaline
and an mncreased efflux of b Thes showed that adrenaline increred the extra
cellular flmd space and increased the efflux of Na  They asumed that an m
crez ed permeability to A could rot alone explain the relaxant effect of adrenakine
and suggested that fixation of Ca  to the cell membrane and/or sumulation of an
electrogeme Na pump induced thrs effect
Schild (1966) has shown that the catecholamines aho relas completeh K de
Polanzed «mooth muscle tn which an effect via changes of the membrane potental
seems improbable Since this relaxant effect could be influenced by the extracellular
37 concentration Schild (1967 suegested that the catecholimines can mnduce a
relaxant effect by red the llular Ca
We consider st probable that the partly contradictory nature « f these explanations
for the relaxant effect of catecholamsnes 1n smooth muscle mas be due w the fact
that the mechanm for the relaxant effect 1s dufferent 1f 1t 15 mduced v1a sumulation
of adrenergic o receptors from that when ;3 receptors are the mediators
Our first task was 1o find a smooth muscle preparation which was equpped with

well developed relaxant h induced by ad receptors of both the
« and the g type Taena coli from the rabbit was found to be sutable while 1n
taeni colt from the guinea pig the h | by ad @

predominated We considered 1t probable a prior: that the relaxauon mediated via
adrenergic @ receptors was dependent upon a change m fomc permeability of the
¢ell membrane We therefore attempted 1n different wavs to mfluence the omc
gradsents across the cell mesmbrane and to study the was i which these measures
alfected the relaxant effect It seemed probably that the relaxation mmduced via

B e
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adrenerge f-receptors was the result of a stunulaton of adenyl cyclase and 2 me-
tabolic process induced s1a cyelic AMP We therefore studied the way 1 which
drugs which have been reported to affect the cyclic AMP metabolism influenced the
relavant effect induced via adrenergic B-receptors

Method

The experiments were performed on taema col from rabiuts and gumnea pigs The ammals
were killed by a blow on the neck and the taenia coli was dissected free from the intestine
The muscle preparations wlich were about 20 mm Jong, were mounted on special holders as
described by Tundholm and Mohkme Lundholm {1966) In this holder the distance between
the points of attachment of the preparation could be vaned and the muscular tenston co sl be
recorded by a tenuon recording transducer {FT 03) on a Grass polygraph The preparation
and holder were then tmmersed in a bath contamtng 30 ml Krebs Henseleits bicast onate
buffer at 37° C The compesition of the suspension solution in m\M /1 was 120 NaCl, 4 7 K¢l
235 CaCl, 12 MeSO: 45 NaHCOs 50 glucose The suspension solution was gassed with
95 ‘c Oz+5 ¢ COz the pH then being 74 In the expenments 10 which the preparations
were depolarized with K rons the composition of the suspension solution sn mM/L was 1247
KRCl, 25 CaCl 12 MgSO» 12 RHzPO, 25 KRHCOs, 56 glucose

When the preparation had been allowed to become mabilized durng 30-—60 min i the
organ bath 1 phenylephrine was added 1n a concentration of 25x 10 % g/ml, whereupon tle
muscle relaved completely 1he preparation was then stretched gradually unyl a basal tenwen in
the relaxed state of 02 g was mduced after which the phenylephrine’was washed away The
Iength thus antained by the muscle should correspond to the fully relaxed length (La) fAaberg
and Axebson 1966)

When the length of the preparation had been adjusted its tension was increased so the
selaxant action of the catecholamines became more marked In most test the muscle was con
tracted by carbamimoylchohne (1x107 g/ml) 10 15 mn before the addiuon of catechol
amines In this concentration carbaminoglchohine produced a constant increased teriston lesel
from which st was cass to yudge the cxtent and duratron of the relaxant actron of the catechol
anunes (Fiz 7B We alo increased the tenuon by adding BaClz 1n a final concentratron of
(3% 10 2\ or KC1 1 3x10 2\ to the bath In these cond Lotk rons p
I increased the chythmic contractions of the preparation but produced only a shight constint
inerease of the tenvon The relaxant action of the catecholamines was howeser under di
ferent expenmental conditions independent in which manner the tension bad been ancreased

Vatenial The catecholamine demvatives used all of which were 1 1somers were as it llows
1 pbenmylphaine ¢hlonde (Neosynephrne® Winthrop) ) saprenalne brtartrate (Cilag Chemi),
1 ) ALOY drenaline btartrate (Nor Exadrn®  Astra)  1he fol
lowing adreneric blocking agents were used DI sotalol (M 1999 AMead Johnson and
dibenamine Carbaminayfcholine chlonds  harbacholin® AGO1 was used Other drugs used
were ko ( ®  Sandoz) 1 acetate  (DOCNE
Pharmacia)  theophyinamine ( Theoplyllimin® ACO  and puremyoin (Sigma grade 11
All doces have been grien in g/ml on free base In Fig § howeser the molar concer iration
of the catecholamine dernvanne has been gnen

Results
Relavaton imduced t1a adrencrgic o and jJ-receptors in taenia coli jrom rabboit

According to Ahlqunt and Loy (19591 phemlephnne induces a selective wdren
ergic a receptor stimulavoen and roprenaline a seiectne 3 recepror stimulatien 69
sntestinal muscle from the dog Taema cobi from the rabbit contrieted by carbt
mylchaline 11 107 g ml began  be relaxed by phendephrine m a concentrtion
of 2x10* g ml $$1th an increasing concentration the ellect becune wmore pro
tracted and stronger Fig 1 Different adrenergic « seceptor blocking agents wer®
tested for chetr capactts to whint the effects of phenvlephrme Both phenrs
benzamine and dibsdroergotimine had i thomselves a relaxng effect an 1 con

centraton which onle parmlly blocked the effect of phenylephinne Thus com
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Fis 1 Torun col from the rab- A ,
it wspended n Rrebs Henseleit 20 Fgrnt 0518 2018 770
bicarbonate buffer at 37° C The e DBEN Fre 150
muscle  was  contracted  with l ‘

carbamyicholine (1x107 giml) 10, !

10—1> mm before the addition
of 1phemlephane (= PHE) or
Licoprenaline {=IS0)

4 Relaxan effect of phenyl
ephone (21% 108 g/ml) Pre-
treaument with cibenamine (=
DIBEN} (05%10* &/ml)
blocked the relaxant effect of
phemicphane almost completels
Isoprenaline (7x10 ® g/ml} still
had a relaxant effect

B benamine almost com
pletely blocked the effect of
phemvlephnne 1n a low concentration but not 1 a high concentration. A combination of sotalol
(SOT) and dibenamine completels blocked the effect of the higher dose of phemlephrine
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pheated the evaluation of the extent to which a decreased relaxant effect of pheml-
ephrine was due to a true blockage of the effect or to the fact that the tenston level
of the muscle was reduced Dibenamine 1n a concentration of 0510 ® g/m! com-
pletels blocked the effect of phenylephrine, however, (€21x10°¢ g/ml) without
aself mﬂutncmg the muscular tension (Fig 1) In a higher concentrauon (8x10°¢
g/ml), however, phenylephrine was able to break through the dibenarne blockade
A farther merease of the dib conc did not the relaxant
effect of phenylephrine 1n a high concentraton The effecs could be blocked how-
©er, by 4 combination of dibenammine (02x10% g/ml) and the adrenergic 3 re-
ceptor blocking agent sotalol (5 10 * gfml)

The threshold concentration for the selaxant effect of l-isoprenaline 1n taema colt
from the sabbit was 2 10 g/ml The relaxant effect of isoprenahne generally had
a somewhat longer latency tume than that of phemlephrine The effect of 1so-
prenaline 1n a dose of <7x10? g/ml was whibited completely by sotalol 10 a con

A
70wm s 316 né
Fig 2 Tae h o o1 5O PrE
% nia colt from the rab- W | | B
The relavant effect of 1130 ° w"‘._w
prenaline was completely blocked 0 ~WL‘*‘
2 oulol Sotalol did not block 2y
the eflesc;' t;(lphtnykphnnc K3
ol (5 106 g/mil O ? sz ' ’
Socked the clict of moprenaime @ 33 WO g e
iy (7% 10°® gfml) but not o3
LI, el
com
sl ang dnbenal:nm;n::xlr‘;!:lﬂgf s
B docked the effect of wo- G
Prenaline 1o 3 bugh " concentra B
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centration of 5 10 % g/ml but not by dibunamine (Fig 2) Its cffect when used 1t
a lugher concentratton (2252 107 g/ml) could not be completely bloched by wtalol
but by a combanon of sotalol and dibenamine (Fig 2)

The results of these expenments indicate that phemlephnne m a concentriuon
<2110 " g/ml snduced a relrxant effect via sumulation of adrenergic a recepton
In a Jugher concentration the relasant effect was induced via a combination of «
and g receptor stumulation Isoprenthine 1 1 low concentranon (<3 7x 10 * ¢/l)
stmulated adrencrgic 3 receptors while i a higher eoncentration it sbo sumulited
e receptons In view of these results 1t scemed of mtesest to attempt to determunre o
what extent other catechiohmunes such as adrenihine and noradrenaline ind oed 1
rddrant effeet ain tiema colt from the rabbit v sumulaton of adrenorgic o nd
i3 receptors The threshold concentration for the relaxant effect of adrenihine was
about 2% 10 * gyml This cffect was blocked completchy by soradol but nor st all
by dibenimine The edfect of adrenaline in s concentratim of 1107 g/ml wisn
lubtted only by a combination of sotalo] and dibe namine

Ihe threshold concentrations of notdrenaline which stimulated o and 3 receptors
were almonst sdentical with those for adremline In Frg 3 the mean /n 6-—12 mofar
threshald concentrations af e stadied cateche lamtnes witly specifltc a ar g receptor
stynuliting effects 10 taems oh from the rabbnt are gnen [hese results show that
both adrenaline ind noradrenaling m thar lowest active condentraton induced a
selaxant effect s1a stmulation of adrenergic ;4 receptors

The expenttuents described abose were prrfe rmed d inng the monthy September ~
October In further expenments st was found that there wis 2 seasonal varton
the thresheld concentration for the relaxant effect mediated va adrenergic g recep
tors Thus the thiesh Id ¢ neentranon for the relavant effect of popremaline w4
sbout 4 umes lower $inng the summer than dunng the winter months The e
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ontent of adenosine wriphosphate abo cvhiinted seasonal witha
durtng the sumimer and a maxvmum dunng the wister { Anderscon and Yohme-
Lundholn 1969) These vanations will be the subject of further studies

Relaration induced c1a adrenergie @ end J receplors sn tarmis colt from guinea prgs
We considered 1t of interest 10 stwdy alwa the selanve mmportance of adrenergic a-
and gereceptars for the relaxant effect of the catecholamines 10 tema cob from the
Sumea pig mince <everal studies on the mechansm for this effect have been carmed
cuton this preparation Lsing an sdentical method to that descnbed abone for taema
ol from the rabbit the threshold cone of the diff, hol for
relavanion wediated by @ and @ reveptors in mera coli from the guinea pig were
determimed

As van be seen n Fig 3, the threshold concentration for the relaxam effecs of
phenlephnne mduced via o receptors was almost the sawe 10 taensa coh from the
gunea pig as m that from the rabbie Esoprenabine was only acuve o hugh concen
rafons m taema coh from the gmmnea prz since the threshold concentration for
J* receptor sumulation was high o this muscle a finding which also held for the
ather eatecholamine denvatives On the other hand the threshold eoncentration for
the velaxant effect nduced 11 o receptoss was Jowsr In taners coli from the gunea
Pz the rel; mduced via ad: a-receptors was pred i tared
by catecholamunes while the 3 receptor mechasusm was conuderably less sensitne
In ths respect there seems to be a difference between taeniz coli from the rabbn
2rd from the guinea p g

The effect of B 1om ana treatment by sold digitaus glyios des and desoxyeorts
fosterane on relaxafion mduced ta u and preceprors an tavma colt from the
sabbir
H the rdaxant effert mduced wa v fecepior sumulation was dependemt upon 2
polanized celf membrane and on the rccumrence of wme gradents St b
membgne wmeasures which decreased the comcentranmn fradient ox mfluenced the
Wne permeakaliy of the cell membrane should whibst the effect of o secepior
semutation

Kians An wmecease m the extracellular concentration of k. tends 10 deceease the
towe gradients of both b and N2 acoss the cell memhrane aad © depolanze this
membrane (Evans Schuld and Thesteff 1958 When the Na jons m Arebs-Henselest
bicarbonate buffer were replaced by hosons 140 megl  the relaant effect of
shemlephne was Blocked while the effect of wvoprenahine perssted  though
weakened The effect of prenahme was blocked complerel by sowalol Fig 4

K strophanthin Dagualss gheosndes block the Na K pump in the cell membrane
20d decreases the R-content but suercases the Sa content of smooth muscle { Dazuel
Y84 When taenta coly was treared with Fstrophanthun in 3 concentratson of 1%
10508 the relaxamt effecss of both phenilephrine and roprenaline occurred wutialhy,
bt abrer about 100 mm the effect of phemlephane wo- == P ETentat bl
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A Fig 4 Taca col from the eabs

' . 7 o ¢ The miluence of an increased

"’s‘gs'm\ ':s’g 55‘!“0r 175'0 exracellular  R*  concentrat on

° (145 meq/l) on the relxxant ef

w, | i A fects of wsoprenhine and phen]
ephrine

msiv\vw A Relocant effect of 1o

bl prenaline on taewa coli con

[ ¢ B tracted with carbamylchohne {13

o g %:(‘2 X107 g/ml), the suspension so-

20 lutson was chen chanred to one

w contamng 145 meqf) R* (with

out carbaminosIcholine) and re
laaten with ssoprenaline was
arain wnduced The relaxant effect
2min of ssoprenahine in a k' nich solu
tion was completely !locked by
sotalol
B In taenta cole canteacted
with carbaminoylcholine the relaxant effect of phenylephrine was apparent but not when tie
preparauon had been contracted wath K tons in a high concentration (145 meq/l)

=

o

that of noprenahine persisted (Fig 5 A) The long Jatency persod before the occur
rence of the blockade of the « receptor-stimulated relxaton ndicated that 1t was
probably not the blackade of the Na—K pump as such which mhibited the e
laxant effect bur that thys blockade did not occur untl the ronic gradients across
the cell membrane had decreased

Treatment with cold When tacmia <ol was stored for 24 hrsat +2°Can
ougenzted Rrcbs Henselen bicarbanate solution and then suspeaded sa the sune
<olution for 20 mn at 37° C 1soprenaline sl 1nduced a relavant effcet which could
be blocked with sotalo!

Phenslephnine on the other hand had no effect After suspension for 120 mm at
37°C, howeser the rdrxant effect of phenylephnine returned (Fig 3 C) s sn
agreement with results of Lum Halman and Gaunt (1967

Desoxyeorticosterone According o Bass Hurwitz and Smuth (19641 desows
corticosterone mhibited the increrwe m the efflus of b induced by prlocarpne M
smoath muscle It scemed of interest therefore to determne whether devracortt
costerone inflyenced the relaxant effect of catccholammes It o evident frem b
5B that the relaxant effect of phenslephnne on aenn coli was completehs §ncked
when the preparation had been treated for 60 mun with desoxyeorticostcre ne in @
concentration «[ I 108 moles/I On the other hand the effect of ssoprenfine s
ot srhsbited When the desoxsenrtcosterone tiad been w shed w1y the eehront
cffect of phemlphrine rerurned

The influence | ubstrate depletion on the relavant effrct of phenylephrine and
troprenaline
According to Bur 1 ng und Bulbang (19641 the cutecholamines ako relax a gheo-

gen free™ taenta ¢ from the guines prg These authors consder that thes fndmg
bolnm 1 «f

contradscts the pc b o thae i of the carbohydrate et

unportance far the 1 vt effect of the catecholamioes In a seres of expresime s
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Fig 3 Taensa cobs from the rabbst The effect of hestrophanthn desovicorticostesone and
treatment with cold

A The selavant effect of phesylepbsine was fwst tested after which the preparation was
treated wath R straphanthine (1x 10 ¢ 3} dunng 100 min The cffect of phemlephrae was
blocked while that of ssoprematine persssted

B When the relaxant effect of phemlephane had been wsted desocorticostrone acetate
was added in 4 concentranon of 1x 10 A After 60 mm ueatment the effece of phenyl
ephnne was blocked, while that of 1soprenalipe persited

¢ preparation was suspended during 2t ks i d Krebs Hensclest by

buffer at +4° C 20 mm after warmung of the buffer solution ta 37 C and the addiion of
carbamunoylcholine, phemlephsine induced no refaxant effrct ssoprenaline mnduced such an
cffecs, however After 120 man at 37° C the relavant effoct of phenslephrine returned

¥i¢ § Tarma cali from the rabbre The effect of substrate deplenon’ and theophalline on the
selavant effects of jsoprenahine and phemlephrme

A The preparatan was suspended dunng 90 min m glucose free hrebs Henselen tncarbonate
solution eassed with s The suspension solution was then gased with 95 % Ox<5 % LO»
and 115X103 M \a-pyrunae was added The preparatan was contracted with carbamunos b
&e\mz Esoprenaline tn the dose region of 3 7+ 10 X~ 15x 10~ g/ml had no rebasant elfect

1 such an effect was still anduced by phenylephrine

Tsoprenahine 1 2 concentration of 1 5x 1 ™ g/m] had no definzte relaxant effect 10 min

alter the addition of theophnthne (3% 10 ° g/ml n the sa

1 e me
l;:;i:}c;dll 2 markedly potentrated relaxant elfect After addition of sotalol the rhythmic activsty
e

£ The relaxant v; ¢t by theophnth 5x 10 v gimi)
a7 Taant effecr of phemylephrine was not potentiated tn theaphnthne =

i the present study, a glycogen free muscle preparavion  was produced as de-
senbed by Bueding and Bulbrng (1964} Taema cols from the rablnt was stored
for varying lengths of time under anaerobic condisons m ghicoss free solution
01 €c Na pyrunate was then added as substrate and the solution was bubbled with
3% €02 495 ¢4 O When tension had been induced by carbamunoylcholine, the re-
Iaxant effects of phenylephrine and soprenaline were tested As 1s shown i Fig 64
after 2 hes under anaerobic ronditions the relaxant effect of soprenaline hai com-
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Pres, «  teoberhand had o effect. After cepeasion for 120 B

S hmen be reloayt offect of phemlephnne seturmed 12 >C) Muud
wetere ta g0t f Lum Helman and Gaunt (1967)
e sy ¢ ter re Arcording to Bass Hurwiz and Smih (1063 &=

cotts A e s babsted the sncrease in the efflux of A induced B pilocarprt ¥
s s s swl It werwd of mterest therefose 1o determine whether et
dontny 10 1 S)m s the relavant effect of eatecholaminns It 1 cvadent fronm 8
Sh that f g¢lavang effecs of phemlephnne on taema colt was completely et
shos she proprarstim had Ixen treated for 60 min with Qesror eortafosterane 102
womosnisats 08 110 molesit On the other hapd the effect of spremli? *2
1ea ds filiteed Whep the dewrycorucostesope had bren washed awas the melaa”
affeet of pihessbepheine serrned

e rfluence t ub teate depletion on the relasant effect of I'”"’""w"( «
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e aten velae d el e
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Acvording o ¥sediry snd Bilbnins (1964) the catecholamins
ge feee Gema el fros he qumes piz These authors conss
contrsficts the por sbility st sumulation of the carhohydrate e
fraport e fur the selexant effec of the catecholannnes 102 senes of
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Balbnng 1967) Imidazole sn a concentration of 24310~ g/l had a direet con
tractile effect an tnena cols from the ribbit and abo reduced the relavant effect of
both ssoprenatiie and phemylephrine {¥ig 7B ©)

Drscussion

In taeraa ol frany the rabbs the catecholanunes had 2 relaxant effect which was
ndveed v tua different mechmsms  These differed from each other . seseral
sespects One of them was stemulited by 2 low concentration of phenylephrine
which 35 a eatecholagune dernvatne that possess predonumantly adrenesgic a re
ceproe stumulatung properizes according to the classification of Ahlguist (1948) The
elfect of phenylephrme 1n a low concentraton wis bloched by dibenamme a drug
with predommantly a receptor blocking properties  Another mechinusm with a
refaxant effect was laged by 1 low conc of woprenaline which 15 a
catecholamine dernauve with predonunanth adrensrgic 3 receptor sumulating
properties, the effect of woprenahine was blocked selectnefs by spanfol which s an
adrerergic frcceptor bloching agent with no or onh neghgble effects of s own
{Aaberg o2 of 1969) In hugher concentrations beth phendlephnine and soprenatine
bad 3 refaxant effect via comtaned sumulwon of @ and # receptors These effects
could be blocked fetels by 1 comb of « and 4 receptor
blockade ¥t 15 clear therefore that phemfephrine and popren hme acted as specrfic
sumulatons of o and J teceptons only m Jow concentrations

In taema coli from the rabbit adrenaline and novadrenabine 1 therr fowest
actise concentration (2X 10 * g/mis stmulased adrenergic p receptors In a eon
centraton about 5 umes hugher adrenergc a receptors were ako wimulated In
atma colr fram the gumen pig the threshold concenteitton 2430 ° g ml Tor the
relaxant effects of adrenaline and noradeenabine was tlmost wentical wah that mn
e colt from the rabl In taema cob from the gunea g howerer the se
laxation was mduced via adrenergic « seceptors. while the ihreshald concentration
for a # receptor stimufating effect way abaut 100 umes higher 1t woudd seem as of
the relavation mechamisms 1 the two amumal speaes fid adapted shen ensisn
to the same physiological concentration of adrenergic wansmittor substance but
that 1n the erolution of the o species dhiferent mechamsms had been developed for
wmediatng the relavant effecs of the hormone

The relavation mecharsms stmulated via adrenerge a and 3 receptors hiffered
Rt tindean shorsnasyy O e Tt St v vy duge e ot
w the way they were mftuenced by the expermental condstions

Measures which tended to eluninate the Jonic gradients across the cell mewbrane
nd depolanze this membrane such as an erase 10 the exiricelfular K concen
waton diitats gheesides treatment of the muscle with cold and abo with desoxy
corticosterone which has been reparted to mhibst the permeabihin of the cell
wenbrane to A blocked the 1edaxant effect nduced 152 adrenesgic o receptors
while that wmduced ua adrenergic J receptors perssted On the other hand drugs
Wheh ©an be asumed 10 hare blacked the enzymane hidrolyss of cyche AMIP,
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such as theophylhine and puromycm, potentiated the relaxant effcet induced s
# receptors without influcncing that induced vin « reeeptors: Sotatol which speeift
cally blocked the relaxaton induced via f receptoss has bien shown m sheletal
muscle to nhibnt the stunulation by adrenaline of cyche AMP production (B
and Lundholm 1969) On reduction of the eahohydrate rescrves of the musele the
relaxaton induced via # receptors was also mbubnted at an earher stage than the
fect induced via o receptors Both mechamsms of relaxauon were blocked by
imidazole, which has been reported to stunulate the ensymauc hydrolysis of evehe
AMP (Butcher and Sutherland 1962) In view of tins finding st cin be asked
whether the effect of nmdazole can be atnbuted only to 1 speaific acton on the
cychic AMP metabolim and eannot, for example be due to the facs that mndazole
had atself mcereased the muscular tension

The differences m the proporties of the two relixation mechanisins are not lintted
onfy to those mentioned abeve In farther experments it was found that the latency
penod for a relaxant effeet ainduced vit « receptors was shorter than that for
B receptor induced relaxauon, and that the redaxation was more complete lter
« induced than after 3 induccd stimulinon IDifferences were akso obversed 1 the
metabolic processes which accompanicd the two types of relaxation {Andersson and
Mohme-Lundholm 1968

All these findings indicate that the catechalamines can induce a refaxant difect
smooth muscle via two different mechamsms It would «eem o be of great im-
portance to take this into consideration sn further studics of the mechansms by
which catecholamtnes relic smooth muscle In previous imsespigition st would seem
to hnve been either an « -or g receptor or a combmed a and i receptor stmultion
that induced the relaxation [t as difficult 1o determine in rotrospect which «f the
two mechanisms 1s of the greatest smportance 1n different ¢ ases

In our studies factors which tended 1o reduce the sonre gridiengs acrems the cell
membrane blocked the relaxant effect snduced by stimulauon of adrencrgic a rreep
tors Our expeniments support the assumpton that 2 stsnnhition of 4 receptors leads
ta a chinge 1 the permeabulity of the cell membrane to 1 certan won or jons The
question of whether the relaxant effect of a receptor stinulaton ean be atnt oted
only to 1n increase an permeability o K pons s has been suggested by Jenkion
and Morton 1967 cannot be answered from our studies Treatment both with cold
and with digttalis gheosudes induces a deerease an both the Naand the h gradeat
acrons the cell membrane of smooth muscle {Damicl 1964 which s b0 produced
In an mcrease in the oxtracellular K concentration Desosyeorticosterons can de
crease the N\ content of skeletal muscde (Wathrow and Woodhury 1939 1nd
therefore without further snvestganons i cannot be asumed that this cofti
conterond influrnced onhy the prrmeabaliy 0 K

The relaxant effect ind eed via adrenesgic g seceptors was blocked on reduc
ton of the Cirbolndrite reeres of the muscle 3t was alio potentiated by dnies
theophulline and purmver which decrease dve cazymatic hydrolsss of (vebse
AMP Thew resal indseate + relayonstup between 1 snmulation «f metale he
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processes and the relaxanion process mnduced via adrenergic 3 receptors This rela-
uonship has been studied more closels 1n another imesngation (Andersson and
\Mohme Lundholm 1969)

We are indepted to Miss Gun Abrahamson for technical assstance Financial support has been
gnen by the Swedish State Medical Research Council (B68 14\ 2080 03) and the Swedsh
National Association against Heart and Chest Diseases
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evterior through a stab wound 0 the abdominal wall by a plastic coat ol

{Condon and Harkims 1902) Vagally denersascd antrad pocees (AR) orun I;’:,:;ﬂff: s
dogs i1 a manner described earhier (Rheault et at 1965] The antral pouch was brought fo
the exterior by ieans of a mucocutaneous fistulz or by an indwelling plastic conted statnlers
steel cannula In two dogs, yesunal pouches (JP) were prepared as a Iy fistula of approvs-
mately 20 cm ntestine from the upper part of the jejunum (Markow 7 Aech }ald and n

e 1964) These pouches were [N . .
The anumals were kept in sepe .

cornilour, with the addition of + . .

Far? e e . . . .
. "o wud walh wie aneats were under antithiotic treatment

Preparation of extracts

Secretion from the antral poucties was collected by nnsing with 09 % NaCl solusion through
a rubber balloon catheter after the injecuen of pilocacpine, 1 mi subcutaneoustv of 0001 mg/
ml The secretion was collected by iiserting a rubber balloon catheter, and by washing with
09 5% sabine Hesdenhain pouch secretions were collected after subcutancous anjection of 1 mg
of histamine acid dipbosphate The juwce Irom sejunal pouches was colfected 1 a manner
similar to the antral washings No stimulation was attempted m the case of the jejunal pouches
The secretions were drained into stenlized bottles The jusces were alf filtered through sfus
wool and dialyzcd indi+? « -1 =« - . . [ .
e than £ n 1 1 ogd - . . .

5w s wayeag um Ll A eYperiments the extracts were ginen

n doses of 1 mglkg bw

Asay methods
The diffesent extracts were assayed for inhibitory actiaty according to the method reported by
Code, Blackburn, Enermore and Ratke (19395) A contnuous stimulation of gastge HI
sceretront was apphied at approwmately 50 7+ of maumal secretion by giving histamme acs
phosphate slowly 13 through an infusion pump Solutions of histamine acid phosphate were
made up 1n 09 ¢ NaCl immediately before adminsstration  Jhe dogs recened doses of 200-—
300 pgihr, (73—109 pg histanune basej delnered 11 by a constant snfusion pump at g rate
of 15 mifhr The dose of histamine to be used 0 each animal was detemined according 10
! i cunes n y exp and these doses were used in all atudies
reported here
At cach test the anmmals were taken to the Pavlos stand after overmght fasung for 12—18
hrs with only water ad hbitum and underwent approuimately an hour's ohwn:nlnn 1o emur;
" EEO i il o Sl aalioN e o
. . L)

. .. . . f .
tion raned no more than 05 ml 1n 3 consccusne 15-mun periody, the extracts were imyecied
through another ven by a single 13 injection lasting about 30 sec  The antral exsracts were
aswayed 2 toral of 22 times an 5 dogs and the fundic extracts 21 times an ¢ dogy, while the
Jesunal extracts were tested 15 times an 3 dogs

Collection of gastric juice
The gastnc juice was collected from the HP by grauty dramnace inte graded centnfuge glases
fitted to the cannula from the pouch by means of a plasuc adapter The sampiles were coliear
at 15 min mtenals, tare bemng taken to empty the pouch completely by ineerting a thin rod 0
the cannufa to clear the passage of mucus pluggng

Volumes of gastric yusce
The solumes of cach sample were measured directly 1n o
to the nearest 0 1 ml

he graded centrifuge tobe, and read

Titration for acrd
Each sample of gustnic juice was titrated sganst © 01N NaOIL to pil 20 with neutral ved 3¢

indscator
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Rectal temperatures

In all assays, thermometer (onginal USCO Ficher th } recorded rectal
of each amxmal to the nearest 0 1° C every 15 min

Histamne 1n gastric puices and ¢xtracts

Two samples of AP juzce (5 ml) and HP juice (10 ml) taken before and after dialvus for 48
brs as descibed above, and samples of 2 mg each from dialyzed and freeze-dned extracts of
AP, HP and JP juice were analyzed for histamine contents according to the method of Shore,

Burkhalter and Coben {1959}, utilizing a Farrand Speetrophotometer combined with & \ aran
recarder

Analysis of the results

‘The sccretory values are shown tn all figures as per cent secretory output dunng the control
pericd The 100 ¢2 level 1s the average acid output of three 13-min persods mmmediately
preceding the mjection of test extracts, In a previous study (Semb [966b), the response to 1 v
infusion of histamune by a constant delivery pump {Harvard pump) was studied 1 6 dogs on
14 occasons The coefficients of vamation have been calculated as being between 101 and
208 The expenmental model used in the present studv 1s the same as that mentioned
easlier, and prelumnary tests with some of the ammals used 1n this study show that the present
vanability 15 of the same order of magmtude These vanations are also in keeping with the
findings of other authors {Code ¢f af 1949a, Shapira et ol 1960) For this reason it seems
Justifizble to consider sigruficant changes 1n secretion as bewng 21 €% or more 1 companson to
control levels, For each type of expenment, the maximal change 1 gastnc acid secretion as
per cent of control level has been plotted aganst mavimal changez 10 rectal temperature after
the 1mjection af test substances

The rectal temperatures m each 15-mn period are expressed as changes from the rectal

temperature measured in the 15.min penod mmmediately preceding the amjection of test
substances

Results
Injection of antral extracts

Antral juice extracts were ijected 3+ 1n 2 total of 22 expts on 5 dogs In all dogs,
sigmficant imhibition of the gastric acid secretron was observed altogether mn 17 of
22 expts After the mnjection of extracts, inhibition occurred within 75 mun n all
tests, the average maximal mhubition being 63 6 S5 (range 26—90 ¢ of control) In

-02
e D_\v’/_"—"_"
=02
Fig 1 Gastnc acid output as per o
< of contral m response to 120 N
conumous 1v infusion of husta

fune in dog Sa before (shaded
and after (open) the R myec)
08 of 1 mglkg bw of antral
JuKe extrace (GIS, arrow) Each
ar Tepresents one 15 qun pertod
Recral temperature  changes
€ompanson to pre injectory leyels
ate wndicated by open curcles . In

£
3

Acid output %
5 8

e penment sigmificant » sa '%B
on 1n 2ad outy
signuficant put and o
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nte 1964). These pouches were alsa taken to the exteror as mucocutaneous fistulae

The amimals were kept 1n separate cages and were all maintained on a diet of meat, fish and
cornflour, with the addition of vitamuns and protein powder NaCl and KCl were added to the
food to counteract the electrolyte loss from the cannulated pouches The weights of all ammals
were well mamtained Before experiments were started, the animals were allowed at least one
month to recover from surgery From time to time suppuration developed around the cannula,
and thuis was treated with Pemscallin 600,000 U and Streptomycin 1 g daily for 5 days Tests
were not run in those periods when the ammals were under antibiotic treatment

Preparation of extracts

Secretion from the antral pouches was collected by ninsing with 09 % NaCl soletion through
a rubber balloon catheter after the injection of pilocarpine, 1 ml subcutaneously of 0001 mg/
ml The secretion was collected by inserting a rubber balloon catheter, and by washing with
09 % saline Heidenhain pouch secretions were collected after subcutaneous injection of 1 mg

of hustamine acd diphosphate, The juece from jejunal pouches was callzcted 10 2 maner
b 3 ouche A

- 3,
dic

. n

. of
. . - . . 0

Assay methods

The different extracts were assayed for inhibitory . . 13 camanied by

Code, Blackburn, Lnermore and Ratke (19495 . .
secretton was applied at approumately 50 % of  » . d
phosphate slowly 11 through an infusion pump . . ¢
made up 1n 09 % NaCl immediately before admimistration The dogs recened doses of 00—

300 pglhr, (73—109 g histamine base) delnered 1v by a constant nfusion pump at @ rate
of 15 ml/hr The dose of hustamine to be used 1 each ammal was determmed according to
ds curves 1n Y and thece doses were used 1n all studies

reporied here 13
At each test the ammals were taken to the Pavlov stand after overmght fastng for 12—
hrs with only water ad hibitum, and underwent approxmately an hour’s obsen ation to ensuly
that there was no secretion of acid from the HP Following the observation period sfusion ¢
histarmine was then started through a vein cannulated by means of a plastic needle (Brau:
Braun Melsungen, Germany) connected to the mfusion pump The infusion was maintaine
for at least six 15 mun penods after the HP secretion reached a secretory plateau When serr}‘
tion varied no more than 035 ml an 3 consecutnne 15-min persods, the extracts were m;zc(te
through another vein by a single 11 1njection lasung about 30 sec The antral extracts w‘e‘;
assayed a total of 22 tmes 1n 5 dogs and the fundic extracts 21 times 1n 4 dogs, whife

Jejunal extracts were tested 15 times 1n 3 dogs

nule®,

Collection of gastric juce
The gastnc Juice was collected from the HP by gravity drainage into graded centnfuge ﬂl’;ﬁ
fitted to the cannula from the pouch by means of a plastic adapter The samples were mr;:l "
at 15 mun intenvals, care being taken to empty the pouch completely by snserting 2 thin

the cannula to clear the passage of mucus plugging

Volumes of gastric juice o
“The volumes of each sample were measured directly 1 the graded centnfuge tube, and re:
to the nearest 0 | m

Titration for acrd

Each sample of gastnc juice was ttrated agamst 0 0IN
ndicator

NaOH to pH 70 with neutral red 39
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ANTRAL EXTRACTS
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{range 2877 ¢; of control) The zcid secretion returned to pre inpectory level
vathsst three 15 min peniods 1n most

T where inhit was dy d
In 10 expts, a sigrus ¥

of gastne was seen 1575 mun after
the mjection (Fig 5) The merage mavxunal sumulation was 53 6 € (range 27—
152 €¢ above control) The symulation lasted for 3 or more §5 mm peneds 1n all
but  expt In § expts on 2 dogs there was an smtial depression of pastrc acsd secre
bian after the injection followed by significant sumulation

In 13 of the 21 expts with fundic extracts the rectal temperatures moe gradually
but 151 only 4 was the nse 05° € or more The maximal changes m rectal tempera
fure oceurred at times varying from 30 mun to 135 mun after the anjection of fundic
extracts In the remamder of the expeniments there was either no elesation of rectat
temperatures or a reduction of 01-—05°C No clear ume relationship way estab.
tuhed between the acid gastnc seereton and rectal temperature in two of the tests
there was signsficant snbabition and m two others sigmuficant strpulation of gastric
secretion before f nse 1 temp was ohserved However, parng
maximal changes in rectal temperature and 1n gastrc acd secretory change srespec
e of yme rel hip 10 all tests gastrie aad was demorts

!(l;ﬂfd with mereasing rectal temperature after the njection of fundic extracts
% 6)
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Acd output %
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2 Ba /8

15 mn perods
Fig 4 Gastric acid output as per cent of cos

ntrol 1n response to continuous 1v nfuson of
}‘un:mme i dog Ba before (shaded) and after (open) the 1v imjection of ! mgjkg bw of
undic guice extracts (HP, arrow) Conventions 25 sn Fig ! In this experiment sigmificant
reduction 1n gastne acid output with insigmificant elevation of rectal temperature are seen

°c
R

Acld output %

€0 Fig 5 Gastnc acd output as per cent

» Consentions as m Figt 1 and 4 In
u 3 this experment a significant elevauon
o of gastnc acid output and an nugnifi
cant elevation of rectal temperature

15 mm pererts. are seen
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FUNOIC EXTRACTS
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Injection of jejunal extracts

Jeyunal extracts were injected 5+ 11 a total of 15 expts on 3 dogs In all dogs, sig-
niffeant mhdntion of the gastric acid secretion was observed altogether m 9 of the
15 expts (Fig 7) After the smjecuon of extracts the wnhibition occutred within. 15
~75 mun i all tests, the merage waxymal mhibition being 506 ¢¢ (range 27—
93 5% of control) In two of the expermments the gastric acid secretion returned @
control evels withun 15 mm but 1n the remaining six the gastne acid secretion was
smhibited for longer penods In three expermments, there was no sigmificant change
8 gastric acwd secretion and sm a fusther 4 there was signtficant stumulation of the
seeretion (3 dogs) The stmulation was seen 15—45 mun after the wjectuon of ex-
tracts and lasted for 15--75 sun The average maxtmal stumulatton was 477 %
{range 3367 6% above control) T 2 expts, both sumulaton and mhuluton were
obsened
The rectal temperatures rose gradually after the wjection of jejunal evtracts m 7
ests on two dogs, and all were elevated 0 5° C or more The maxmal changes 0¢e,
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°c
13
4

Acid output *4

L o

15 mn perods

Fig 7 Gastric acid output as per cent of control i response to continuous 1 v

infusion of
Iistamine 1n dog La before {shaded) and after (open) the 1+ snjection of 1 mg/kg of jeyunal
Juice extracts (JP, arrow) Consentions as in Fig I In this expeniment there s sigmificant
reduction 1n gastric acid output as well as a significant elesation of rectal temperatures

curred 60—00 rmin after the injection, and lasted for 3 or more 15 min perrods
Maximal gastnic secretory mbibition and maximal changes in rectal temperatore
usually oecurred 1n the same 15 mn periods In all but one test where inhibition of
acid secretion was found there was a ssigmificant elevation of rectal temperature (Fig
8} In the third dog, the rectal temperatures were not raised after the injection of
Jejunnl Juice extracts, and inhibiuon was found n only one of five experiments

Discussion
In testing all three types of extracts, two effects were apparent, namely inhibition
and stimulation of gastric acid secretion Antral extracts showed the most pronounrcd
nhibition mn the majonty of expernments (17/22), while extracts from fupdic jwce
produccd mhubitson 1n 10 of 21 expermments, and the jejunal extracts in 9 of 15
expts
Inhsbitory effects of extracts from gastromtestnal sccrettons have previously been
observed by several imestg Inhib has been di 1 on 1y pjection
of extracts of salna (Code £t of 19195, Menguy, Masters and Grybosks 1961)
gastne juice (Brunschwig et al 1939, Livermore and Code 1952 Hond, Code and
Gnndlay 1953, Semb 19664, b), juice from jejunum and seum (Rudick ¢t ol
1966b), and also 1n the thoracic duct lymph (Rudtck ¢t al 1966a) The mechantsm
of this inhibition 15 not known
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JEJUNAL EXTRACTS
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Some of the earher reports conflict with the present findings Hood, Code and
Gnndlay (1953) found that fundic juice extracts had hittle or no effect on gastric
secretion 1n dogs, aithough their report contains informaton of secretory mbition
up to 4+ 5 1n 16 of 20 expts (range 1—+44 Ge of control) Menguy, Masters and
Grybosk: (1965) found no effect on gastric secretion from the njection of fundic
Juice extracts prepared from dog Herdenhain pouch when tested i the pylorus
higated ra¢

The stimulating effects observed of some of the extracts m the present study com-
pare favourably with earher obsenanons For mnstance Hood Code and Gnndlay
(1953) found stimulation sn one of the 20 fundic extracts they tested Extracts of
dog antral juice were shown by Baume and Nicholls (1966) to stmulate gastnc
secretion sn the 1 21tro inverted rat stomach Sumulation of gastnic acid seeretion
has been obsenved after injection of gastrone from anacid human gastne juice into
the dog (Code 1966)

The reasons for the variations 1n results descnibed above are unclear The extracts
from the HP were autologous and those from the AP and JP were made from o
dogs, and assayed in at least two dogs on diferent occasons Since the extracts
prepared from the same dogs gwe vanable responses (Figs 3 6) a difference be
tween the donors 1s ap unlikely explanation It 1s well known that gastne yuice con
tains huistamine (Lorenz and Pfleger 1968) and the possibility exsts that the vana
tion mn response to the extracts could be ascrbed to a contamination with histamine
However, samples of juice from the AP and HP were assayed for h:summc:ﬂl:jz
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before and after dsalysis for 48 hrs, and the reduction in histamine content was found
to be 94 and 86 % respectively Dialyzed and freeze dried samples of AP, HP and
JP juice extracts from some of the dogs used 1n this study were found to contatn be
tween 005 and 012 pg histamne base per mg dry weight Lorens and Pfleger
(1968) cite studies on the sub minimal dose of histamine required to elicit gastric
secretion {from denervated pouches in dogs as being 1n the order of 0015—008 pg
histamine base per kg an hour ingected 1v Thus the possibility cannot be fully cx
cluded that the extracts used 1 this study contained enough histamne to explan
the stumulatory effect seen 1n some of the experiments Howeser, it seems less likely
that a small content of fustamine, as demonstrated, should be large enough to mask
the effects of an inhibrtor contamned n the same extract.

From the studies mentioned above and from the present study st can be con
cluded that extracts from the secretions of some epithelia 1n the gastromtestinal tract
contain substances capable of both inhibition and stmulation of gastric acid secre
tion, the latter probably being due to small amounts of histamne

The 1ncrease 1 rectal temperature which s sufficient for producing inhibition of
gastric secretion 15 not clear from earlier work Blickenstaff and Grossman (1950)
never found inhibttion of gastnic acid secretson after the mnjection of pyrogens, which
creased temperature less than 03°C i the dog Wylle Limbosch and Nyhus
(1967) studied the whibitory effect of Pseud polysaccharide pyrogen {Piro
men) on k lated Herdent pouch i 3 dogs They found
mhibitton 1n the dogs with doses that produced increase 1n rectal temperatures greater
than 05° C Brodie and Kundrats (196%) found gastnic secretory mhibition 1n the
rat only when rectal temperatures were elevated 08° C or more In siew of this i
formation a change of more than 05° C in this study was constdered as sigmificant
pertawung to its posstble inhibrtory effect on the stomach Inhibition and sumulation
could be demonstrated with all types of extracts regardless of rectal temperature
changes In the majonty of expenments wth inhibition with both antral and fundic
extracts the rectal temperatures were below 05° C Infubitton of gastric acid secre
tion and changes 1n rectal temperature were not negatisely correlated for any of the
three types of extract in the present study

These findings suggest that it of gastnic P
tion of extracts obtamned from sanous gastromntestinal flnds cannot solely be ex
plained by the presence of pyrogens in the extracts

d by 1v njec-

h
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Structure and Function of the
Tactile Hair Receptors on the Cat’s Foreleg
By
Benot Y Nitsson

Recenved 18 February 1969

Abstract

Nusson, B Y Structure and function of the tactle hay receptors on the cal's
foreleg Acta physiol scand 1969 77 396416

a . . [ S S
1211 feno narn andt nge and Merhel cell

+ at varying
. nd to static
. aency attam
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The major portion of the cats skin 1s covered by comparatively short hairs which
are { with rapidly aday hair follicle receptors with a high dynume
sensunaty (Adnan 1931, Brown and Iggo 1967) In addition to these hamn there
are morphologically distinct tactile hams which are recognized by their larger sie
and by the presence of a large blood sinus i the harr folicde A well-known typr of
these so ealled sinus hairs are the vibnissae which have been shown to be associated
with slowly adapting mechanoreceptors (Fitzgerald 1940) On the cat's foreleg, just
above the paw, there 1 a group of smus hars differing morphologically from the
wihossae in that the har follicle 1y surrounded by a smooth pilomotor musculature
and that there 15 a large number of Paciman corpuscles close to the sinus These
carpal sinus hars were first studied physiologically by Nilsson and Skoglund (1965)

On manual bending of the hawrs very slowly adapting umpulse discharges were
recorded, the frequency of which was dependent on the degree of deflection The
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hairs were also found to have a certamn directional <ensitnsty, displacement n one
direction mereased the discharge frequency whereas movement mn the opposite diree-
tion mught abolish a previous spofitaneous actiity

The purpose of the pre<ent paper 15 to report a more extensne miestigation of
the properties of these carpal tacule sinus haws in the cat In the first section, an
account will be given of the structure of the hair follicle particular attennon bemng
paud to 1ts mnenvation The man portion of the paper s concerned wath the physto-
logical propertses of the har follicle receptors of the slowly adapting tvpe By means
of a specnally designed mech 1 1 g displ. of the hair at
vanying rates and amphtudes a quantitative analysis of the dinamec and statc ve
sponses thus obtarned has been performed The directional sensinaty of the hair
receptors has been studied 1n more detail and the conduction veloaity sn the afferent
nene fibers measured A\ prelimnany study of hair follicle receptors of rapidly
adapuing type will 1lso be presented

Methods

fogical methods Twenty-six cats weighing between 20 and 48 kg were used
was anesthetized with “embutal 40 mgfkg bw 1p and the anesthesiz was
mantained by repeated 11 injections of small doses of the same drug as required The cat
was kept warm by means of an infrared heating lamp and the temperature continually con
trolled sectally as well as subeutaneously i the sicimty of the carpal tactile haws The rectal
;;"Pé‘mmm varied between 37 and 397 € and the subcutancous temperature between 33 and

Electrophynal
“The an:

The forehmb of the ammal was fixed with a clamp around the paw and another around the
Elbow jomt, care being taken not to disturb the blood supply to she leg All hairs on the
lower feg except the sinus hairs were closely cligped An sneision was made 1 the skin from
the elbow jomnt down to a point 10 mm provimal to the group of tacule hairs The superficial
fle<or muscles of the lower feg sere remoted and the ulnar nenve branch supplying the tacule
hairs was prepared free and cut about 60 mm proumal 1o the hais A paraffin pool was
orma. . La o, o3, f . Al . " -

\ -

¢ . PR . .
wire electrodes located 33—43 mm dustal to the recording electrode
Mech, I For the quantitative analysis of the recepfor propernes a specsalls
designed mech of el type was used This sumulator represents an
mprosed yersion of an el of a type used at this depart
ment {Lindblom 1958 Shepherd and Ottoson 1965} The sumulating probe was made by
glung one end of a prece of stainless steel cannula 1 mm in diameter and 80 mm n lenath
110 the center of the cone of a Phulps model AD 2300 BZ loudspeaker the voice coil 1m
pedance of which 15 400 ohms Displacements of various amplitudes and selocities were ob-
tamed at the {ree end of the cannula by feeding the loudspeaker cort with yamp or 1n some
€ases square wayeforms from a function generator designed for this specific purpose In order
to reduce overshoot and magg the loudspeaker cone was damped bv mounting a metal
Pate 1n front of 5t the canpula being passed through a small hole in the center of the plate
ue to this damping the maxinal seloaity was restricted to about 80 mm/sec
¢ unknown and varymg mechanical loading presented to the stumulating probe made
mecessary some method of monrtorng the displacement dunng the actual stumulatng conds
Hons Because of the small force of a this was chosen for

record ag b,
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lechancal
““stimufation

Fig 1 Determmation of conduc
Stmutation tion velocity by means of the
clectrodes “collision method” Diagram to

the right of the records illustrates

arrangement of stmulating and
4L0mm [«—Nerye recording electrodes as well as
site of mechamcal stimulation

- Recording
— _L electrodes ;‘;:;:emb:l\:‘ll)2 msec Full descnp
scope for the display Within the range of duplaca~ -+ :
there was a hinear relationship between the capac .
tude Stimulation amplhtudes up te 450 p were us -
to 63 mm/sec Using high speed ramp waseforms - .

ment showed a small exponential cunature The dispracement velocrty was therefore estabhshed
by measuning the slope of the film records between the 10 % and the 90 % pomts of full

amphtude
The mechamcal stimulator was affixed to a ball and socket jount which 10 turn was mounted
on a very heavy and stable stand, this movements of the % i vertical and

Iateral directions
The 1 was under a d. 50 that the probe was just i
contact with the sious har under study Spentaneous actiaty, if present, was not or but hatle
affected Durning the stimulation the probe was moved parallel to the skin surface and at
zpproumately nght angles to the hair The contact point between probe and hair was about
2—3 mm above the skin surface
In the intial exp a stmpler
Joyed, of a p Vet A=
damping plate in front of the cone
be obtaed The loudspeaher was c
S 4, and the amplitude of the dis

of similar type wat

calibrated scale 1n the eyepece T Ve 7w swut wwuld Dol DE oL ancd
Displacer b
Conduc . . "t
only a s N ’
the filame - - "

duction ve - .
(¢f Brown ana iggo lvul; lor tms purpose, the hair was displaced by means of the
mechanical sumulator and the sweep triggered so that the first impulse 1n the discharge was
Qusplayed at the right hand side of the oscilloscope screen using an expanded swecp (Fig
1 A) Then the nene was exated with sumulating electrodes placed between the hair and \h;
recording electrodes (sce diagram n the figure) 1 such a way that the sumulus artefact an
the response were displayed at the Jeft hand side of the screen In A, the strength of the
IR HASTR R A

L 2% oha smenmee at the pight hand side of the screen (8)
. between the stmulus artefact and the
measured and the conduction selocity

- . "
ars with adjacent tissue were removed
1hn were staned with Weigert s hema-
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tonhin and eosn For innenation studies one preparation was treated according to Palm
gren s method and others were fixed in chloral hydrate and impregnated with silver mtrate
The tissue was cut senially at 4 or 8 4

Results
Morphology of the sinus harr follicle

The man morphological features of the carpil sinus hairs were presented in a
previous paper (Nalsson and Shoglund 1960) After 1ts publication an early histo
logical description of these hairs was found (Fritz 1909) Since mn our presious paper
as well as 1n the diately subseqy publ. (Nilsson 1969} 1n this sertes of
imestigations pictures showing the basic structure of the hair follicle have been
reproduced only some of 1ts characterstics will be briefly recalled below with refer
ence to Fig 2 1n which A shows a transverse section of the follicle through the lower
portion of the blood sinus As in other types of stnus harrs the external sinus wall (e
1 the figure) 15 composed of strong connecte tissue while the internal wall next to
the hair consists of a mesenchymal tissue separated from the external root sheath by
a so-called glassy membrane (g see also Fig 2 D) The Jower portion of the smus 1s
filled with a cavernous tissue while the upper portton the nng sinus, 1s filled with
blood From the internal mesenchymal sinus wall a ‘ningwulst  projects into the
nng sinus

Farticular attention has been pard to the mnenation of the carpal tactile sinus
hairs which does not seem to have been described n more detasl previously Fig 2.4
shows a bundle of nenes (at arrow) penetrating the external sinus wall In the
cavernous smus the harr 1s surrounded by a large number of transversely cut nene
fibers many of which are bled tnto bundles up to about 15 fibers
which have penetrated the sinus wall at a lower level In sections at higher levels of
the sinus the nerve fibers can be seen 1n the internal mesenchymal stus wall just
outside the glassy membrane (Fig 2 D) As the fibers ascend they branch the num
ber of transversely cut fibers increases and there are fewer fibers in each bundie Fig
2 B shows an oblique section through the internal stnus wall at the lesel of the nng
wulst, with 2 palisade of fine nenve fibers arranged around the hair These fibers are
distnbuted symmetnically around the hair In the nngwulst no nenie fibers have
been found In other sections through the internal sinus wall a complex network of
windmg s ancose fibers can be seen (Fig 2C)

in the external root sheath just inside the glassy membrane there are large cells
vith a clear, pale cytoplasm, so-called Merkel cells Fine nerve fibers penetrate the
glassy membrane, and endings located close to these cells are visible n Fig 2 D

Adrenergic nene endings have been demonstrated 1 the cavernous portion of the
swus and i the internal sinus wall (Fuxe and Nilsson 1963)

In the vibnissae also more complex receptor structures have been found thus ¢ g,
Ruffini Lke endings have been descibed (Miller ez a/ 1960) as well as abo la-
mellated corpuscles (Andres 1966) No such structures were observed in the sec
W0ns of carpal tactile hawrs studied here
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Fig 2 Structure of carpal sinus hair follicle

A cross section of fallicle through lower cavernous portion of bleod sinus At arow 2
bundle of nervey penctrates the external smus wall e=external sinuy wall g=glassy mem
brane A—hair Black bar 100 2

B obligue section through upyer portion of follicle showing nerve fibers running parallel 10
the lmamal sinus wall Dark spots are artefacts cauted by precipitation of siher grans Black
bar 100 a

C winding vancose fime nerve fibers i internal sinus wall i upper portion of follicle
Black bar 30 x

D cross section through upper portion of follicle showing nere fibers in the internal mecen
chymal stnus wall and nerve endings located close to Merkel cellv in the external root sf eait
m=mesenchymal sheath constituing snternal smus wall ¢ external root sheath p=gla)
embrane & har Black tar 30 & (A4 € ard D chloral Mydrate silyer mitrate metl od B
Palmgren + method
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Electrophysologieal results
The first step i the analysis was to ascertain af the filament under study contamned

any fiber responding to mechamcal sumulation of the shin The wpe of afferent
fiber thus found was identified by the resp b d

to displ. of sinus

hairs other hars and the adjacent skin area the movement being produced manual
1y by means of an msulated probe under observation m a binocular dissection mmicro-
scope From these expeniments st was evident that displacement of a carpal smus
hair could stmulate a number of different receptors of slowly as well as rapidly
adapung type In the present paper only responses from receptors 1n the sinus hatr
follicle will be analyzed an account of other nvpes of mechanoreceptors functionally

associated with these sinus hars will be gnen in the subsequent paper (Nilsson
1983)

A Receptors adapting stouly to mechanmical stimult

Spontancous actrrty Many sinus hare umits displayed a regular discharge of 1
pulses 1n the absence of any intentional displacement of the hasr Thus actiaty below
desmated spontancous actn ity and observed sn 17 of 29 single units vaned i fre
quency up to 20/sec

Innervation pattesn \ particular afferent unit could generally be actinated only
by dplacement of a particular sius hair but 1t might also be excited by displace-
ment of an adjacent hair provided that the amphtude of the displacement of that
harr was large enough However on a hair displ of di plitude a
Tesponse was never obtained from more than one hair and 1t should thus be jusnfi
able to conclude that each nerve fiber 13 associated with only one sinus hair Each
hair 15 howeser inner ated by more than one fiber (cf below)

Directional sensitizty ‘The sinus harr receptors displayed a certain degree of
drectional sensitivity 1nsofar as displacement of a hair mn one direction resulted 1 a
strong discharge of mmpulses while movement in the oppostte direction had no effect
or might reduce the frequency of a spontaneous activity present In order to classfy
each single unue on the basis of 115 directional sensittvity the har was displaced manu
ally m four directions at nght angles to one another z7 proumally distallh lateral
1y and medially As a rule each umit was most sensitine to dnplacements m two of
these directions Out of 28 umts tested 12 were excited most effectnely by proximal
and lateray displacement The next largest group consisted of 8 units responding most
readly to proumal and medral displacement Of the units actnated by proximal
dsplacement two were equally sensitnne to lateral and medial displacement Onfy

afew unuts (6 of the 28 tested) ded most effectively to distal displ of
the hasr

Conduction velocty For 20 slowly adapung sius hair umts the conduction velocs
' in the afferent fiber was determuned the distribution of the values thus obtaned
appears from the histogram Fig 3 Most of the fibers had a conduction velocity 1n
e fange 5178 mjsec which using a proportionalis factor of 6 (Hursh 1939),
Would comrespond 10 4 fiber diameter between 9 and 13 " /’,—-
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2 Fig 3 Histogram to show distnbution of con
1 duction syelocittes of 20 slowly adapting and

e r——r——r— 2 rapudly adaptimg (eross hatched) sinus hair
36 42 48 54 60 £5 72 78 Bémfsec umits using class boundaries of G)m/scc

Multiple mnerration On several occasions two different units and on one occa
sion three units were found to be actnated by displacement of one and the same
stnus hair, the hairs were thus muluply mnenated As a rule the indiidual units
were identified in different filaments but 1n some cases displacements of a hair gave
rise to impulse discharges in two fibers mn one and the same filament as exemplified
n bsg 4 These two units could be differentiated beeause the amplitude of the ac
tion potennal of umt I was larger than that of umt II Umt I responded to medzal
{4) and umt II to lateral displicement (B} and both units were actsated on prowt

mal displacement (C) A simus hair may thus be innervated by umts of opposite
f I meck which will be dis

directional sensttinaty, this 1s an g
cussed below

Responses to displacements using the mechamcal sttmulator For the purpose of 2
quantitative analysis the hair was displaced with the hanrcal I and Fig
5 1llustrates the response obtamned 1 a sinus hair unit when the hair was moved at
a constant rate to a hew posttion and mantatned at that position 1n this case the
displacement rate was 14 ¢ mm/sec and the amplitude plateau 450 ¢ During the
nsing phase the response consists of a burst of impulses which changes mto a dis-
charge of lower frequency as soon as the plateau has been reached hence 1t is pos
sible to sphit up the response into a dy and a static p In some cases
these two components were separated by a brief silent interval but this was not a
constant phenomenon Separate descriptions of each of the two types of response will

be given below
Responses to stattc duplacements Mechanical square wase pulses were used 1o

study the receptor sensitivity to different posiions of the hair After a short mse ume

1 1 ! i
- Fig 4 Responses of two d flerent
a slowly adaping snus hair umts
to displacement of same har 10
d fferent directions A umit T ac
usated by medal displacement
E umt 11 actwated by laterat

,
L AT TR, £ e, D el b e
'Lw A

— EEIPIFRERLY TRmEIAAT Ry TP TR

of the hair Time bar 100 msce
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Fig 5 Response obtarned in slowly adapung sinus hair unit to movement of hasr at a constant
veloesty of 144 mm/sec up to an amphitude plateau of $50 » Time bar 100 msec

of 5—6 msec the plateau was attamed Each expertmental serses comprised up to
mne different displacement amphtudes Five stmuli were delnered at each amph
tude at intervals of at least 12 sec and the repetitne sumulation was not found to
affect the responses (¢f Mountcastle et al 1966) Typical examples of these record
ings are given 1n Fig 6, showing responses to static displacements of a harr at three
different amphitudes, each about 1 sec in duration. After an iitial discharge of a few
impulses at short intervals in the bnef dynamic phase a constant discharge 1 set up
which after a rapid decline frequency dunng the first 150—200 msec of the amplt
tude plateau displays a very slow adap The resp b dmFig 6 4 and
C 10 duplacements of 150 and 500 1, respectively are graphically represented in
Fig 7, and a companson of these responses reveals that the impulse frequency 1s
related 10 the displ litude A sumntlar dep e on the displ
amplitude was observed also throughout more long lasting sumuli. After the first
1apud dechine, 2 phase of fairly constant frequency lasting 300—+400 msec could be
distnguished In analogy with similar phenomena observed m other types of slowly
adapting cutancous receptors this phase will be designated the early steads state
(Werner and Mountcastle 1965) In order to determine the size of the statc re
sponse at different posstions of the hair the average frequency m this early steady
state, 11~ usually 200—500 msec after onset of the displacement plateau was cal

culated, this value was reduced by the frequency of the spontancous activity when
Present

The stimulus response relation for the static responses of the smus hair receptors
2s analyzed by plotung the response {expressed i umpjsec) agamst the displace

——

I

— .,

; y e
2t 5 Responses obtamed 1 slowly adapting sinus hasr unit o statie displacement of a bair

fferent amplitudes each about 1 sec 1n duration Onset and end of sumub at
Pao A 150 B 325, and € 500 x Tume bar 100 msec (Note mncrease in postexcuatory
With imcreasing stimulus ntensity)
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Fig 7 Graphical display of responses in the static phase of sinus hair displacements at two
different amplttudes 150 and 500 x corresponding to records A and C 1n Fig 6 Points show
average smpulse frequency caleulated tn time periods of 50 msee duration

Fig 8 Graphical on I 1 coordinates of stumulus response relation of
slowly adapting sinus ha]r‘uml on static stmulation at different amphtudes, fne stimul being
delivered at each R d as aserage disch frequency during early

i
steady state affer correction for spontaneous frequency Points represent mean frequency and
hines range of obseried values

ment amphtude (expressed 1 #) on linear, semilog or log log coordinates There
was then a good Dt to a straight line 1n the case of the log-log representanon over a
wide amphtude range (cf Fig 8) which indicates that the static stumulus-response
refation of these receptors can be described by a power function This power haw
relationship has been found 1o be valid also for other types of cutaneous mechano-
receptors 1n the cat (Werner and Mountceastle 1965, Janig o2 al 1968) and has the
general form R=k S where R 15 the size of the response, S 1s the size of the stimu-
lus, and A 1s a proportionality factor The exponent n can be determined from the
slope of the straight Line 1n the logarithmic plot and when calculated for 15 units
from 15 different hairs 1t was found to vary between 06 and [ 5 1n wndwvidual umts
the range for eight of the unss being 06—08 The value of the proportionality
constant k vaned 1n these umits between 001 and 1 1

On ) at the ) Litude avaslable, 450 s, the discharge fre-
quency of indivadual units 1n the early steady state differed over a range from 40 to
140 wmpfsec However, sumulus amplitudes 1t ddlerent expertments should not be
directly pared since the mech | stmulus cond. may oot be identecal
Thus for mnstance, it was technically difficult always to apply the probe at exactly
the same posttion relative to the skin surface and to avoid minute vanations in stimu-

lus direction

Responses to dynamic displacements The dypamic responses were studied by
recording the 1mpulse discharge elicsted by displ of a sinus hair at varymg
selocities up to an amplitude plateau of 450 4 An expertment of this type 1 sllus-
trated in Fig 9 showing responses to movements at srx dufferent vclocities Duning
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Fig 9 Responses of slowly adapting sinus hair unit to movement of har at srx different
veloaties up to a displacement amphtude of 50 4. A 310, B 144, € 72, D 49, E31, and
F14mmfsec Time bar 10 msec in A—D, 50 msec i E and F

the fastest mosement (A, 31 mmjfsec) the response consists of a tram of seven 1m
pulses at short intervals At the successively lower displacement rates in B—F (from
144 10 14 mm/sec, note diffe sweep vel 1) the di of the rsing phase
mcreases, and hence a larger number of 1mpulses are recruted 1n this phase, but 1t
55 also apparent from the records that the discharge frequency of the response 15
lower the slower the movement A closer study also revealed that at a certan rate of
nse the impulse ntenals are longest m the mmtial phase of the displacement and
then gradually disnmsh These results are displayed graphically 1 Fig 10 which 1s
a frequency~time plot of three of the responses (B, € and E) recorded in Fig 9 The
three plots have some features 1n common As the movement starts there is a sudden
stepwise increase in frequency from the spontaneous rate to a higher level The size
of this step was related to the sumulus rate At the high rate of 134 mm/sec 1o B,
the frequency 1ses to about 220 mpfsec while at the low rate of 14 mm/sec mn E
there 15 an 1itial merease 1 frequency only to 90 mmpfsec In all these cases there
w3s a gradual mcrease 1n freq; h h the t (cf above) Inspec-
ton of the responses obtamed at different sumulus rates shows that the mcrease m
frequency 1s relatively larger on slow movements During the final part of the move-
ment the nise i frequency often dimimshed or the rate became constant As 1 also
evident from the records 1n Fig 9 the maximal frequency attamed n the final phase
of the displacement was higher the faster the moxement

Parallel with the sudden decrease 1n displacement velocity as the final amplitude
was attamned and the morement ceased there was also a decline 1n umpulse frequency,
the 1mtral and major portion of which was very abrupt The later phase dechned
more slowly to a level approumately corresponding to that of the static response at
thss position of the hair As appears from the brobken lines m Fig 10 the deckine 1n
discharge frequency when the hair moverment ceased was of the same order as the
StePwise increase at 1ts This red: mn fi 15 the effect on the
receptor of a change m the velocity of the movement from a certam level to zero
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Fig 10 Fru}uzncy time lplqz aljlhru of the responses (B, € and E) recorded 1n Fig § In

as Is of spike intenals and plotted along the time
axs at the end of each nterval Broken lines in the left part of the ligure connect the level of
spontaneous actnity with the pont representing the first 1mpulse interval The night hand
ptmtms, marked by arrow, show frequency of static response in the subsequent early steady
state
Fig 11 Graphical on loganth d of stmul relation of
slowly adapting sinus hair umit on dynamic strmulation at different velocities Responses ex-
pressed as increase an discharge frequency beyond the static response at the corresponding
amphtude Dots gine mean of five determinations at each seloctty, Lines mndicating range of

observed values

point during d displ plitude The size of this frequency change
can thus be taken as 2 measure of the size of the dynamic response

As 15 esrdent from Fig 10, the size of the dynamec response s related to the dis-
placement velocity, the receptors are thus veloaity-sensitine To obtain a quantitatne
evaluation of the relation between displacement velocity and the size of the receptor
response, the dynamic response was calculated as the difference between the average
frequency 1n the final phase of the displacement (when the impulse intervals are
fairly constant) and a value of the frequency 1n the subsequent static plateau phase
As the latter value was chosen the frequency in the carly steady state platean period,
1 analogy with swular analyses perfarmed op xeuscle spindles (Matthews 1063) A
calculation of the response at different sttmulus rates along these Imes ts displaved
in Fig 11, m which 1mpulse frequency has been plotted against displacement velaci
ty on loganthmic coordinates five stumult being delnered at each velocsty The
figure shows a good fit to a straight hne When plotung the data on Linear or hin-
log coordinates on the other hand no straight hne can be drawn through the pomts
Analyses of the dynamic responses of exght other afferent umits gave similar results,
and hence 1t scems as though the relation between stmulus rate and dynamic re-
sponse should be fully deseribed by the power function mentioned above, 112 R=
K+ Sn where in this case R 1s the dynamnc responie i impulses per scc and § is the
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Fig 12 Comparrson of stumulus-response relation of two slowly adapting sinus bair unus (1
and 11) on dwmamuc stunulation Each pomt 1s the mean of five determnations

¥iz 13 Sumualus response relation of slowly adapting sipus harr unit on dynamc strmulation
Squares snward displacement, dofs sideways movement

stimulus rate in mmfsec T'he salue of the exponent n (the slope of the line) was
caleelated for mne umts from seven different hairs and was found to vary between
05and 11, for six of the umts the exponent was lower than 09 The value of the
Proportionality constant & vaned between 3 6 and 83

The differences 1n the dynamic resporises obtained in different umts are typically
dlustrated 1 Fig 12 In this expenment a filament was found to contain two units
below designated I and II, which 1nnervated two adjacent sinus hairs and whose
distctional sensitiaty was of the same type Each of these two umts was tested
separately by dislocating the two hairs tn succession n the same direction the probe
bemng applied at equal distance from the shin surface In the figure the dynamic
Fesponses obtamed 1 these untts have been plotted agamnst the displacement ve
loctties The steeper slope of the line representing unit I (the value of 7 being 11
2 aganst 06 for unt 11) provides 2 quantitative measure of the higher dynamic
semsitivity of this umt as compared to umit 11

The sinus harr receptors were always very sensttine to pushing the hair in along
15 long axis The size of the dynamic response thus obtamed at different velocities
0P frum Tag 13 {squares) At an ampbtude ol 250 u the plateau was reached
ths preventing the hair from bemng bent On mward displacements at the highest
1ates emploved the mmpulse mtenals ded ponded to a frequency between
900 and 1000 1mp/sec which after correction for position response (cf above) cor
Tesponds to a dynamic response of close to 800 mp/sec On sidenays movements at
corresponding velocities the dynamic response never esceeded 500 imp/sec For
“Ompanson, Fig 13 ako sncludes a plot of the symulus response relation on side
Ways moverments of the same hair (dots) In this case the movement reached the
sl amplitude platean of 450 s As appears from the plots the stumulus response

*elations are sular for both types of ! The q duff are
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however of less significance since the mechanical conditions are quite different on
mward and sideways displacements Thus for instance, 1n the latter case the harr
acts as a lever and the actual displacement rate n the hair follicle 1s then lower
than dunng a corresponding mward push, when the movement s more direcdy
transmutted to the harr follicle

Thresholds Although the device used for recording of displaccments did not
permit deter of small amphtude diffe es, a rough cstimate
could be made of the thresholds for h ) ) On sideways morve
ments and when the probe was applied 2 mm above the skin surface the amplitude
required for elicitation of an mpulse discharge sn the dynamic phase of the dis
placement using square wave pulses was 10-~75 x On pushing the hair inwards
the threshold was usually below 10 4

Effects of pressure changes in the blood sinus In an attempt to study 1f nd to
what extent the results might be influenced by mechanical events within the blood
sinus, 2 small glass capillary with 2 tip drameter of 100 2 was inserted through the
stus wall This capillary was filled with a Ringer solution to which heparin had
been added and the pressure 1n the intenor of the sius could be rassed by tnjecttons
of Ringer solution A nise in pressure was found to affect both the spontaneous at
tisty when present and the responses to mechanical stimult the mmpulse frequency
was either increased or lowered and opposite cffects might be obsersed 1n two umts
from the same hair However 1t proved to be difficult to achieve fully standirdized
expertmental conditions since jet flows {rom the capillary tip in the course of the
injections were apt to induce localized pressure effects and hatr movements

Efferent stmulatton Using fluorescence techmque Fuxe and Nilsson (1965)
could d the p of ad gIc nerve fs not onfy n the smwth
pilomotor musculature around the sius hair but also in the hair follicle Ths latter
finding prompted an inestig: designed to discover if the hair receptors might
be 1nfluenced by an cfferent ) lating b Hence electrical

impulses of different gths and fi were d d to the nerse supply

ing the sinus harr to see if they had any effects on the spontancous activity and the
tesponses to mechanical stimuli At Jow stymulug strengths approamaely cor
responding to threshold for the afferent fibers no definite effects were observed To
activate the unmyelmized sympathetic fibers that must be postulated to be parent
fibers of the adrenergic termmals observed tn the follicle the electrical pubes were
then wcereased to tenfold up to twentyfold strength and duritton but then expen
imental difficulties arose since also pilomotor nene fibers were activated At the
stimulus frequencies used (1—10 ¢/s) a tetanic contraction in the sius har pito
motor musculature was induced (¢f Nilsson 1968} The effect of this contraction
on the sius haw 15 that they stand up and move sideways i diferent directions
and 1n this connection changes could be observed both mn the spontancous actinity
and sn the responses to mechanmcal sumull 1 some cases the discharge frequency
snereased e other cascs 1t decreased on appbeation of the electncal stiumulation
These changes may be due to the fact that the position of the hair relatne to the
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probe and hence the 1mnal load were not the same It 1s also obvious that the hair
receptors respond more readily to “phystol I’ stimult on pil «

which results in erection of the hairs Whether the changes in discharge frequency
obseried may be attnbutable to some other factor than the movement of the hairs 1s
difficult to decrde, and no safe conclustons can yet be drawn as to whether or not
there ewsts an efferent intrasinal mechansm durectly alfecting the behavior of the
hair receptors

2 dapt
B v ¥

raprdly to mech I stamult
On moements of a carpal sinus hair also rapidly adapting 1impulse discharges may
oceasionally be recorded As will appear from the subsequent paper (Milsson 1969)
most of these responses can be shown to derne from actnation of Paciman corpuscles
around the harr follicle, these receptors are recogmized by their pronounced sensitni-
ty to vibration. If duning the mosement the sinus hair comes nto contact with, or
In some other way indirectly nfluences adjacent ordinary hars rapidly adapting
units from those hairs may also be actnated

In some cases 1t has however been obsenved that 2 moement of a stnus hur may
result n stll another type of rapidly adapting responses That these responses do not
dense from the types of receptors mentioned abose could be established by vibratory
tests and by closely clipping the ordmary hairs Hence 1t seems as though receptors
of different degrees of adaptation should be present m the stnus hair follicle Since
this observatyon should be of great basic interest, a short descrption of some of the
charactenstic features of these rapidly adapting umits will be given

A few umts of this type were studied more closely Like rapidly adapting receptors
n general they were not spontaneously actne On manual displacement of the sinus
hatr a tram of impulses was generated dunng the movement but, by contrast to the
Previously described sinus hair receptors the discharges stopped as soon as the
Platean was reached and the mosement ceased Impubse discharges were ehated by
dislocation n all directions also when the hair was pushed n tovard the skin
Pressure applied to the skin close to the sinus hair rmight give a response but 1n such
€ases this was likely to be due to an effect on the hair follicle In each single case
this type of umt could be actvated only by one sinus hair thus differtng markedly
from the rapudly adapting units associated with ordinary hairs which could alwavs
be actnated by a number of harrs within a certan area (Brown and Iggo 1967)

Iypical responses obtamed 1n one of these afferent fibers when the sinus hatr
was displaced by means of the mechanical stmulator at three different velocities
are displayed 1n Fig 14 The sertes of recordings shows that the response dunng the
sing phase consisted of a burst of mmpulses whereas no discharges whatever were
elicited during the plateau phase Occasionally some single 1mpulses might how
ever be set up at high displacement amplitudes Fig 14 C also shows the typical
Appearance of an off response as the hair resumes its normal position. The responses
10 rapid movements (A—B) consisted of bursts of umpulses at brief regular inter
vals On slow movements as m G the menvals were considerably longer, md‘xca}g_
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l Fig 14 Responses of a rapudly
adapting sinus hair unit to de
flections of the hair at different
rates up to an amphtude plateau
' of 450 » A 63, B 42,and C 72
mm/sec Time bar 5 msee i A

—— and B, 100 msec in C

that these receptors, like the slowly adapting ones, are velocity-sensitive Durning the
first part of the movement 1n C the 1mpulse mtervals were fairly equal but m ats
later part they were more 1rregular and still longer In this respect these responses
differ from those obtained from the slowly adapting sinus hair receptors, the fre-
quency of which mncreased durmg the movement (¢f Fig 9 and 10)

In contrast to the posit tine slowly adap ptors, the rapidly adapting
receptors were activated only on movements exceeding a certain mimmum selocity
In the case of one umt the cntical slope was 23 mm/fsec, while another unit
responded to stmulation even at the lowest rate available with the stimulator em-
ployed (05 mm/sec) The irregulanittes in impulse mtervals in the later part of the
movement were most p d at veloaities shightly aboie the entical slope

The conduction velocities of two fibers of this type (46 and 51 m/sec) have been
1ncluded 1n the histogram tn Fig 3, as seen, they are lower than those of most of the
slowly adapting fibers This may indicate that the rapidly adapting units belong to
another fiber population, but no definite conclusions can be drawn on the basis of
the small number of data available so far

Discussion
Stowly adapting receptors In contrast to the ordinary covering hairs of the cat
which have the double function of acting as a protective fur and of transmtung
stimult from the environment to the hair follicle receptors, the sinus hairs scem to
have one specific function 22 to transmt sensory information But so far only httle
1 hnown about the purport of ths wformauon and us sigrificance for the ammal s
bel In p v of these hairs attention has mainly been
focused on the vibmssae which have been studied from sanous aspects In one of
the few behavioral studies on this subject, Schmidberger (1932) showed that the
Jocomotion 1s disturbed 1n blinded cats deprived of therr vibnssae so that they fall
to avord objects 1 their way and have difficulties 1n walking along a narrow pas-
sage, whereas no such disturbances were obsersed 1n blinded cats with presersed
uibnssae His experiments abso suggested that the vibnssae may help the ammal to
“scan’ 1ts emvronment and to locate objects cven before they come into contact

with the wibrissae!
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Mo similar expertments scem to have been performed to study sinus hairs on other
parts of the body The possible function of the carpal hairs has given roe to mamy
speculations based on the fact that these hairs are most common 1in ammal spectes
using thetr forelimbs to grasp their food or to feel and on Beddard s obsenvations
(1902) that some ammals when holding their food place 1t tn contact with the
carpal hairs

The expentments reported m this and the immediately subsequent paper (s
son 1969) have demonstrated that the carpal sinus hatrs represent an elaborate
mechanism well swted to detect nearby moyements and to proside tactle informa
tion about objects located n the vicinity of the paws

An extensive hterature concerning the morphology of the vibnssae 1s available,
thus 12 two electron microscopic nvestigations have recently been publnhed by
Patnzi and Munger (1966) and by Andres (1966) The morphological findings
reported 10 the present study established that there are no sigmficant structural
differences between the follicles of carpal sinus hauss and those of vibnssae even
though the carpal hairs are clearly differentiated from the latter by the presence of
Pacmian corpuscles and a smooth pilomotor musculature The studies of the mner
vation of the carpal sinus hairs demonstrated the presence both of free endings and
of Merkel cell neunte complexes and also in this respect the carpal harrs resemble
vibrissae (cf Andres 1966) In the rat and mouse vibrissae nerve fibers have been
observed 1n the nngwulst (Vincent 1913 Melaragno and Montagna 1953) but no
such fibers were seen 1 connection with the cats carpal sinus hais

The presence of nene endings associated with Merkel cells s of nterest sice this
receptor complex occurs 1n glabrous skin (Miller et al 1960) as well as in the hair
discs and similar tactle pads m hairy skin (Pinkus 1905 Franhenhaeuser 1949 Iggo
1967) Mechamical stumulation of those receptors has been shown to elicit slowly
adapting impulse discharges sumilar to the responses from seceptors i the carpal
sinus hair follicles recorded 1n the present study It 1s thus more Iikely that these
latter responses are elicited 1n the Merkel cell neurite complexes present n the sinus
harr root than in the free nene endings

In the present seres of expeniments more than half of the carpal sinus hair umts

were spontaneously active and 1n this respect they differ from the afferent units of
cat and dog wibnssae which were only occasionally found to be 1n 2 state of spon
taneous activity (Fitegerald 1930 Iggo 1968) In experiments of the type per-
formed, up, b presern, vvedey At Proporon o SportaTavUmly NG Shers oy hem
©er readdy be overestimated since these fibers are more easily detected But since
each single 1solated filament was tested separately by movements of the sinus hars
only a fairly small number of fibers should have escaped nouce Afferent umts from
tactile pads were either not spontaneously active (Tapper 1965 Iggo 1968) or dis
charged at very low frequencies (Werner and Mountcastle 1965) The absence of
SPontaneous activity 1s also charactenisnc of afferent umts from the hatr disc which
1s closely assocrated with the smus hair and which will be described 1n the subse
quent paper (Nilsson 1969) This difference with respect to spontaneous activy
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observed n histologically app ly sdi ! receptor plexes may be inter
preted as being due to an actual functional dissimulanty, ¢ g 1 the exestability of
the nene ending or to diff mechanical cond , ¢g 1 the mual load on

the receptor This latter explanation gatns some support from the fact that the ac
tiity may be abolished, at least transiently, by a dislocation of the hair {Nilsson
and Shoglund 1965)

The analysts of a large number of afferent fibers from carpal sinus hairs shows
that each fiber 15 associated with only one harr, and this seems to apply also to the
afferent units of the vibrissae (Iggo 1968) This 15 1n sharp contrast to the rapidly
adapting units from ordinary hairs which can always be sumulated by movement of
a large number of different hairs (¢f Brown and Iggo 1967)

The receptors of the carpal sius hairs are directionally sensttive and most of the
umts proved to respond most readily ta proximal displacement Since the hases are
normally 1n a shghtly oblique distal position the most effective sttmulus 15 2 move
ment erecting the hamw, and this may be useful of the function of the haus is to
provide iformation for mstance about a prey held between the forepaws In eross
sections of the hair foliicles the nerve fibers were not found to be distributed asym
metncally around the harr but this does of course not exclude that the terminals of
a particalar umt may be grouped at one side of the hatr In his studies of the
vibnssae, Fitzgerald (1940} found the directional sensitivity to be dependent on the
position of the hair, the sensitisity of hairs near the mouth bemg of opposite direc
tion as compared to harrs close to the lower edge of the orbit No such differential
directionz] sensitn 1ty could be observed for hawrs located at didierent sites withim the
group of carpal sinus hairs 1n this respect these hars thus behave as a functionally
unform group

When hng from mulufiber filaments displacement of a hair 1n one direc
tion could be seen to set up a discharge 1n one umt which however ceased finng
when the hatr was deflected in the opp d and was then substituted by
another slowly adapung umt This muluple nnenation of a harr by umits of rc
eiprocal responsiseness makes 1t possible to obtain more precise mnformation abaut
the hair movement than would be possible to deduce from a change 1n tmpulse fre
quency i a single fiber Changes 1 the position of the hair are abo signated by the
rapidly adapting receptors as will be discussed below

The afferent fibers have the same conduction velocity as the most rapidly con
ducung cutaneous afferents of other types ¢g afferent units from tacnle pads
(Brown and Iggo 1967, a finding which 1s noteworthy m view of the assumption
that the slowly adapung responses are initiated 1 Merhel cell neurtte complexes 1n
the sinus hair as well as in the tacnle pad

The quantitatne analysis of the responses of the slowly adapting receptors to
displacement of staus hatrs shows that the behavior of these receptors 1s analogons
to that of other types of slowly adapting ) prors  Thus resp consist
ing of a veloaty-dependent dynamic phase and a position-dependent static phase
have been obtained from other ypes of cutaneous receptors such as tacule prd
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receptors 1n the cat {Iggo 1968) and receptors :n glabrous skin of the monkey s
hand (Mounteastle et al 1966) as well as from muscle spindles (katz 1930 Otto-
son and Shepherd 1962)

The responses of the sinus hair reeeptors to static displacement displayed a brief
transtent phase of dechining tmpulse frequency levelling off to a fuirly constant
discharge rate The quantitatne analysis of the static responses was based on the
average impube frequency in this early steady state ind showed that the frequency
was related to the displacement amplitude by a power function A sumilar stmulus
response relation has been found to ewst for the cats tactile pad receptors (Werner
and Mountcastle 1965) and for other slowly adapting cutaneous receptors of vanous
types {Jamg ot al 1968 Suminoff 1968) whereas ¢ g monkey hand receptors have
been shown to display a linear stimulus response relation (Mountcastle ef al 1966)

e res to static displ nts were hat vanying mn different sinus
hair units as mirrored by the vanations m the exponent n of the power function
even though values both above and below 1 were encountered the values found for
most of the umts ranged hetween 06 and 08 As mentioned above no direct com
pansons with other receptors can be made 1n view of the differences 10 mechamcal
stimulus conditions but 1t 15 nteresting to fiote that both Werner and Mounteastle

(1965) and Jamg et ol (1968) have found that the values of n were commonly
Jess than 1

In the dynamic phase a disch of graduall f y was set up m
the slowly adapting sinus hair receptors and the final frequency attamned was con
s derably higher than that of a static response at the same hair posinon This clearly
tlustrates the d dyn sensttinity of these receptors The analysis of the
dynamic response defined as the mcrease 1n frequency beyond the position response
(cf Matthews 1963) revealed that 1t 1s related to the velocity of the movement by
2 power funcyion In studies of the dynamic responses from tacule pad receptors in
the cat, Tapper (1960) found this power law to be alid for the relation between
frequency 1n the nsing stunulus phase and displacement velocity

In expeniments on isolated frog muscle spmdles Shepherd and Otioson (1965)
showed that there was a close fit 1o a straight hine 1n a log log dsagram for the
relation between the fimal frequency of a dynamic wnpulse discharge and the ve
locity of stretch In a subsequent paper (Ottoson and Shepherd 1965) they were
adle to correlate this to the finding that a similar relation exists between the rate
of stretch of the spindle on the one hand and the rate of r1se and the dynamic peak
amphitude of the generator potential on the other hand It would be of mterest
to know the corresponding potential changes occurring 1 the smus hair receptors
but attempts made to record a generator potential by means of an electrode 1n
serted 1nto the sinus of a hair were not successful

In their capacity to respond to changes both in posiion and velocity the sinus
bharr receptors differ from the rapidly adapting receptors of the ordinary hairs which
are exclusively veloaity sensinve In studies of the dynamic responses of these latter
Teceptors Brown and Tggo (1967) found that also i these cases the stunulus
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response relation can be deseribed by a power function The frequency of the
* dynamc response of the ordinary haus 1t different stimulus rates was of about the

same order as the dyntmic response of the sinus hair receptors at corresponding
veloaities

According to Iggo (1968) each tactile pad contatns 30—~50 Merkel cells The
number of Merkel cells 1 the stnus haw follicle 15 not known but each afferent
smus hair unit 15 probably assocrated with several such cells It 1s thus likely that
the mmpulse discharges 1n a sinus hair umt may be nfluenced from several Merkel
cell neunte complexes in the same manner as activity at different receptor sites with
mn a tactile umit 1n toad skin 15 integrated (Lindblom 1958) Very Lttle 1s hnown
about the mechanical events 1n the harr folliele but on histological preparations of
vibrissal follicles Wrobel (1965) has shown that curvings of the hair root may re
sult on deflection of the hair Such curvings cause a change 1n the shape of the cells
in the root sheath n that they become flattened on the convex side and more
rounded on the concave side Also m the carpal smus hairs nerve impulses may be
induced by such pressures and tensions The site of this cell deformation will be
dependent on the direction of the hair deflection and an asymmetncal arrangement
of the Merkel cell neunite complexes of each afferent untt may explain the difference
1n directional sensttivity observed in umts from onc and the same sinus hair

Rapdly adapting receptors The ding of rapidly adapting resp from
receptors m the sinus hair follicle 1s of mterest from a functional aspect tnsoftr as
these responses add to the mformation about hair movements provided by the slow
ly adapting receptors Since the rapidly adapting receptors have no directional sen
sitivity they respond also when the hair resumes its normal posttion  thus increasing
the effect of the procal d. Al resp eness d 1 above The signifi
cance of the jont information thus reaching the central nervous system from dif
ferent receptor types 1n and around the hair follicle will be more extensiely dis
cussed 1n the subscquent paper (Nilsson 1969)

Fitzgerald (1940) found the nerve endings of the vibrissae to be manly slowly

d s,

p also rapdly adapting disch were ded 1 single fibers
from the region of the vibnssae but 1n most cases such discharges scemed to derne
from fine hairs surrounding the vibnssae The possibility that some of the endings
of the vibrissae are rapidly adapting was however pomnted out
The rapidly adapting responses from the carpal sinus hairs resembled the responses
from common hair receptors (Brown and Iggo 1967) i all respects except 1nsofar
as they could only be elicited from a single harr A prerequisite for their activaton
was thus a certain munmum elocsty and the frequency of the response ws rate-
dependent Also resp from hars displayed more regular tmpulse 1nter
vals at higher sumulus velocities
As described above the sinus hasr follicles were found to contan 1 addstion 10
probably slowly adapting Merkel cell neunte complexes also free nenve cgdmgi
which mught be able to set up rapidly adapting responses In that case the a ap(a‘
tion differences observed might be due to differences 1n the receptor propertics Bi
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there 1s also the possibility that mechanical conditions sray play an :mportant part
n the degree of adaptation Thus the Merkel cell neunte complexes are located
inside the strong glassy membrane 1n the external root sheath, which 1s composed of
a dense ussue capable of effectvely trammtting and sustaining mechanical tensions
whereas free nerve endings have marnly been observed in the relatively soft mesen
chymal intenior sinus wall

Some additional comments In a previous paper {Nilston and Shoglund 1965)
certain hypotheses concerning the functional sigmficance of the blood sinus were
reviened The ) e of the 1 ] cond: has been extensnely dis-
cussed by Wrobel (1965) In the present paper some expeniments have been reported
suggesting that the receptor response may be influenced by pressure vznations
within the smus

The finding of an adrenergic mnervation of the sinus hairs (Fuxe and Milsson
1965) rased the question 1f the senutivity of the sinus hair receptors may be
governed by some mechamsm simlar to that influencing the receptors in frog skin
by actnty m path: nerves (Lo temn 1906) However it proved to be
necessary to abstain from a further study of this problem since 1n expertments with
stmulation of sympathetic fibers 1t was difficult to distinguish a possible effect of
the type suggested above from an effect of the concomitant contraction m the pilo-
wotor musculature But 1t 15 evident that the p ™a) ¢ a
component 1n an efferent mechamsm by inducing a hair erection thus making the
hairs more accessible to mechamical stumult

References

Aoatay E D, The messages in sensory nene fibres and their interpretation Froc roy Soc B
1931 109 1—18

Asvpres K H, Uber die F der an Z Zellforsch 1966 75
339365

Bepoaro, F E, Obsenations upon the carpal vibrissae an mammals Proc ool Soc (Lond )
1902 2 127136

Bxown A G and A. Ieco A quanttatie study of cutaneous seceptors and afferent fibres in
the cat and rabbit J Physol (Lond) 1967 193 707—733

Frizoeeatp O Discharges from the sensory organs of the <at s vibrissae and the mod fication
i their actrvity by 1ons J Physol (Lond ) 1940 98 163—178

Fravkeviazeser B Impulses from a cutaneous receptor with slow adaptauon and low
sechanical threshold Acta physiol scand 1949 18 68—74

Frrz F Uber emen Sinnesapparat am Unterarm der hatze nebst Bemerkungen iber den
Rau &es Jinusbalges Z s 2oot TR Yz Y¥1-—T302

Fuxe K and B Y Nitsson and ad nene termmals £;
(Basel) 1965 21 643642

HuPaxes Lo E A high sensivity capacitance meter Electronic Engng 1902 34 183—18>

Htl;slﬂ. J B Conduction veloaty and diameter of nenc fibers Amer ] Physiol 1939 127

—139
Ia;g A New specific sensory structures 1n hairy skin Acta newroreg (Vvien) $962 28 17>—
)

Ic6o A Electrophvs ological and histolog cal studies of cutancous mechanareceptors. In The
Skin Senses Fd D R. Renshalo G C Thomas Springfield Il 1968 pp 84—105

Jase W R F Scuwmor and M Znorzruass Single unit responses and the total afferent
tl)ulﬂow from the cat s foot pad upon mechanmical sumulation Exp Brain Per 1968

15 P

G

-
<



416 BENGT Y. NILSSON

Karz, B, Depolanization of sensory termunals and the imtiation of 1
spindlc ] Physol (Lond ) 1950 111, 261382 racton of wmpulies an the musce
d

Livosrom, U, an within a h

phynol .r:ami 1958 44 Suppl 153 184 tactle vt Acte
Loewenster, W R, of nech by h E

. Physiol (Lond) 1956 132 40—60
Marriews, P B C, The response of de efferented muscle spindle receptors to stretching at

different \clocmes ] Physiol (Lond ) 1963 168 660-—678
Merarscvo, H P and W MonTacvs, The tactle harr follicles in the mouse Anat Rec
1953 715 129~.150
Miteer, M R, H J Ratston III and M Kasanara, The pattern of cutaneous mnervation
of the human hand, foot and breast In Advances m Buology of Skin Vol 1 Cutaneous
Innerration Ed W Montagna, Pergamon Pres:, New York 1960 pp 1—47
Mourcuns. VB WH TALxm'r and H } Kornuser, The neural transformation of
* In Ciba Foundation Symposium Teuch,
. mght ] & A Churchill Ltd, London

Nitsson, B Y, Acvity 01 puouioien muscs o single tactile hairs an the eat deta physiol
scand 1968 74 348—358

Npissoy, B Y, Harr discs and Pacaman corpuscles functionally associated with the carpal
taculé hairs m the cat dcta phyciol scand 1968 77 HT—42

Nussov, B Y and C R SxooLuap, The tactile hairs on the cat's foreleg Acta physiol
scand 1965 65 364—369

Ortoson, D and G M _SuepHERD, Receptor potentials and impulse generation i the tsolated
spindle duning controlled extension Cold Spr Harb Symp quant Biol 1965 39 10v—113

Patarzt, G and B L Muncer, The ultrastructure and innenation of rat vibnssae j comp
Neurol 1966 126 423435

Pasus F, Uber } ben dem hlichen Haar (Haarscheiben) und ihre
\erglechend-anatomische Btde\uung drch, ks dnat 1905 65 121175
G, Uber die B ber Ratzen Z tergl Phynol 1932
17 387407

Suernern, G M and D Orroson, Response of the uolaled musclc spindle to different rates
of stretchung Cold Spr ilarb S)mp guant Brol 1965 3t —103

Spiorr, R Quanmame properties of slowly adapting mechznorecepmu m alligator skin
Exp Neurol 1968 21 290—306

Tavrer, D N, Snmulus response rel ly-adapting mechano-
r(ctptar m ! the hairy skin of the cat Exp Muml 196; 13 361—385

Vincest, S B, The tactile hair of the white rat | comp Neurol 1913 2] 1—36

Werser, G and VB Movncwn.g Neural actisity m mechanoreceptne culaneau: zllcrenl!
stimulus response rcbuons Weber and J N 4
1965 28 35939

Wroser, K H, Bau und Bedeulung der Blutsinus 1n den \ibrissen von Tupata ghs Zbl Vet
AMed A 1955 12 8888



Acta physiol. scand 1969 77 417428

Fror the Di of Phvuolows  Rarefinsia Instizutet Stockholm Sweden

Hair Discs and Pacinian Corpuscles Functionally
Associated with the Carpal Tactile Hairs in the Cat
B

Bever Y Misson

Recened 18 February 1969

Abstract

Musson, B Y Hawr dises and Paciman corpuseles functionally assocrated with the
carpal tactile hars in the cat Acta phystol scand 1969 77 $17—428

A har disc containing Merkel cell neunte complexes at the base of the epidermis lateral to
each carpal sinus harr 1n the cat 15 d d The phstole !' prop. these re-
ceptors and of the Pacinsan corpuscles around the sinus har root were analvzed using electro-
physiological techniques and 2 mechanscal sumulator permutuny duplacements at dilfferent
fates and amplitudes The harr disc receptor could be excrted by direet mechanteal sumuly and
by lateral deflection of the hatr The dynamuc response was displacement rate scnsitve The
slowly adapting static response was related to the desplacement amphtude The Paciman
corpuscles fallowed a snusordal skin sumulatron from 20 /s to 300—300 /s A plot of the
Towest Ltude giving one implevcle at dufferent gave a L shaped cune with
lowest threshold at 122—230 c{a These receptors were also sensitné to vibratony stunulation
of the hairs on rapid hair displacement on and off responses resulted An example 15 gnen
of samultaneous actnation of slowly adapting hair receptors and Pacmian corpuscles by dis
placement of a hair The funcuonal significance of the unigue combination of four different
t¥pes of mechanoreceptor mn “the tactile hasr organ 15 dis ussed

On mechanieal sumulation of the carpal sinus hairs on the cats foreimbs and the
surrounding shm area both rapidls and slowls adapung impube discharges are
ehicited 1n the cutaneous nene from this area and one tpe of rapidh adapung
fesponses has been shown to demve from wvibraton sensitve Pacinnan corpuscles
around the blood sinus of the hair follicles “lsson and Shoglund 1965, The
Tesponses set up in receptors m the sinus hur tollxcle were extensnel anahzed in
an mmedtately preceding paper 1 ™\ilsson 1969
Continued analisis of the impulse discharges m thyy cutaneous nerse rescaled
that slowly ~dapung responses can alo be obtaned on touch of a particular spot
of the shin close to each sinus har In the meshgation reported 1n the present
paper the yeceptors from which the ovpe of slowly adaptng responses omgmates
have been dentfted hstoloercally 1 VMerkel cell neunte complexes present 10 2
hair disc and therr phyvsiological properties have been studied
7,
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The paper also provides a quantitatine analysis of the excitability propertes of
the Paciman corpuscles around the stnus hair

A serntes of experiments will be presented showing that each of these two receptor
types 1s actnated together with the harr follicle receptors on mechimeal stimulaton
of the sinus hair, 1 virtue of their close anatomical contact with the hair, and df
ferent aspects of the functional significance of this trnind of receptor types will be
discussed

Methods

Fxperiments were carried out on hfteen cats which were anesthetized with Nembatal 40
mglkg bw, gnen b loyed to record th e mmpulse actmity i
single afferent umits as well as the mechanical sumulator used to achieve precise control of
hair and skin displacements were described in detail 10 the preceding paper (Nilsson 1969)
For wibratory stimulation of Paciman corpuscles the stumulator was driven by sine waves from
an audio-frequency generator The conduction velocity in the afferent fit ers was determ ned
by means of the "collsion method developed by Brown and Iggo (1967} and mod fied as
described 1 the preceding paper O H

The sinus hairs with surround - -
fixed 1n formahin and stained with . -
the preparations were esther fiv .
according to Palmgren s method

Results

A The hair dise
Morphology When studying the morphological features of the shin surrounding the
carpal sinus hairs under a binocular dissection microscope the blood snus of the
hair follicles can be clearly discerned as a purple blue, slightly elevated ning et
closing each sinus harr In this skin area there are no ordinry hairs

A lateral portion of this ning approximately one third of 1ts circumference ¥
shghtly morc elevated than the surrounding tissue and pink 1n color Histologreal
sections reveal thas the epidermis in this arex 15 composed of a larger number of eell
layers than normal and about twice as thick as 1n the surrounding skin From Fig
1 A, showing a section contamming three smus hair follicles this thichened portion of
the epithellum can be seen (at arrows) to be situated in the immediate vicimty of
and lateral to the mouths of the follicles and at the hair to the far left n the figure
st can be seen extending nto the follicle mouth Its close connection with the sint
o ¢ alie esadene fram Fag B an mhuch this gnubalud stacture cao also be scen
to be distinctly separated from the surrounding tissue In nerve stuned sechont
nenve fibers can be seen ascending from the deeper parts of the skin 1nd branchng
beneath this specific partion of the epidermis (Fig 1 C) Ar the boundary betweet
the epidermis and the corum there 1s 2 row of large pale cells with 2 lobnh!c;i
nucleus z2. typical Merkel cells iFig 1 D) In single scctions fine nerve termund’
can be seen close to these cells The subepidermal connectine tissue 35 richly sasc
larized hence the pink color of the skin In its structure this organ bears a strkin®
reserhlance to the hair disc (Haarschetbe) first descnbed by Pinhus (1902}, and i
the following description of the rgan the term  hair disc will be used
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Fig 1 Structure of hair disc of carpal sinus hairs
4 “secuon through group of sinus hairs demonstratiog three follicles Arrozs indicate sites of
haie dises which appear as a thickening of the epidermus to the nght of (lateral to) each
foll cle mouth Black bar 300 u

B secuon through the mouth of a sinus hair follicle showing close connection between hair
and hair dise Black bar 100 a

nerve fibers branching below ha:r disc Black bar 50

D a row of pale large Merkel cells at the base of the hair disc Beneath the epiderms
nerve Thers can be seen to the Jeft and blood essels to the nght Black bar 23

4 and D chloral hydrate siher mitrate method B and C Palmgrens method

Y
s JAAel
8} ,,,“)n",;

A study of the area by means of Falck and Hillarp s fluorescence method revenled
that the Merkel cells are devord of catecholamines (Fuxe and Milsson unpublished
observations)

Physiology Once a small nenve filament had been dissected free and lifted onto
the recording electrode the first procedure was to chech 1f 1t contamed any umt
responding to mechanical simulation of the skin area contaiming the smus hairs In
some cases an afferent umit responding to touch of a small spot lateral to a sinus
hair could then be identified On manual appl of pressure to the shin

s
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Fig 2 A, slight manual pressure appled to hair dise induces slowly adapting response B
same unit responding to Jateral deflection of the associated sinus haur Time bar 100 msec

with 2 small probe under microscopic observation the sensitive spat was found to be
1dentical with the pink elevation close to the stnus hair described above, 22z the hair
disc No response was induced by shight touch of the skm close to the disc or by
pressure apphed to hair discs cloce to adjacent sinus hairs In some cases the most
sensitive spot was located iwude the follicle mouth (¢f the hair follicle to the far left
m Fig 1A4) One and the same hair disc was never supphied by more than one
alferent uni

No spontaneous actinity was present 1n the hair disc units A typical unpulse dis
charge 1n response to mechameal sumulation 1s illustrated 1n Fig 2 \anul pres-
sure applied to the hair disc with the probe gave a slowly adapting response (4) of
fairly lngh frequency, in this case about 350/sec The same umit also responded (B)
to latera! deflection of the stnus hair ez towards the hair disc (¢f Fig 14 and B)
but a medial hair movement did not exoke any response in these receptors Nor did
the hair disc umt respand when the hair was pushed 1n toward the skin a movement
which imanably actnates the slowly adapting sinus hair units (Nilsson 1969) This
15 apparent from the records 1o Fig 3 from an expenment i which a single filament
was found to contam a fiber fram a sinus hasr as well s also a fiber from the hair
disc associated wath this hair In 4 shght touch of the hair disc produced a response
n B, mward pressure of the hawr did nstead gne a response 1n the sinus haw unit
the spikes of which were of lngher amphitude The diife P thus ol 1
made 1t possible with full certamty to disinguish between these two tupes of slow

Is adapting units
The adaptation properties of the hair duc receptors were studied using displace
!

ments of plitudes The mech ! 1 w1s morved downwards

unnl the up of the probe made contact with the hair disc perpendcular o the skin

8
ﬁ'ﬁmrmwm;m AT TR
——- |

Fiz 3 Recording from fitament contasmng a fiber from a sinus harr and another fifer from

ts hair dise
! A hawe duise umt actnated by slight manual pressure applied 10 the Fair dise

B sinus hair umit actnated by pushing the hair 10 toward 1} e sku
Time bar 100 msec
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Fiz 4 Responces of hair dise unit to static displace
ments of har disc of differcot amplitudes A 38
B175, and €237 u Time bar 100 meec

surface In the expenment illustraced 1 Fig 4 the hair di ¢ was displacd to dif
ferent amphitude plateaus At the lowest amphtude (4 onlv a smgle impul e dis
charge was set up in the dynamic phase while the stmulus was subthresho'd for the
static response On stimnlation at higher amphtudes (B and € respecmels) a
continuous mpulse flow was maintained throughout the plateau phace Dunng the
first 200 msec of this phase the discharge declined in frequency and then changed
o a comparatnvely constant phase The frequents i the lnter steady state  phase
was dependent on the stimulus amplitude No extensne quantitatne analysts of the
static response was made since the results obtained agree well with those reported 1n
Previous studies of other receptors of this kind not associated wath sinus hais (Iggo
1962, Werner and Mountcastle 1965/ The harr disc of the carpal sins harr 1s also
less sustable for such analyses simce it 15 difficult o achiere crnstant sumulus conds
uons, the hair disc being apt to shp off the probe For the s.me reasen no quanu
tathe analvsis of the dynamic response was made

In some experments however the hair disc was actnated by disp'acements at
various velocattes m analogy with the expenments reported n the preceding study
of the sinus hair receptors {Nilsson 1969) m which 1t was shown that the impulse
frequency was related to the rate of stimulation Abo the hair disc receptoss were
found t0 be velocity dependent zr. the faster the movement the higher the frequency
of the discharge (¢f Tapper 1965) Fig 5 shows recordings from an expenment of
this type at different displacement rates 3n which during the fastest mosement (4
31 mmfsec) impulses were recruited at short 1ntenals corresponding to a frequency
of 375/sec while at the slowest movement (F 14 mmysec) the impube mtervals
corresponded to a frequency of only 60/sec The mmpulse mtervals were either faurly
uniform throughout the mosement as mn Fig 2 or bniefer m uts later phase

The conducuon velocity as measured 1n fine fibers of this type ranged from 56
to 70 m/sec

7
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Fiz 5 Responses of hair disc umt to displacements of hatr dise at different sclocsues up to a
thisplacement amplitude of 237 4 4 310, B140,C 72,031, E 14, and ¥ 07 mm/sec Time
bar 10 msec in 4—C, 50 msec in D—F

B The Pactman corpuscles

The Pacinian corpuscles around the carpal sinus hairs are exquisttely sensitise 10,
1a, a shght tap on the experimental table and to a vibrating probe applied close to
bony structures 1n the lower leg, 1n this respect they resemble the corpuscles located
more deeply 1n the lower leg (Skoglund 1960) On application of a sinusoidal
vibratory stimulus the sttmulus threshold was lowest when the probe was in contact
with the shin close to the carpal sinus hars and when 1¢ touched the prowmal
part of a sinus hair Farther up on the harr the threshold was, as expected shghtly
higher and of the same order as on vibratory sumulation of the skin 1—2 cm from
the stnus hair group All the sinus hairs could actinate a particular vibration-sen

sitne umt, and there was no app ble threshold diff e when ubration was
applied to different hars

The resp to d ! with the probe 1n contact with the shin
close to the smus harrs 15 1l d in Fig 6 At freq of 75 and 100 ¢fs 14

and B respectnely) one or two unpulses were recruited in each stinulus cycle At
frequencies exceeding 100 ¢/s (C and D) the response consisted of a regular dis-

ﬁnmmm I ? TSNS SSPSHWA
i

P——" . v bemdtbian o heas i bl sl
e e—

Fiz & Responses of Pacinan corpuscles to sinusordal stumulation of the skin close to the sinus
hairs A 75 B1I0ND C 200 and D250 ¢ s Time bar 100 msec
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B
200
100
Fie 7 Threshold frequency cune obtammed on
sthusoidal sumylation of Pacinman corpuscle Ab
sissa frequency i cfs, ordinate threshold sumu @ L e .
tus amplitude giving one inpulse per cycle 100 200 300 ¢c/s

charge of one 1mpulse per cycle This unit followed a stnusordal sumulus responding
with at least one impulbse per cycle from 22 ¢fs up to a maximum frequency ringing
between 300 and 400 c/s The lowest amplitude resulting n at least one 1mpulse per
avele was d at different fi plified in Fig 7 The course of

q as
the cunve 1 U-shaped, the threshold being lowest tn the range between 123 and 250
cfs and higher on either side of this mimmum These receptors were also tested by
1apid sideways deflections of a smus harr, and the response thus obtaned appears
from Fig 8, 1n which the probe was placed mn contact with a sinus hair 2 mm from
the slin surface On movement at different selocities the crtical slope was found
to be 60 mm/sec In another experiment m which the probe was applied m contact
with the skin the entical slope was 10 mm/sec Fig 8 abo shows that a response was
also elicited at the end of the plateau phase when the hair resumed 1its normal post
1 On manual simulation this off response could easthy be demonstrated by

moving the smus hairs sidewavs and then suddenly releasing them
In d

gs from multifib 1t could be clearly seen how a rapid move
Tent of a sinus hair resulted 10 a sumultaneous activation both of Paciman corpus
cles and of receptors in the hair follicle In the expenment Fig 94 a raprd manual
deflection of a sinus harr sets up a brief tran of impulses from Paciman corpus
cles (large diphaste spikes) and results 1n an increase 1n frequency of the pre existent
d'xha’ge of a hair follicle umit (small spihes) When the hair was then relativeln
slowly brought back to resung position, no responses were obtamed from the
Pacinan corpuscles (Fig 9 B) A silent pertod in the discharge of small spikes can

T2 8 On ang
off responses of Pacinsan corpuscle in
uctd by rapd deflection of sinus hatr Tone bar 10
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Fig 9 Deflection of sinus hasr inducing responses n three different fibers 11 one from a
Paciman corpuscle (large spikes) and two from the follicle of the sinus hair (small and inter
mediate spikes) A onset of lateral deflection (indicated by white line) B, at the end of this
deflection fairly slow return of hair to normal position €, first part of slow medial deflec
tion D, at the end of this deflection rapid return of hair to normal postion Full descrip.
uon in text Time bar 100 msec

be scen at the end of the sumulation and at the same time a few spikes of inter
mediate amphtudc are set up Deflection of the hair 1 the opposite direction (Fig
9C) revealed that these latter spihes derned from a sinus hair unit of opposite
directional sensiivaty On this movement a transient “inhubition  of the spontane
ous discharge of the small amplitude unit occurred The hur movement i C was
too slow to excite Pacinyan corpuscies but when the hair was rapidly rdleased (D)
they responded with a brief burst of impulses

The conduction velocty as determined 1 three fibers from Pacinian corpuscles
ranged between 58 and 67 m/sec

Discussion

The results reporsed 1n this and an 1mmedrately preceding paper (Nilsson 1969)
have demonstrated that the carpal sinus hairs constitute the central component of
a umque receptor complex comprsing (1) hair follicle receptors maly of slonly
but also of rapidly adapting type (2) a hair disc numately assoctated with each
single hair and (3) Paciman corpuscles Iocated more deeply around the hair follicles
In the following the indnidual properties of these two latier receptors as well as
some aspects of the 1ntegration of the different receptor types will be considered

Hair discs assousated with carpal sinus hairs have not been described previoush
nor are any hair discs menuoned 1n the extensine early biterature on the ubrissae
but 1 a recent publication Mann (1968) has demonstrated the presence of hur
discs associated with vibnssae 1 the Amencan opossum Hairs discs are however
generally present in hainy shin ather n connection with tylotnich hairs (Pinkus
1902 1905 Stratle 19601 or as independent epsdermal pads 1n the latter case they
arc often called touch spots touch corpuscles or tactle pads (Frankenhacuser 1949

Iggo 1962 Lindblom and Tapper 19671 In their microscopteal structure the har
1

dises of the carpal sinus hawrs do not differ sigmifs Iy from the corresp
epidermal pads described at other sites (¢f Sauth 1967 Ipgo 19681
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The haw dises of the carpal sinus haws are exg 1y <ensitne to 4 al
sumult which set up both a velocity-dependent dynamic response and an amph
tude dependent slowly adapting static response, n this respect they resemble the
comresponding receptors n hatry shin (Werner and Mountcastle 1965 Tapper 1965
Iggo 1968) The mcchanoreceptne part of the har disc 15 held 1o be the Merkel
cell neunte complexes at the base of the epidermes (¢f lego 1968) The carpal smus
hair dises are not muluply innenated and al o i this respect the resemble the
hair dises 1 hun shin- However, whereas 1 hain shin up to seven hair dises have
been sdennfied as being associated wath one and the same afferent fiber (Tapper
1965 Brown and Iggo 1967) the present inmvestigation resealed that only one
carpal sinus har dise 15 assoctated with each afferent nene fiber

The physiological studies of Paciman corpuscles in the extremues performed up
to this ime have mamly been concerned with corpuscles located beneath glabrous
shn (Gray and Matthews 1951 Lindblom and Lund 1966 Jamg et al 1968) and
close to deeper structures such as fasciae and tendons (Shoglund 1960 Hunt and
Melntre 196D) as well as jornt capsules (Boyd 1924) But it scems to be uncom
mon that Paciman corpuscles occur superficially mn harry skin and hence the com
Panratnely large number of such corpuscles found close to the carpal smus hars 15
all the more remarkable Even though these corpuscles are located m a relatnvely
soft tissue—which may seem to be a less appropriate site for a receptor of ths type
—they respond effectnely not only to vibration apphed to the sinus hair but ako to
more distant vibratory stmub The U shaped threshold f; curve ob d

on snusoidal stimulation agrees well with simlar cunves from previous mmestiga
tions on 1solated Pacrmian corpuscles {Sato 1961} and on Patiman corpuscles 1n
monkey and cat foot (Lindblom and Lund 1966 Jamg et al 1968) Abo mn these
earlier a q of about 20 cfs was obsenved below
which the receptors did not follow a sinusodal stimulation Hunt and Mclntsre
(1960) and Hunt (1961) found a somewhat higher hmit 40 cfs for Pacmian
€orpuscles in the cats hind Iunb Those receptors could follow a vibratory sumulus
UP to a frequency of 600 cfs whereas the upper boundary observed mn the present
work ranged between 300 and 400 c/s These ralues as abo the crincal slope on
stimulation applied to the skin close to the sinus hairs are however consistent with
the values found for Pacintan corpuscles m monkey foot (Lindblom and Lund
1966) The higher veloctty of displacement required to excite a unt on deflection
of the sinus hair may be due to the fact that the harr acts as a lever and that thus
the actual veloasty in the hair root 1s lower But whatever type of stimulus was
apphied the critical slopes as measured n the present experiments were higher than
those observed for rapidly adapting receptors in the sinus hair follicle (Nilsson
1969) and 1n ordinan hair foll cles (Brown and Iggo 1967)

Paciman corpuscles frequently occur close to blood vessels hath sn cat mesentery
(Gammon and Bronk 1932) and n human digits (Cauna and Mannan 1958) Even
though pulse synchronous discharges have occasionally been recorded from Pacintan
corpuscles located arcund the carpal sinus hairs (Nilsson and Skoglund 1965) 1t 1s
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stll an open question whether these corpuscles normally react to the blood flow 1n
the sinus

The carpal sinus hairs are better swited than the ordinary hairs to provide tacule
information since they are Jonger, thus projecting above the rest of the coat and
thicker and stiffer and hence more cfective 1 trammitung mechancal stmali to
the hair follicle When these hairs are deflected by contact with an object not only
nerve endings 1n the hair follicle and in the hair dise but also Pacinian corpuscles
can be actnated On lateral deflcction of a sinus harr 1. toward the harr disc the
disc receptors are exated but on medial deflection or when the hair 15 pushed 1n
toward the skin sinus hair units are excited without any co actination of the har
disc (¢f Fig 2and 3) Since the hatr disc of the carpal sinus hats 15 aluays located
lateral to the hair the directional mformation thus obtained can add to the inforina
tion mediated through the directionally sensitne slowly adapung har follicle
receptors (Nilsson 1969) The posttion of the tylotrich hair relative to the hair duc
may not invanably be the same (Smith 1967) and consequently this har disc 15 not
capable of transmutting directional snformation esen though it may be excited by a
movement of the tylotrich hair {Brown and Iggo 1967)

If on mechantcal stimulation some vibratory component ts imvolved this 1s pnman
Iy picked up by the Pacinian corpuscles since the hair follicle receptors have no
appreciable wibratory sensitnaty  Under normal phystologiel conditions such a
vibratory component may be smtiated erther by direct contact between the hair and
a vibrating object or by air currents set up by a moving object Owing to techntcal
dsfficulties the responsieness of the hasr disc receptors to vibratory stimult was not
tested 1n the present expertments but 1f these recuptors respond as effectiely to a
sinusoidal stimulus as does the same type of receptor i hairy skin {Lindblom 2nd
Tapper 1967) they mas in some cases transmit useful information about vibratony
sumuh

By the actnation of a number of different receptor types on deflection of a carpal
sinus hasr a larger amount of mnformation about the mosemnent of the hair can be
transmutted to the central nenvous system thus providing a more disynct perception
of the harr mosement Thus for instance on Jateral dislocation of a hair the onset
of the movement 15 signaled by discharges from Paciman corpuscles while bath
rapidly and slowly adapting harr follicle receptors as well as the hair disc reeeptons
gne anformanon about the welocits of the movement The two latter stamiy
adapting receptors are also dependent on the duplacement amplitude and thus trans
mmt nformation about the degree of the deflection The mechanical pulses cm
ployed 1 the analysis of the receptor properties n the present expenments are no
doubt smoother than normal physiolugical simult which probably consist in small
displacements and vibrations added to a larger more or less static dulocation In
view of the combtnation of a number of receptors passesang different properfies the
carpal tactile hair organ provides a matertal well suied for analyses of such ccm

plex stimul
4 functional coupling of fieo mechanc receptors possessing dafferent properties 18



HAIR DISCS AND PAGINIAN CORPLSCLES 427

not an uncommon arrangement Thus the tilotrich hair constitutes a receptor
complex composed of a rapidly adapting hair follicle receptor and a slowly adapung
hair disc receptor  Pressure applied to scales 1n alligator <hin <ets up responses both
1 rapdly and slowly adapting afferent umits (Simunoff and Kruger 1968) The
tactile hairs of insects are of two types one responding to steady deformaton and
another reacting only dunng movements {Wolbarsht and Dethier 1958) Sumlar
combinations can be observed also it non cutaneous receptors Thus for nstance
movement of a joint may <et up slowl adapting responses from Ruffini endings and
rapidly adapting responses from Pacinian like receptors {Boyd 1954) The mam
malian muscle spindle consists of two slowly adap [3 of dif

dynamic sensitvity {¢f Matthews 1963) whereas the cravfish muscle stretch
teceptor 1s composed of two cells one responding to stretch by rapidhy adapting
another by slowh adapting impulse discharges {Evzaguirre and Kulfler 1950)

Even though 1t 15 evident from these examples that a combination of receptors 15
fauly common a close association of more than two types of receptor 1s uncommon
and m this respect the carpal tactie hair organ seems to be a umque functionally
integrated structure, since a mechanical simulus applied to a single tactile stnus har
may simultaneously actiate up to four different receptor tivpes
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Renal Function in Man during Transition from Hydropenia
to Water Diuresis with Superimposed Mannitol Load
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Abstract

Areria, A, O Brossroer, N O Extessow and H Feveirrine Renal function in man
during transition from hydropema to uater diuresis uith supertmposed mannitol
load Acta physiol scand 1969 77 $20—438

Renal function studies have been carried out in seven healthy volunteers dunng the transinon

from hydropenia to water duresis with supenimposed manntiol load The glomerular filtration
rate increased significantly duning the teansition from hydropema to water dmresis but re
ey Ha rom e 3 S o

clearance were corrected for Those results were terpreted 10 mean an increased water
permeability m distal tubule of the human nephron dunng hvdropenta

Micropuncture studies of tubular flurd 1n dog and rat have proved the existence of
the countercurrent system and the munportance of active Na reabsorption for con
centration and dilution of the unne Studies on the unnman excreton of \a and
other solutes free water reabsorption and free water formation under various diuretic
states have indicated that urine concentranng and diluting mechanisms are the same
1n man (Goldberg et al 196+ 1960 Stemnmetz cf ol 1964)

Recently certain species differences between dog and rat have been demonstrated
Alicropuncture studies have shown that dunng hsdropenia the osmolalin of late
distal tubular flud in rat 15 sigmficantly higher than during water dwrests (Gott
shalk and Mslle 1959) In contrast to this the late distal tubular flud m dog 1
almost equalls hypotonic during hvdropema and water dwresss {Clapp and Ro



430 A APERIA, O BROBERGER, N O ERIGSSON AND if FEVCHIING

Taste I L W, male, 22 years

Time \Y GFR* Cran* Cusm T
mljmn mlfmn mifmin mlfiun mlfryn
~80— 40 082 9 456 21 131
—~40— 089 88 476 22 127
90— 50 Drinks 1500 m) water, continued water mtake shightly
50— 60 140 103 547 44
60— 70 149 105 566 47
70— 80 160 112 531 43
80— 9p 172 109 57 46
50—100 174 106 564 44
100 Infusion of 3 % mannitol soluuon started
100—it0 i66 110
110—120 233 97 527 80
120—130 263 103 620 105
130—140 267 97 643 nt
140—150 297 96 657 130
150--160 293 101 649 129
160—17¢ 295 104 635 137

* GFR and Cpan calculated per 1 73 m* body surface

son 1966) For obvsous reasons micropuncture samples have not been ohtined from
the human kidney The present report 1s an indirect attempt to study the distal
tubular reabsorption of Na* and water during hydropenia and water dwiresis m
normal man For this purpose each individual was studied durmg the trainsthion
from hydropenta to water diuresis and in most cases also from water druresis (o water
duresis with supenimposed mannitol load This procedure afiowed compansons be-
tween actual and ¢xpected dilution of urine and excretion of esmotc load and Na*
during \arious diuretic states without regard to autritonal seace or electroly te homea-
stasts Endence will be pi d for an d water permeability in the distal
tubule of the human nephron during hydropenia

Materials and Methods

. s 4 e nend from

» For

pphed

. wed a

. . - . 0 a fie
. 0 tarted

n the = =umples
Studies 1n the Indropemc $1ale COMprsEU &) JU BUN wiat vv o« uog o3
were Grawn 1 the mddle of each perod from an indwelling Sujle Werner cappula it 3

nipheral vern
Pekr[)lcr ca:nplelmn of the bydropenss studies water diurests was induced by allowing [l):t
Jotunteess o drnk watee i aq amount of 2 per cent of the body weihit snitially and lhntn)‘ﬁer
05 per eept of the body waight every 30 min Water diures;s was behesed to be complete when
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Cy,0 Usgt Cna/Cra Uy Uosm Serum Na
m) min peqfmin % speqimin mO/l meg/l
165 115 75 820 142
17 133 69 790 14
exceeding the diures s
93 307 208 61 102 143
102 283 189 58 100 142
ni 27 173 55 93 140
126 241 158 58 8> 139
130 244 163 59 8> 140
129 242 160 54 98 138
123 327 247 49 1n4 137
158 447 319 47 127 136
136 427 326 40 132 13>
167 505 386 39 141 136
163 526 387 38 146 134
158 531 388 38 152 132

the diuresis was constant again_usually within 69—80 min Usine was then collected sn 47
15 min periods and blood samples were drawn 1n the nuddle of each period as before

After completion of the water diutesis periods the volunteers were gnen an 1+ infusion of
3 % mannitol at a rate equal 1o the actual diuresis 1 the infuston rate followed closely the
diuresis duning the preceeding unne collection period Urine was now collected m 10 mmn
penods and as before blood samples were drawn t the middle of each period The study was
stopped when the diuresis was again constant or when the subject started to feel discomfort
Rnne and serum samples were analyzed with regard to concentration of mubin PAH Na and

>
He . -
an - .

Results
Table I demonstrates a protocol from a tvpical expertment In this case peniods 6
through 8 are considered to be typical water druresis recordings as Judged by constant
unne flow and constant low unne osmolahties At this time the diurests had 1ncreased
approuimately 12 nmes The subjects generally tolerated the study well At no trme
there was any sign of oserhydranan

Hydropema versus water dwrsess
Table II presents a summary of the results from all subjects studied during hydro-

pema and water diuresss Water dresis periods are selected as outhined above The
mean values and standard deviauons from all studies are gren
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Tanre 11 S d data from the from hydrop to water diuresis
GFR* Cran* Unad
mijmin ml/min peqfmin
H " H W H W
Al 9 131 60 744 249 300
100 1t 738 68 262 3
121 608 k4
F A 83 103 526 461 134 u
90 83 494 448 161 o
98 451 10t
LW 99 1z 456 531 165 m
88 110 476 57 1m 241
107 564 24
MH 92 90 610 610 91 10”
114 84 621 348 84 82
98 670 98
B W 113 109 518 572 17 192
13 102 520 54 133 [623
18 480 116
Ay 68 jlud 442 473 8% 42
78 HE 482 533 a5 149
109 497 155
103 529 153
Sy 106 123 584 441 130 23
99 129 571 468 133 b2
99 m 487 534 151 215
119 484 2
n 17 2! 17 2] 17 2
M 97 109 549 535 140 184
s$D 134 127 85 77 52 N
P o0l 127 05 oot

* GFR and Oy apr caleutated per 1 73 m* body surface

The glomerular filtratton rate was ncreased 10 5 of 7 subjects during watet
dwresss In contrase the clearance of PAH 1o Intle affected by the transition frxm
hydroperun (o witer diresss [n only one sabjeet LW was chere o definste ot
AH dunng water drests In fue of the seven wibpects

crease 1n the clearance of P
gt fract nal

there was a definite increase 1 the wamars \a xerction The e

Na excretion increased from 1014, tn | 28 ¢, dunng the transition from hvdro

penin to water diresis In contrist there was 1 highly sgmifieant decreasc m the

wninan ko excregon from B1 0 55 mEqg/min when water diress imtirated
The total osmelar clearance mncreased 1n all subjects stuched dunng e trnsttan

from hyvdropenma to water diurests from a mean of 213 mlfmin to 3 57 mlymn
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CrafCra Ux* Cosm
% peq/mn mlfmC
H W H A0S H W
184 19 94 9 321 472
183 200 108 69 35 354
193 77 339
11 077 53 66 18 333
123 083 75 52 234 30t
075 53 276
115 173 75 56 212 449
133 138 69 58 216 464
163 59 442
(12 082 107 47 ] 259
051 o7 110 38 174 230
o 14 204
059 128 7 70 19 317
LE]] 1 100 56 2.31 306
o069 102 233
L3 095 38 17 127 318
o8 094 37 16 140 349
104 17 322
107 17 428
088 139 80 L1 201 39
0% 125 7 74 199 368
Tos 131 76 73 220 360
192 7 406
17 21 17 21 17 21
101 128 81 55 213 157
b3g 033 24 23 060 063
005 p 002 00l p 00l p

The supertmposition of osmotic load during water diuresis
This study was carrred out to evaluate the effect of mannstol on free water formatson
1e distal tubular Na reabsorption In order to keep the hydration level as constant
as possible and to reduce the number of exogenous \arables mannttol was grien in
a dose approvimately corresponding to the urine flow and wrthout Na supplements
The mannitol miusion during water diuresis did not appear to alfect the renal
hemodynamics considerably (Table I11; The relationship betw een osmolar clearance
and {ree water formation from 7 studies » Jlustrated in Fig 1 The osmolar clearance
d nely during the 1 1nfusion The free water clearance at fisst
increased as a function of the increasmg osmolar clearance At C , of around 8 ml/

4—693003 A ta phy of cand o /\
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Tanie 111 Renal hemodynamics during water diuresis with superimposed manmtol load Valury
recorded 30—40 min following start of the manmetol snfusion All values related to
173 m? body surface

Water drurcais with Water diuresis P
supenimposed manmtol  only
load
m=5D m+SD
GFR 106 £ 95 109 + 127 =05
Cean 553 L 53 535 4 77 >05

100 m! GFR/mun however the Cyp,o appeared to deflect and almost Jevel off The
uninary Na® excretion rose slowly as the osmolar clearance started to increase but i
creased more sharply when the osmolar clearance exceeded 8 ml/100 il GFR/min
te at the deflection point of the frec water clearance Since no extra Na® was sup
plemented with the manmiol, the subjects were slowly Na® depleted during the
course of the mannitol infusion Towards the end of the study the Na depletion w7%
even manifested by a shght fall in the serum Na® concentration

Discussion

The results have yelded significant differences between hydropema and water
duuresis with regard both to hemodynamics and tubular function The hemodsnamic
changes will be discussed first There 15 a shight but highly signtficant inerease i the
glomerular filtration rate during the transition from hydropema to water diuress
This obsenvation has been reported previously 1 man as well as mn other species
(Wesson et al 1950 Gilmore and Weisfeldt 1965, and has usually been attnibuted
to extracellular volume expansion Definite proof of this theory 1s lacking It can ot
be excluded that other factors might at Jeast in part contribute to the obsened
hemodvnamic change It has been suggested that the distal tubular Na reabsorp-
tion plays an important role in the regulation of the renal vascular resistance 1n such
a way that 1acreased Na reabsorption will by some means decrease the renal sascular
reststance | Aperia 1969 Although m the latter part of the discusston esidence will
be presented for an enhanced distal tubular N\a reabsorption relative to water ¢
absorption durmg water diurcas the results from the present study do not allow ant
further speculations on the mechanmism of increased glomerular filtraton rate duning
water dwresss It 15 noteworthy that the PAH clearance romams unchanged dunng
the transition from hvdropenia o water diresss This might mean an actual 1€

distribution of the renal blood f1 » However a reduced secreunn capaeity for A
dunng water diuresis can not be 1 | d out on the basis of the present results

The sigmificant differences in 1w wonal N\a excretion and osmolar clearance be-
tween hydropenia and water d 1 suggest certamn discrepancies in the tubular

handhing of “a between the retic states It ss gencrally agreed that bath 10
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©
Fig 1

Fig 1 The relationship between osmolahty cleara)

Ca,o and fracuonal Na  excrenion {CxafCrn) ©

duning the course of mannutol infusian

Fig 2 The relationship between expected (abicys
the (ransatron from hydropema to water diveesit ¢
V™ urine flow ml/min during water diuresis
e oo, hydropenia
UH, urine osmolality durng hydropensa

A , water duresis

hvdropemsa and water duress the filtrate
passive reabsorption of wates in the proxs
1s delvered to the loop of Henle Here th,
countercurrent system In the distal tubule
mam difference between the handlme «
diurests would then be found m the 1,
dues cells will be rendered water pegs,
osmotic equilbranon benween the collers

ntersutium  In water drresss the o ey
the final unne will approximately eqi.f o
Wi excrenon and osmolar clearancs rgp |
ADH on the water permeability of 1}, ,
changes m the renal wbular handhing ¢«
Fig 2 If an identical NItrate would pe
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water diuresis, a simple concentrating procedure during hydropenia would yield the
following relationship

Ul VW

UVoem VH

UHgem, urine osmolality duning hydropenta

UWoem, » » »  water druresis
VHE | »  solume »  hydropenia
vy ooy » »  water diuresis

In none of the subjects was this relationship achieved The urine volume quotient
always ded the lality q Thus the discrepancy 1 urine flow be-
tween water diresis and hydropeniz 1s Iarger than what can be explamed by 1
smmple concentratng procedure only There are two 1mmediate explanauons for
thus obsenvation

1 during water diresis 2 reduced reabsorption n the proximal tubule of Na* and
water i 1sotonic proportions There are evidence that this occurs 1n the dog and m
the rat kidney dunng water diwresis (Martino and Earley 1967 Hagslett ef al
1967)

2 changes m solute reabsorption 1n the collecting ducts, 1« an increased reab
sorption of Na and urea duning hydropenta This would be followed by passive
water reabsorption There 15 1n vitro evidence for an enhancing action of ADH also
on the Na® and urea permeability {Leaf 1967)

Both alternatives would yleld a net increase n the osmolar clearance durmg witer
drurests The results (table IT) have already demonstrated a sigmficant mcrease in
osmolar clearance The relatne importance of the two factors can be evaluated on
the basis of the present results The total effect of the two aforementioned factors
can howeser be further examined Both factors will provide an increase of osmolar
clearance during water dwrests as compared to hydropenta If those were the sole
| of the disproy 1y hgh urme flow dunng water dwiresis the
disproportion would equal the differences n osmolar clearance betwetn water

duuresis and hydropenia and
Utoys  VIV—(C¥oum — Coum)
T~ Vo
C¥ oo = 0smolar clearance 1n water diuresis
CHp= » » » hydropema
This relatonship has been examined in Fig 3 The figure demonstrates clearly
that although the disproportion s reduced 1s 1s still found 1n all the patents studied
Thus there must be an additional discrepancy between the tubular handling of
Na and water in the wo diretic states
Ulom V¥ —(CPm~Cloxm)

Uhom \Z
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sarum No.
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Fig 3 The rclatonship between expec & o
ted (abscisa and actual (ordimate) dilu 7. °
tton of urme during the transition from
hydropenca to water diuresis when daffer- £ Cgy, &
enecs n osmouc clearances hase been | o om e ®
correeted for o, &
CWeeny osmolality clearance during hy 7. o 8 @™@
opema M oF, &
C¥oum osmolahity clearance during water ¥ %a Coumy,
durens o i
Other symbols, sec fig 2

¢ 1 2 3 & 5 6 7 & 5 mwAoun

123 expected to be found, the assumption would have to be made that the flud
reaching the collecting tubules would be the same in hydropema and water diuress
It might thus be possible that 1n man dunng hydropenta a certain water reabsorp-
tion would take place m the distal tubule, while during water diuresis only the cor-
fesponding amount of solute would be reabsorbed The delnery of free water nto
the collecting ducts would then be larger than dunng hydropema This 15 probably
the only situation when
VP —(C% o — CHoem)

UH,
i would always exceed >

Uw,

om

The analysts of the changes in unne osmolahty osmolar clearance and urne flow
duning the transition from hvdropenia to water duresss thus strongly ndicate that
inman 1n opposite to dog the distal tubular cells are more water permeable dunng
hydropema than during water diuresis

Two possible explanations can be offered for the decreased urman K excretion
dunng the transition from hvdropenia to water diyresss 1 An increased aldosterone
secretion during hydropemsa possibly as a result of contraction of the extracellular

flud volume 2) Increased Na concentration i the distal tubule dunng hydropema
facihating the Na —K exchange
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The recordings of the superimposition of osmotic load during witer diwrests
provide further snformation on distal tubular function in mn Tt s generally agreed
that minmtol by ncreasing the sodium gradient blocks the Na® reabsorptian 1 the
proumal tubule Thereby the Na* avarlabihty in the distal part of the nephron
should be increased At the begioning of the mannutol dwiresis there was a sharp
ancrease 1n the free water formation Thes 1s interpreted to be duce ta ncreased distal
tubular Na* reabsorption secondary to mereased Na® avulabality in the distal tubular
flud VWhen the maximal capacity for distal tubular Na* renbsorption under the
present conditions 13 reached the sncrensed Na* delivery from the provimal tubules
can no fonger be handled distally and, as a consequence of this N1® excretion starts
1o 1nererse Good evidence for this interpretation are the sunultaneous deflection
pomnts of free water formation and uninary Na* excretton as demonstrited i figure 1

The present study has thus demonstrated a certamn reserve capacity of the distal
tubular Na* reabsorption It 15 however doubtful that the observed mavimal datal
tubular Na* reabsorption represents 4 true Tm It 1s more likely that any further
wcrease of the distal tubular Na reabsorption ss restricted by the transtubular Na
gradient and that the reabsorptne capacity could be further sncreased by 1 reduc
tion of the gradient Possibly ths could be plished by suppl, 1tion of N1
during the manmitol infusion

Supported by Swedish \Medical Research Council Grant BG7 19\ 2049 01%
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From the Cardiovascular Rescarch lnstitute and Department of Physiology, Unnversity of Cali-
fornia, San Francisco, Medical Center, San Francisco, California, and White Mountain Research
Station, Unneraty of Califormia, Beshop, Caldormia, US\

Respiratory Sensitivity to Acute Hypoxia
in Goat Kids Born at High Altitude
By
Avcay H Mies and Soren C SOReNsEN

Recencd 19 February 1969

Abstract

Mines, A H and S C SowrenseN Resprratory sensitialy to acute hypoxia 1n goat kids
born at hngh altitude Acta physiol scand 1969 77 439—441

Ter o - .

Natives! of the Andean and Himal have a lower resp y senst-
ity to acute hypowa than do people born at sea level {Chiod: 1963, Severmghaus
et al 1966, Milledge and Lahiri 1967 Sorensen and Severinghaus 1968a) We
demonstrated that natves of the Andean mountamns retain this lower sensivity
even after many years of residence at sea level (Sorensen and Severinghaus 1968b),
which indicated that the condition 1s irreversible Howeser, we were not able to
demonstrate any decrease m hypoxic sensitivity in sea level natves who lived for
many years at high alttude during adult life (Sorensen and Severinghaus 1968a)

The results 4 that ur loss of to acute hypoua might
occur only through exposure to hypoxia during childhood In support of this con

clusion we found that patients who were born with a congemtal cyanotic heart
disease {tetralogy of Steno Fallot) retamed a low respiraiory sensiity to acute
hypovia 1-—7 years after final correction of the cardac malformaton (Sorensen
and Severinghaus 1968¢) To obtain an animal model, we chose the goat because
Hs yespiration can be studied without anesthesta and we had already obtained
appropriate control data in normal adult goats

* The use of the term “natine” refers to the place of birth only
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Methods

Two pregnant goats (1 Angora, 1 Nubian), 1-—3 wceks before term, were brought from sea level

ta the Crooked Creck station of the University of Califormia White M atan

alttude of 3100 m Their kids were kept at 3100 m for 6 weeks before being transferred to the

Bareroft taboratory at an alttude of 3800 m where they were kept for 2 additional months,

and then brought to sea Jevel Therr respiratory response to acute hypoxia was studied after being

;lkica Ievel for 68 weeks At this time the Nubren kid weighed 15 kg, the Angora kid weighed
4

The respiratory response to acute hypoxia was measured by deterrmmng the steady-state ven-
tilatory responsc to CO, at two levels of Pyo, (200 and 40 mm Hg) The kids were studied while
standing yn a stanchion, awake and lightly restrained Trial runs were conducted to accustom
Itlem to the cxperimental siuation be[ar'e final dflcrml::anom were made The kids breathed
RS S S e e ey T

manually dierted through a 37° %, Po, electrode (Radiometer, Copenhagen) by the operator
watching the Pco, record Vg was measured by directing the exprred vol to a Tissot spiro-
b Rt Attt e ninnabil-< by labeid A e

. . . The
, . P . els of

obtarned
Results

Fig 1 illustrates the ventilatory response to CO, at end-udal oxygen tensions off
200 and 40 mm Hg The changes in slope (S) of the CO, response expressed as
the ratic S,y/Sse were 09 and 15 Pco, intercept at the zero ventilation fell 73
mm Hg and 2 2 mm Hg due to hypoxia

Discussion

In the 2 kids we studied, the resprratory sensitivity to acute hypovia, as judged by
the effect of hypowa on the slope and the intercept of the CO, response curve was
within the normal range we have found 1n awake, adult goats (Sorensen and Mines

Veotes
Vaares fmn
2or r et s 200mery
a8 G

wx

Fig 1 Vennlatory response to CO
at high and low aheolar oxygen

23 tensions 1n 2 goat kids born at high
Pacoy iy altutude
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1968d) Desprte our small sample, 1t scems reasonable to conclude that we failed
1o produce 1n the goat resprratory insensitnaty to acute hypoua comparable to
that 1 high alttude natines

Several explanations can be offered for this negatne finding 1) Development
of a Jow sensitnaty to acute hypoxta under these condiuons may cocur only m
certam species 2} The duration of chrome hvpoua may have been too short for
the deselopment of a low ventilatory sensitnaty to acute hypoxia 3) Fetal hypova
may be nvolved 1n the dexelopment of a low respiratory sensstinaty to acute hypoua
The mothers 1n the present study were brought to high alutude shortly before
term The first explanation must be favored because a normal respiratory sensitivity
to acute hypoxia has also been found in llamas and cats born at high alutude
(Brooks and Tenney 1968, Hornbein and Sorensen unpublished)

Thus work was supported in part by United States Public Health Senice Grants HE-00285,
PFO3 TW 1062 GNI 09262, and GV 00927
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The Unresponsiveness of Lipid Metabolism
in Canine Mesenteric Adipose Tissue to Biogenic Amines
and to Sympathetic Nerve Stimulation
By
Raruryn Barvaro and Sune RostLe

Recened 20 February 1969

Abstract

Bararo, K and 8§ Roserr The unresponsizeness of hipnd metabolism n camne
mesenteric adipose tissue to biogemc amnes and to sympathetic nerve stimula
tion Acta physiol scand 1969 77 442—448

“The net selease or uptake of glycero! and free fatty acids by adipose tissue an perfused mesen
tery of dogs was determined a) durng strmulation of the superior mesenteric nenes and h)
followmg 1ntra arterial njecuon of noradrenaline, 5 hydroxytryptamine, histamune and com
pound 48/80 Nene sumulanon had no obsenable elfect on lipolysis, a finding which 15 1
contrast to previously reported results from subcutaneous adipose tissue Moreover 1n order to
evohe hipolysis, d hne and h had to be ad { 1 amounts over 10 times
higher than required for subcutaneous adipose tissue Compound 48/80 a mast cell-depleting
agent, and 5 hydroxytryptamimme did not ncrease hipolysis It 1s concluded that mesenteric
achpose tissue may not be influenced by the same agents for lipolysis as subcutaneous adipose
tissue from the same species

The perfused adipose tissue of the mesentery of dogs has been used to study the ef-
fect of sympathetic nerve smulation and intra-artenally njected noradrenaline 3-
hydroxytryptamine histamine and compound 48/80 on liptd metabolism The re-
sponses observed 1n this preparation were found to differ i several important aspects
from those m subcutaneous adipose tissue from the same spectes (Rosell 1960)
Factors previously shown to modify Jipolysis 1n subcutaneous adipose tissue fad' sfight
or no observable effect on hpid metabolism 1n mesenteric fat

Methods

tized with sodium pentobarbital (30 mglks 13 )
y doses were o hroughout ¢ The data were obtained
from 20 ammals fasted for about 24 hrs Surgical preparation of the mesenteric adipose tseue
was 35 follows The abdominal wall was opened along the linea alba extending from just
Delow the sternum to about 5 cm below the umbilical scar A Joop of small mtestine {30t
{012 cm n fength] was sclected and the frmphatic Gssue surounding the supertar mewen,
tenic artery vem and peripheral nenes dissected away The nerve bundles were scparaie
from the vessels tied and cut central 1o the hgature Branches from arters and sen other than

Mongrel dogs of erther sex were anesthe

12
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thoee supplying the selected loop were lizated The segment was isolated from the remainder
of the intestine by successne cuts berween heatures Final separation of the mesenters of the
solated fan shaped section was accomplished by placing 2 bigatures around the vessels as they
Jeave the mesentery to encrrcle the mtestine, then cutung between the ties Extreme care was
exercised to keep the section mownt, wamm and free of ijuny from mampulsnon Surgical
preparation was completed and the recording of dats was begun at appreumateh 1-—2 PAf
The tssue was perfused w1a the artery with defibnnated artenal blood taken from the same
ammal, a perfusion apparatus prosided constant flow (Renkm and Rosell 1962) Perfuson
pressure was secorded by a Statham transducer attached to the artenal mflow cannula Venous
outllow was directed throueh a drop counter and then collected continuoushy, but sn timed
mtensals, m aceold eentrifuge wbes An artenal sample was obtained from the resenoir at
the bemnnune and termunation of each expeniment, these samples provided 2 hematocnt, and
2n esumate of artenal plasma levels of free fatts aads (FFA) and ghcerol in the perfusing
blood Plasina from the collected venous outflow was aln anahsed for elycerol {Laurell and
Tibbling 1966) and FFA (Trout, Estes and Fredbers 1960} The net release or uptahe of
Erpecar ch RN Atted el Yotiaad e and axpressed
. - . . 2 Grass

. approx1
. . - e tissue
. - . . . the rat

Aeents were mjected via 2 side arm in the artenal wnflow cannula N anous doses were snen
2‘;‘ a‘f‘l solutions were admimnsstered 1 a total volume of 05 ml, or less
PRt e S e R

- - . oper-
. B gne

i

through the drop counter and then returned to the femoral vein

Results
Sympathetsc nerve stmulation In 12 wnals from 8 dogs electrical sumulation of the
distal end of the cut plexus of nenves faled to cause any change mn the net refease of
gheerol or FFA from mesenteric adipose tsue Fig 1 sllustrates one tvpieal expernt-
ment The sttmulation was applied at 10/sec for 5 min The net cutflow or uptake of
TFA was not significantly altered In most cases a slight vasoconstriction occurred

PERFUSION
PRESSURE

mmHg 400

Yh\g ! Perfusion pressure and net
e rate of FFA i mesentenc
pose tissue (17 g)  Perfusion

FFA
pmotes/min .2

: po PPV RSP ¥
proately 5 mlfrnf 100 g g P
e Stmulation of superyor e T b B
- l’;cu renes before and follas- o2 °
5,3 48 of dihydrouryorarmune -
~sumulavon at 10/sec 1w g had 0 re "
7
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INTESTINE
ATTACHED REMOVED
ARTERIAL  mmHg 2003 et 2004 s e —y
8LO00 PRESSURE

o} e
T‘l)/om"n 20 . { o " ! nene stmulation gn blood flow
m an autoperfsed scgment be
BLODO FLow SO:J } 'ffﬂk ‘8 fore and after the mesentery (14
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as indicated by a change i perfusion pressure It 1s known that treatment of sub-
cutaneous adipose tissue with a receptor blocking agents potentiates the release of
TFA following sympatheuc nerve stimulation (Fredholm and Roscll 1968) There
Jore dibydroergotanune (50 pg) was mpected va (Fig 1) Howcser, cvent followmg
« receptor blockade there was no sigmificant change in the release of FFA

The failure to obserse 1ny change in the release rate of FFA in the mesentenc
adipose ussue during nenve stimulation might have been due to technreal fulure to
actvate the sympathctic nerves to the ssolated scenon To examme this possibility
the vascular responsts to nenve sumulation were studied a) with the wtesune at
tached and b) after the mesentery was freed Flow was first recorded during auto
perfusion with the mtestine still attacked (Fig 2 left) Pronounced vasoconstriction
occurred during stimulation of the nerve plexus The flow responsc to the same type
of stunulation after cemoval of the sntesune was greatly reduced (Fig 2, nghty Tig
3 shows a plot of the flow rates duning a contral period (clear bar} and duning nerve
stmulation Contsol blood flow n the segment was 5¢ ml/min/100 g with the in
testine attached Stumulation of the nerve bundle ar §/sec decreased the rate of flow
to 21 ml/min/100 g a reduction of about 60 per cent On the other hand after the
mtestine was removed the flow dunng the control penid and time of sttmulanon

INTESTINE
ATTACHED  REMOVED
wlzmin 60
“i609
40
oD
LOW

Fig 3 Effects of sympathetic nene strmuld

2 nion on hlood flow in perfused intestinal »eg
ments before and after the mesentary 15 fr

Sumulayon was apphed for 3—5 min for exch
tral The whate bars show the resung bl

© 1 36 O 36 912 flow The bars indirate the mean values from

NERVE STIMULATION (CPS) three experments

°
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PERFUSION
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Fig 4 Perfusion pressure and net
release rates of glycerol and FFA
n mestentenc adipose tissue {12
8) Perfusion with defibnnated 04 ' ! !
blood at 8 ml/min/100 g tissue  NORADRENALINE 2m 2009 10009

epeated doses of noradrenaline
were gnen intra artenally

TIME {m o) 30 ] 90

was 11 and 10 ml/min/100 g respectively In this case the reducuon was msigmft
cant It appears therefore that the response of the intestinal vascular bed to
sympathetic nerve sttmulation was relatively much stronger than that of the associ~
ated mesenteric tissue Similarly the sympath )t of lipolysis 1n the mes
entery may also be of minor importance

Noradrenaline admimistration increased the net release of FFA and glycerol from
mesentenc adipose tissue (5 out of 13 tnals 1n 5 dogs) However, only high doses
were consistently effectne Fig 4 shows the response to doses ranging from 2 ug to
100 gg No sigmificant increases 1n hpolysis were observed with amounts below 20
Hg At the highest dose 100 xg nearly 2 pmoles/min/100 g FFA and 11 jmoles/
min{100 g of glycerol were released On the other hand sasoconstricnon occurred
when 2 g of noradrenalme were gnen as shown by the perfusion pressure plotted
1 the upper tracing on the figure In other experiments vasoconstriction was ob
scerved with doses ranging from 0 25 g to 5 0 zg without any concormitant net release
of glycerol and FFA

Histamime has been shown to enhance lipolysis i subcutancous adipose tissue
(Fredholm Meng and Rosell 1968) In 13 out of 16 injections from 8 preparations
of the mesentenc fat the net release of ghicerol and FFA was consistently incre

e
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FFA v Fig 5 Perfuston pressure and net
o - release rates of glycerol and FF4
» .. a AL e in mesenterte adipose tissue {32
L S e §) Repeated doses of histamine
HISTAM NE o8y 849 40 gnen antra artenially  Perfusion
with defih d blood at 3 mlf
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by amounts of histamine above 8 g A representatine experiment is shown mn Fig 5
The output of glycerol was increased from a basal net release of 0 2 pmoles/mtn/100
g 10 09 following of 8 ug h A parable change 1n the levels of
FFA likewsse occurred A constant npet uptahe of 0 15 semoles/minf100 g was reversed
to a net release of 013 ymoles/min A higher dose of histamne (40 zeg) resulted m
a more pronounced effect Compared to subcutancous adspose tissue much higher
doses are required to elicit the same response m mesenteric tissue The threshold
dose for subcutaneous tissue was 05 ;g the mesenteric adipose tissue required 8 g
for a consistent mimimal response

Compound 48/80 a histamme releasing agent (Paton 1951 Hogberg and Uvns
1957) had a mnor effect i only three out of 19 tnals (8 dogs) 1n mesenteric tissue
Concentrations ranging from 10 to 300 g werc imected Thss agent mcreases the
net release of gheerol and FFA from subcutaneous adipose tissue (Fredholm Meng
and Rosell 19681

3 hydrorytryptarmine (5 HT) a biogentc amune shown to mcrease plasma IFA m
dogs and man (Carlson Fhelund and Oro 1967) had no obsersable Iipolytic effect
on the mesenters with dose 1< high as 100 g (9 traals in 4 dogs) This 1s also the
case mn canine subcutancous adipose tissue

Discussion
The consistent farlure of ssmpathene nerve sumulation to induce FFA mobilizaton
from mesenteric 1dipme tissue comstitutes an important difference in comparison
with the responses 1n subcutaneous adipuse tissue It 15 1ho mtcresting to note that
the influence of ssmpathetic stmulttion an blood flow was much greater on the
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testinal portion of the unit than on the associated adipose tissue (Fig 2) The auto-
nomic nene actnaty thus appears to have a lesser effect on the arculation 1 the
mesentenc portion at least at stimulition frequencies considered to be within the
phsiological range (Folkow 1932) Limd metabolism may bhewise not be modulated
by nervous influences Posstbly related to the failure of sympathetic nenve stimulation
to mcrease lipolysis 1n mesentenc adipose tissue 1s the weak response to low or
moderate doses of noradrenaline It was necessary to use ven high doses of nor
adrenaline 1n order to increase lipolvsis The threshold dose for enhanced Iipolvsis
subcutaneous adipose tissue 15 1bout 01 g (unpublished results) whereas similar
changes 1n mesenteric adipose tissue were consistent only when amounts above 20
“g were injected Thus the influence of either added or released noradrenaline on
the mesentery 15 mimmal at levels shown to be effectnne 1 adipose nssue from a dif
ferent site 1n the same species

It has previously been suggested that adipose tissue from different localiuies shows
quantitatne dufferences of response to noradrenaline (as well as to adrenalme)
Aranovsky et al 1963, reported that adipose nssue 1 titro obtained from the orbital
socket subcutaneous are1s omentum and paw of the cat each responded differently
to catecholamines Carlson and Hallberg 1968 observed that the amount of glycerol
rcleased tn t1tro by 1 pg/ml of noradrenaline was sigmficantly greater m omental
than 1 subcutaneous adipose tissue of human ongin

Compound 48/80 failed to merease hipolysis 1n mesentente fat 1 contrast to the ef
fect m subeutaneous adipose tissue This was somewhat unexpected since in both
subcutaneous and mesentenc camine adipose tissue histamme increased the release
of FFA One would expect simlar responses to a mast cell degranulating agent The
threshold dose of histamine to sumulate lipolysis was rather high It would therefore
be reasonable to assume that the dose of compound +8/80 must be comparably
clesated However concentrations as high as 300 pg of compound 48/80 had no ef
fect on Lipolysis 1n mesentenc adipese ussue

The mesentenc ussue m the dog might not contain a sufficrent number of mast
cells 1o release the high concentration of histamme necessary o stumulate On the
other hand 1t has been reported that the mesentery of rats contains mast cells (Riley
and West 1953 Gustafsson and Cronberg 1961 Fernex 1968 which are disrupted
n the presence of ccmpound 4880 Hogberg and Uvnas 1937 Gustafsson and
Cmnherg 1927) Howesver at this wniung we are unaware of data gning a quan
itsve estimate of number of mast cells prescnt in e canmine mesentery

The present expeniments clearly indicate that there are quanutative as well as
quabtatine differences 1n the control of Lipchusis 1n adipase tr sue from different loca
tons Therefore we suggest that mesenteric adipese tssue 15 not mfluenced by the
same regulatory mechamsms § r hipolysis as st beutaneous adipose tissue from the
same <pecies
THis invest gation has been supported by the Swed h \Med cal Research Counc | (Project 1 o

14X 731.034 and 04B MH Tranrg Grart oo 5 TOI HE-05614-0> and by Ssenska La
aresallskaper \ o A VMobinders fond samt € ¥ Johnsons fond
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Mast Cells and 5-HT. Intracellular Release of
5-Hydroxytryptamine (5-HT) from Storage Granules
during Anaphylaxis or Treatment with Compound 48/80
By
S A Carusson and M Rrrzen

Recened 21 February 1969

Abstract

Carissoy, S A and M Ritzex Mast cells and 5 HT Intracelluler release of 5-
hydroxytryptarmne (5 HT') from storages granules dunng enaphylavis or
treatment with compound 48/80 Acta physiol scand 1969 77 +H9—46+

The release of 5 hydroxytryptamne (5 HT) and granules from pentoneal mast cells during
m titro and m two anaphylaxis and after treatment with compound 48/80 n titre was in
veshigated by cytach 1 methods was achieved by s¢ injections
of horse serum with A pertusss and anaphslavs was observed 3—30 weeks later The 5 HT
content of mast cells was assayed by mucrofluonmetry the cellufar content of granules by
micromterferometnic measurements of cellular dry mass Incubation of perttoneal mast cells
with antieen n 21tro resulted i release of 7—32 % of 5 HT compared to 2050 % release
followng 13 mjection of specific antigen to the same rat Incubaton of non sensitized mast
cells with compound 48/8B0 (16 ag/ml) caused a release of 45> <% of the 5 HT \Micro
i an of the same 1ndn1dual mast ceils resealed
a proportionally greater release of 5 HT than lowerng of dry mass values Since only a small
part of the cytoplasmic dry mass 15 non granular matenal the results mdicate that under the
Dbresent experimenta) conditions about 40 % of the total 5 HT release was not accompamed by
2 simultancous extrusion of granules It could also be demonstrated by fluorescence mucro-
scopy that a varying proportion of the granules had released their 5 HT while sull intracel
lularly located This demonstration of intracelular release of 5 HT from storage granules may
be relevant also for other types of secretor cells

Mast cells have long been of primany interest m attempts to elucidate the basic
mechamsms underlying the anaphslactic shock Thus 1t 15 known from combined
pharmacological and histological studies that histamine and 5 hydroxytryptarine
{5 HT) release from tissucs during anaphslaxs 15 accompanied by mast cell damage
However the convenntonal Tistological techmques for staiming mast cells provide m

formation on cell structure and possibly hepann content but 1t has not been possible
to determine the amounts of biogemc amnes present i the cells Recenth the
Falek Hillarp method for the hustoch 1 of has been
investigated and standardized so as to permut quanutative measurements of the 5

5--693003 Acta phys of seand S of 77 4 /
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TaBLe I The results of 8 expts on the antigen induced release of 5-HT from rat pentoneal mast
cells (per cent release compared to control mast cells from the same rat) Pertoneal cells
wese incubated with antigen for 30 min, and the rats were killed 15 min after iyection In
experiment no VI the rats were sensiized only 14 days before anaphylavss, in all other
espenments more than 21 days (See text!) Figures within parenthesss show release from
control tnsenstized hitermates An —before figure denotes increased Auorescence,

4 release 7 release
— —_——
Exp Rat In witro Tn vivo Exp Rat In witro Inwive
M 2 27%% —_— v a 7 —_—
b 17e* — b 170* 364**
e —9 ) c —16 —10)
n a 23%%* -_— v a 13 20°*
(b 8 - b 18* 4Geee
u a 3298 4288 Vit a -— 500
b 2108 31%a0 vir a 2 -
(c 4 1) b —~13 -
i a 280v* -—_— c —18%* _—
b 9 — « ~15 —
(c -6 ~—)

* =p<0l, **=p<005 *** =p-001 (Student’s 1 test)

same antigen. the foss of fluorescence found ranged between 7—32 and 20—50 e
1espectively (Table Iy The mast cells of control hittermates never showed any reac-
tion to annigen wyections Howerer, there was & recurning tendency of the mean mast
cell fluorescence of these rats to increase by a few per cent following antigen treat-
ment, possibly due to an unspecific effect of the added serum Even m the sensttized
rats a few mast cells could always be found that contatned up to the maamal
amount of 5-HT found 1n the control cells These cells also retamned their normal
shape and showed no signs of damage

No evidence was found for a separation of the mast cell population into reacting
and nonreactmg cells Judging from the frequency lustograms (Fig 2z) and the
morphology of the cells most mast cells were affected by the antigen

Dry mass The total dry mass of a mast cell s made vp of three different pants,
the granules the non-granular cytoplasm and the nucleus Ottoson cf @' (1957)
measurcd the relatng size of the nucleus of mast cells and found the radius of the
nucleus to be 33 7¢ of that of the whole celt Thus, the nucleus consututes about 4 €2
of the rolume af the cell In the wterference microscope the same authors found
the optical path through the nucleus to be only 80 Se of that through the ¢ytoplasm
adjacent to the nucleus With the geometrical higures gnen this corsespond to a
cancentration of solids 1 the nucleus shich 15 29 € of that of the cytoplasm Thus,
the dry mass of the nucleus 1s only around [ 3 ¢¢ of the total dry mass
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The cytoplasm of the normal mast cell consists of denselv packed granules and
non granular cytoplasm m between (see electron micrographs by Bloom and Haeger
mark 1962) The relatine dry mass of these compartments will be determted by
their relative volume and density In maximal hexagonal packing of equally swzed
spheres the latter occupy 74 % of the total volume independent of size When the
spheres are of varying size, hke mast cell granules they tahe a considerably larger
part of the volume The mean total concentration of sohds m normal pentoneal
mast cells was shown by Diamant and Lowry (1966) to b= 476 ¢¢ The concentra
tion of sohds in the cytoplasm has been measured 1n the case of human epithelial
cells which contain few dense cyvtoplasmic organelles to be 14—18 €5 (Barer 1923)
Assumning that 16 < 1s an approximately correct figure for mast cell non granular
cytoplasm the conrentration of solids 1 the granules equals 59 ¢ In the case of
mavimal hexagonal packing of equally sized granules the ratio granular dn mass to
total cytoplasmic dry mass will be 09+ Subtracting the nuclear part of the dry mass
(1% <ee above) the granules comstitute 93 €¢ of the total dry mass of the cell Ths
figure 15 evidently an approuimation It will be higher i the varying size of the
granules 1s considered lower if many cells have relauely few granules However due
to the large difference i density of the granules and the non granular cytoplasm  the
granules wall stil} constitute the major part of the dry mass

The dry mass of the control mast cells of this expenment (rats weighmg 120 g2
12

averaged 244 x 10 ™ e Assuming @—0077 cmfg (Carlsson 1965 see abo Rutzen

1967¢) this gives a mean weight of 51710} g After 1 1110 anaphylas > there
\was a sigmificant decrease m the mean dry mass of the mast cells (Fig 7> T
magnitude of this decrease was however smaller than that of 5 HT when the ™0
parameters were measured on the same cells (Table [T} When the o HT content
and the dny mass were compared the control cells showed a very good correlation
between the two parameters (Fig 3a) Judgng from the changed morPh -

e N
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Taste 11 The release of 5 HT and decrease in dry mass of rat pertoncal mast eclls following
15—30 min treatment with antigen (actively sensitized mast cells) or compound 48/80
Control, tn titro and i rica anaphylactic cells were abtained from the same rat (See text )
“Granular® and “nongranular” 5 HT relcase denote the percentage of the total decrease
i fluorescence that respectively could and could not be ascnibed the decretse in dry
mass of the same cells n=number of cells mensured flour =mean fluorescence per mast
ecll £5TM (arbtraty unats), dry mass—meandry mass per mast cell £SIM, (x !0—‘:
T

gram (sec mu))

Antigen 48180

In vitro Inino Control 48/80 Conteol
n 63 05 124 % 9%
Tluor 6634037 5014040 7514031 140£08 257412
2, of control 833 67,199¢ 54,500
Dry Mass 24110 199309 244207 248410 348412
2, of contral 95,9 81 Goes 71,3000
granular 5 HT release, © 56 63
nongranular 5 HT refease, © 41 37

S p-01, ** =P 005 *** —p_ 00! (Students ¢ test)

mast eIl population seemed to have reacted m a quite homogenous manner, with
few exceptions both large and small cells were affected When the matenal w s
disided 1nto classes with respect to dry mass a signsficant difference an fluorescence
mtensity (p<001) between 1n trzo aniphylacuc cells and control cells was found
for the small cells {after the release process) (Lig 3¢} [lus means that the con
centration of 5 T (3-HT per unt dry mass) hs decreased m mast cdls of this
size while 1 the otlier cedls the 5 HI and dry mass had deereased at about the s

n
201 .
EDRIRGL «
2
]
E
!
E Fig 32 Thiorescence sesus dry
£ tmass of mdnidual control prrt
F tancal ras me cells [ach point
® fepresents one mavt cell Al
claw means£5F A are shown
R 0 20 LN The two parameters show & good
Dav wass correlution
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ANTIGEN X WITRO
Fig 3b Rat penitoneal mast cells
from the same sensized rat as
Fig 3a but after tn zitro chal
lenge with specific antigen The
cune for the control cells s
dashed When compared to the
controls there 1s no sigmificant
change in the concentration of
5 HT in the dnied cells (the rato
fluorescence/dry mass 1s almost
the same
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)
DAY MASS
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Fig 3c Fluorescence versus dry

mass of peritoneal mast cells from
the sime rat as Fig 3a and 3b
These cells were collected after
1v anjechion of spectfic antigen
th fluorescence ani mass
are decreased compared to con
trol cells (dashed hne) but the
concentration of 5 HT within the
dried cells 15 e
creased only for the smallest W 20 E 10 192
cebs * DRY HASS =

REC FLUOR [CELL

rate The small decrease 1n dry mass of mast cells after in titro treatment with
antigen was not stanstically significant (Table I1 Fig 3b)

Morphology The smears of antigen treated cell onh showed a few mast cells that
seemed to be quite unaffected by the treatment they exhibited a bnlhant yellow
fluorescence In the control cells a few small non fluorescent vacuoles could occa
sionally be observed 1n cells that had been flattened out on glass while most cells

had a shape of a ball with nd habl, (Fig 4) In
the 1n z1tro, and esen more 1n the in 210 antigen treated cells the number and sizes
of such non vacuoles d derably and often several granules

were seen clumped together 1nto a very large vacuole (Fig 5) After subsequent
fluorescence microphotography and staining with toluidine blue the non fi

\vacuoles were found to contain metachromatically stained granules However 1t was
ot possible 1n these spread specimens to exclude the possibility that these granules
had already been extruded from the cell and actually were extracellular in posihon
and merely adhered to the surface of the mother cell Such a fenomenon has been
demonstrated durmg the action of compound 48/80 on mast cells {Thon and Uvnas
1967) Therefore cell pellets were freeze dned treated with paraformaldehyde em

— e .
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Fix 4 Fluorescence and licht
micrographs of three nonmal mast
cells, smeared on glass from a
suspension of control pentoncal
cells Smears were dried, treated
with formaldebyde gas  photo-
eraphed and stamed in toluidine
blue Fluorescence indicates pres

ence of 5 HT (left micrograph)
toluidiz ¢ blue stuns munly hepa
nn {neht) Note that the cells

are relatnely thick, so that n
dividual  granules  are  hardly
distingwished 1080 x

bedded n Araldite®, and sectioned at about 1 g In these sections, the reltive 5
{| HT content of each granule i the cell could be observed i the fluorescence micro-
' scope, and after subsequent staing 1n toluidine blue, the same granules could be
1dentified as intra- or extracellulr
Seseral degrees of alteration of the mast cells cauld be scen 1n the antigen-trented
specimens In the fluorescence microscope, <ome cells showed a varying number of
! large, non (luorescent or very weakly fluorescent vacuoles These could always be
| sdentified 1n the staned sections as contaimng metachromatic granules No empty
, sacuoles were seen The “altered” granules were always larger and stuned less n
tensely and more red than the blue to wviolet staming normal, 5-HT contaming
' granules In mast cells that had released most of ther 5-HT large vaculoes were
| often seen in the fluorescence mucroscope (F3g 5, 6) Afeer stuming these large
vacuoles were found to contain a conglomerate of granules that had lost thesr 5-H1
The plastic secttons resealed their true intracellular location Some cells totally lacked

iz %a Mast cells from a pergtoneal cell suspension from an actnely senatized rat The celle
were treated 1n titre with speaific antigen (horse se um) Fyxaton and staning as i bag 4
Note that one of the mast cells hay a normal morphology and 5 111 content while the other
contains onlv a {ew fluorescent granules

Fix % Same spramen as Fig 52 Ihe lower cell has developed a large nnnﬂuurnrrr“
sacuole stamng distinetly with tolurdine blue ithe lower ponfluorescent vacuole 13 the ¢f]

nucleus  The upper mast cell 1s desord of 5 HT and has only 4 few granules feft in the
cytoplasm 1320 x  Formaldehsde and toluidine blue
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Fiz 6a. A thin (051 am) plastic section of rat pentoncal mast cells treated 11 tatro with
speafic antigen Due to the thinness of the section the {luorescence of most granules 1s weak
Several totalh nonfluorescent granules masv be seen by companing the Muorescence and the
ekt mucrographs
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Fig 6b Same «pecimen as Fie 63 plasuc section Most granules have a very famt fuorescence
The eranules are increased m size, and the whole cell seems to be uniformly empued of 5.-HT
(The nonflucrescent vacuoles obserned mn Fig 5 and 6a here occupy the whole estoplasm)

Fiz 6 Control mast cells from the same rat as Fiz 6a and 6b, after incubation with 1sotonic
salt solution only The granules can be outhined by their {Juorescence and they stam distincthy
with tolmdine blue Note the difference 1n size between the granules of the cells n Fig 6b
and 6c 1320 Formaldelnde and tolwidine blue

strongh fluorescent granulés In the anugen treated cells, very few disintegrated mast
cells were seen Ao, relatiels few granules were seen occurning free in the space be-
tween the cells No fluorescent granules could be seen extracellularly

After completed polvinenization of the plastic, the normally non-flucrescent red
blood celly showed a bluesh fluorescence which increased somewhat upon ultra
violet iradiation This fl was easth d hed from that of 5 HT

1850

5 Hydrovytry ptamine 1t has repeatedly been found that mast cells of old rats of
this strain contain more 5-HT than those of young anmmals Therefore the fluores-
cence of these mast cells was stronger than that of the vounger rats used for the ex
Penments above Following mcubanon with compound 48/80 at a concentration of
16 pg/ml many cells showed marhed alterations and the mean fluorescence dropped
10 around 35 € of the control cells Also n this case most of the cells participated
1 the reacuon (Tahle 11 Fiz 721 The tesults were simdar ta those abtained
earher experiments with compound 48/80 (Ritzen 1967 a)

Dry mass Pentoneal mast cells of old rats are larger than those of young rats
{Padawer 1963) Thus the mean dry mass of the mast cells of the 48/80 expen
ments was higher than that of the antigen experiments where vounger rats were
10 1

used These large control cells showed a mean dry weight of 348 x —— em?® (equals

443101 g 1f 0077 em/g, sec above) Following treatment with compound
48/80, the mean dry mass decreased by about 30 €¢ while the 5 HT decrease
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amounted to 45 €¢ (Table I, Fig 7) Thus aha in this case, there was 1 dierepam
between the releasc of dry mass (granules) and 5. 4T

Mhast cells from different rats have different 2ounis of 5-HT In the experimen
with compound 48/80, peritoneal cells from 4 s wer, pooled, and therefore
individual eells show a considerable deviatton from the mean (Fig 8 a, b)

No distinct subgroups within the populition a5 regards reactinity to compoun
+48/80 were observed (Fig 7}, although the decreqse 1 concentration of 5-HT 1 th
cclls was most evident for cells of middle size (2040 mrss units) after trettmen
(p<<001)

Morphology In the spreads of pentoneal cells, the same general pictuze 18 de
seribed above for antigen treated cclls could be seqn in the fluorescence microvcope
However dimage to the cells was more pronoynced, and some coll ghosts con
taiming only a few granules were scen In cells thay had retnned their general shape
the distribution of fluorescent granules within the cytophism w1s not umfortm ver
often cells were scen where most of the evtoplsy was accupted by one or more non
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Fig &b Same cell suspen-
sion as in Fig 8a, after
kreatment with compound 1]
48/80 Both dry mass and
fluorescence  hase  de-
creased leaving enly few
cells that are sull large
and strongly fluorescent

¢ concentration of 5 HT'
 the dried cell decreased
semificantly compared to
the contro) cells (dashed
lne) in the middle size
range (p<O01) The ar-
Tow pomnts at the cell
shown in Fig 9a

0]

o

o]

REL FLUOR JCELL
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¥ig 92 Rat pervtoneal mast cell treated with compound 48/80 This cell 15 inchcated by arrow
n Fig gh T‘l:e I;ge *vacuoles * filled with nonfluorescent granules explam the low total con-

fentration of 5 HT 1n the cell Formaldehyde treated periconeal smear, stained with tolusdine
ue after fluorescence microscopy 1320 x formal

FiE 9b A thin (05—1 um) section from a 48/80 treated pernoneal cell sample after formal

dehvde treatomens and pl:sni embedding Most of the granules have retaned their ﬂuur:scu\cl:,
Ut I some areas of the cytoplasm the granules have lost 1ts 5 HT enlarged and become pale
(pink to red) staimng 1n tolutdine blue 1320 )

Fig 9¢ T, from the value sample as Fig 9b This cell 1s n a later stage of the release
Pr0cts, thownng Jarge. »acuoles commmng menfluorescent | large | pale stamng. sraveies
1320 Formaldehyde and tolusdine blue A

Fig 04 ™ e e

has . . .. -
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fluorescent areas appeanng as vacuoles in the fluorescence mecroscope However
after staining, these vacuoles turned out to be filled by metachromatic granules (Fig
93) The intracellular location was confirmed n studies of plastic sections The
altered granules stained weaker and more red than the normal granules, appeanng
gray i the mucrographs (Fig 9b ¢, d) Very often, a clear unstained halo could be
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seen surrounding the non fluorescent altered granules In the plastic sectons of the
compound 48/80 treated cell suspenstons laige amounts of red non fluorescent
granules were seen between the cells Also, some apparently bursted cells could be
seen where some granules still stuck to the nucleus while the periphery of the colf
was disintegrated These cells could not be located 10 the fluorescence microscope
before staming

Assuming that the decrease 1n dry mass of the mast cells 15 due to a release of
granules and that the 5 HT of these granules leave the ccll concomtantly 1 roigh
calculation of the relatine magmtude of granular and nongranulir 5 HT relese 1t
the moment of fixation could be mad~ {Table II) In the i 2120 treatment of mast
cells with antigen there was a release of 33 ¢¢ of 5 HT but only 18 €c of dry m1ss
Thus  the loss of granules would account for 56 ¢¢ of the total 5 HT relensc the rost
being lost without mass decrease Srilar caleulations for the expertments with com
pound 48/80 show a somewhat larger propartion of granular 5 HT re ease (63 “c)

Discussion

It has been shown (Moran et al 1962, Provost Dinen et al 1966) that lustamtne
and 5 HT are released from rat and mouse mast cclls almost sunultancously There
1s nothing to indicate that the two ammes are stored 1 different cellular structures
On the contrary there 1s evidence indicating that they compcte for the same binding
sites i the penitoneal rat mast cells (Cabut and Haegermark 1966) Thus at present
1t seems Justified to discuss same aspects of histamine and 5 HT storage nd rdlese
n the same context

Controversial reports are found 1n the hiterature concerning the release of biogenie
amines from actively sensitized rat perttoncal mast ¢=lls upon treaument with antigen
m vitro Thus some authors {Humphrey ¢2 al 1963 heller 1966) do not find 1m
signtficant histamine release under i witro conditions while others (Usnns and
Thon 1959 Perera and Mongar 1963 Mota 1964 Schwartz and \ardinon 1964)
obtam 1 reproducable release up to 62 7¢It has been suggested that this 1s due to
differences n the rat strains used {Binaght 1968) or the modes of rensitization in
the present imvestigation 1t was unexpectedly found that 1 consistent mast cell re
spomse to the antigen was only ohtatned when  relatinely long trme had elapsed fr m
the time of sensitization (more than 3 weeks) In spite of a lethal anaphylhetic b ¢k
following 1+ challenge with the antigen on day 8—20 after the first scnsinzicg n
jection no or very httle mast cell damage or 5 HT release could be ob enved Trom
3 weeks and up to at least 3 months 5 HT release was consistantly noted  This s
surpnising since after 3 weeks the uter of homocy totropic anubody mn senumn 15 de
climng (Mota 1963 Bloch 1968 Exidenth cell bound antibod es remun [r a
much longer ume One out of several expenments with negatne result s prrsunrd

Table I exp VHI where the i 1170 anaphylexis of mast cells was tested 14 dns
after sensitzanon No relense «f 2 HT ¢an be noted On the contrary as n un
sensitized control rits the fly ¢ ve cence of the mast cells showed a shght merease In
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one rat the mcrease was statistically significant as compared to cantrol cells The
reason for this paradoxal affect of the addition of serum cannot be explained at
present

Even at an approp
the same magnitude \arying even between littermates treated 1dentically (Table I)
o strict correlation between chmical symptoms and pentoneal mast cell damage
could be seen Mast cells 1n mesentenal spreads were generally found to bs more
eastly damaged than the free pentoneal mast cells This might very well be a result
of the mechamcal trauma to the cells that was necessary when prepanng spreads of
the mesentenal pieces The cells treated with antigen {or compound 48/80) were
often [lattened out on the glass giving the impression of impared clasticity of the
¢ytoplasmic membrane

The present findings support the view that antigens and ccmpound 48/80 act
similarly on rat penitoneal mast cells Apart from the fact that the effects of 48/80

time after the response of the rats was not of

were hat casier to reproduce no distinct d were noted
the worphology of the mast cells or the intracellular distribution of 5 HT when the
effects of the two Iib were compared This1s i with recent findings

of Bloom and Chakravarty {personal communication) who have studied the ana
phylactic reaction in rat pentoneal mast cells with the aid of the electron nucroscopt
and compared the results with the effects of 48/80 on mast cell fine structure (Bloom
and Haegermark 1960)

Mo real attempt to quantitate granular release from mast cells duning htanune or
5 HT release has been published probably due to difficulties 1n separating the cells
from released granules with com entional biochermical methods Interference nmero
scopy has been used for this purpose by Ottoson et al (1957) but with the methads
available they could not observe any decrease in dry mass of the mast cells measured
1 spite of a marked b release foll with compo ind 48/80
The present showed a i decrease n dry mass of mast cells
following both 1n 210 anaphylaxis and with compound 48/80 (Table I1)
The small decrease 1n dry mass following w titro mcubation with antigen (4 )
was not statstically sigmficant The tendency of released granules to stick 10 the
mast cells extracellularly which has been descnbed 1n direct obseryatu ns of tf ¢ st
cells during the release processes (Thon and Lvnas 1967) could not I+ wcen s tf ¢
present specimens However it 18 possible that released granules were detached
during the centnfugancn and resuspens on of the cells before prepanng th spect
mens As can be seen in the plasuc sections the mast cells were well defired and the
dry mass measured did not mclude adherng extracellular granules

The methods used 1n the present wicstigation makes it posuble to compare
deorous un s mass of the cells vath the release of 5 HT from the gan ¢ cells In
way the part of the 5 HT release that may be accounted for by the relcase of #7! SRS
(dry mass) mav be calculated and thus the proportions of granular  acd -
granular 5 HT release Such calculations (Table 1) ndicate that witk ™%~ =~
total 5 HT release the proportion of granular release yncreased up * *
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60 ¢¢ {in case of 48/80 treatment) Thus, the “ron-gramudar” 5-HT release scems «
be of a considerable magmitude, more than was expected The results reflect the
sitwation 15—30 mun after addition of the releasing agent At the moment of 5 HT
release the relative proportions of “granular” and “non-granular™ relcase probably
were diiferent Some (or all) of the 5-HT release that 15 confined to the “granular
release ymght have left the cell before the granule, and thus at this moment, the
figure for “non-granular ’ release 1s rather an underestimate

As mentioned carhier, the non granular part of the ccllular dry weight might .
treduce an error 1 cells that hase released most of therr granules, when dry mass »
used as a measure of amount of granular matenal However, 1 the 48/80 experiment
calculations from the figures given show that the large difference between the 5 HT
and the drv mass decrease could only be explained in this way 1f the non granulai
part of the normal mast cells amounted to 36 ¢ of the tatal dry werght This 1s high
Iy improbable (See calculations under “results” above!)

The morpholegical features of 5-HT release following treatment with antigens o1
compound 48/80 are 1 agreement with the results of the quantitate e measurements
Since the cells were observed 15 and 30 min after the beginning of the treatment
the vanous appearances of the cells reflect different degrees of 5 HT release rather
than different stages of release In spite of the large number of non-fluorescent
granules often seen mtracellularly, no evidence of 5-HT deposition m the cytoplasm
bemwcen the granules was ever found Ttus, after being released from granules 5
HT rapidly leaves the cell

‘The present evtochemical and morphological findings fit very well into the electron
microscepical picture seen after 48/80 treatment of rat peritoneal cclls (Bloom and
Haegermark 1965 Horsfield 1963) Bloom and Haegermark {1965), with the aid of
the electron microscope described tn detail various stages 1n mast cell granule ‘altera-
tron” as well as extrusion of granules dunng histamune release induced by compound
48/80 The altered granules showed a mrked decrease in electron density after fixa-
tion 1 gl dehvde and xide and 1t was suggested by these authors
that the granule alteration was due to loss of histamine and possibly some other
component(s) from the granules They also observed that altered granules were
frequently gathered i larger well delmited, ntracellular tacuoles It was alo
shown bs t' ese authors that mn epen sections stamed with toludine blue and
examned 1n the light microscope  granule alteratron was reflected 1n an snereased
metack of such g les  They 4 that the removal of eg basic
histamine would increase the number of acidic polysacchanide groups available for
dve-chromntrope nteraction

It 1s ssell-hnown from earlicr studhies that a large part of the granules are relerced
from the mast cell following contact with releasing agents (Stuart 1952, “Mota 1953
Hogberg and Utnas 1957 a0 snd u has been emphasized that degranul won 15
the principle (of not only) way of release of biogeme amines from mast cells (Thon
and Uvnas 19671 Ths ves 15 supported by the finding that when compound 48/80
exerts 1ts effects on mast cells m media poor 1 cations (7 g 1sotomc suerose), 50 ‘e
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of the released histamme 1s stil bound to granules extra cellularly (Thon and Us-
nis 1967) Thus, the displacement of histamine ar the heparin—protemn complex by
cations (Aberg ef ol 1967) needs extracellular cations Whether the expenmental
tonditions with cation poor media induce another tpe of a2 HT release from mast
cells than the 1ome milieu used in the present mnestigation 1s bemng further studied
1 our laboratory

In conclusion the present experiments show that mast cells exposed to antigen or
compound 48/80 release a considerable part of their 5 HT without a concomitant
release of granules Thus degranulation does not seem to be obligatory for release of
the stored biogenic ammne

Ths imvestigation has heen supported by grants from the Swedish Medical Research Council
{projects o B69 14 530 04 and \o B69- 12\ 531 0> the latter to prof T Caspersson
for 4 bophysical ) the Johan and Therese Andersson \femonal

P ol
Foundation and the Wallenberg Foundation
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Studies on Central Regulation of
Secretion of Antidiuretic Hormone (ADH) in the Goat
By
Kerstiy OLssos

Recened 24 February 1969

Abstract

Orsson, K. Studies on central regulation of secretion of antidwretic hormone (ADH)
in the goat Acta physiol scand 1969 77 465—474

A further analysis was made of the antidruretic sespanse to tafusions of NH,Cl o the 3rd
brain ventricle of hydrated goats The response wac obfamed o the absence of “osmotic™
stunulation, but was evdently due o a release of antrdirenc hormone (ADH), since it dis
appeared after the nduction of experimental diabetes insipidus o antidrests was obtatned
by infusions of hypertomc saccharose into the 3rd ventnicle The actnation of beat dissipation
mechanisms by local warming of the preoptic/anterior hypothalamic region was not associated
with any whibition of the water diresis Howeser, profound Jocal cooling of this part of the
bram snduced a release of ADH 1n hydrated ammals The possibility 1s discussed, that this
effect of focal bramn cooling may be due to a reduction of & neural mhibition, normally exerted
on the ADH release

A hypothal . ptor ’ h appears to regulate the release of ADH
from the neurohypophysts (Verney 1947 Jewell and Verney 1957) and may partici-
Ppate 1n the regulation of water intake (¢f Andersson 1966) Vanations 1n volume
and distnibution of the blood and the extsacellular flurd without changes 1n tomaity,
have also been found to modify the secretion of ADH This indicates that a *volu-
metric” regulation of the ADH release operates in parallel with the “osmometric’
regulation (¢f Gauer and Henry 1963) It s further known that several anesthetics
increase the secretton of ADH which makes 1t impossible to induce a water diuresis
by hydration in antmals narcotized with these drugs (¢f Walker 1957) With this
mind, Walker (1957) has put forward the hypothesss that the normal secretion of
ADH also to a certamn extent 1s lated by neural inhib of the sup o=
neurohypaphyscal system and that this mhubrtory tonus 1s removed durng the
anesthesta  Observations made m amimals having the hypothalamus completely
separated from the remamder of the bramn support Walker's hypothesis (Suda, Koi-
zumi and Brooks 1963) An increased spontaneous electrical acmuaty of the supra-

6691013 et phynol scand ¥al 77 4
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optico hypophyseal tract 1s found 1n these amimals which may dicate a loss ¢;
normal neural inhibitory regulition of the ADH sccretion

Infus ons of hypertonic solutions mto the 3rd bram sentricle of hydrated go
v ere recenthy performed to mvestigate the osmometric  regulation of the AL
secretion ( Andessson Olsson and Warner 1967 Andersson Dallman and Ols
1869) The present work s an estension of these infusion studtes supplemented +
oxpentments performed to study the influence of preoptic warming and cooling
the secretton of ADH The latter expenn ents seem to provide addrtional support
Walkers theory of a neural inhibitory regulation of the ADH secretion

Methods

A nals Ter ad It female goats (bw 30—40 kg) were sed The an nals  ere rout
conf ned 1n metal ol sm cages b means of collars and all experime s vere conducted 1)
cages The experimental pertods for the ind  dual goats var ed between 2 and G mon hs ]
mn mum ntenal bet een the exper ments performed n each sngle goat was 3 days 1
an mals tad free access to chaffed hay and water and were fed al out 400 g of comme ¢
:ra+n mix {with 6 g of NaCl added) eacl afternoon Room icmperature was ma ntanel
1 C

Implantat on of vents cular ca  ulae and nfus on tech que S+ of the goats (C 1—C

ere prepared v 1! permanent cannulae n tle anter or yart of the 3rd bran ventrele C
of the goat« C I fad a second permanent cannuir placed n tfe yosterior part of tle !
sentr le near the entrance of the mesencephalc canal lo ;s mmze tie deal space |
ntraventr cular nfusions s ere performed v 2 an _nner cannota w! ¢ was flle wtl the so
ton to be nfued and whch was nserted to the ventr cular end of tte permane t canm
befo e an inf on  as started Tie rate of nfu on was mantancletlerat 75 100
sl/mn An nfu on rate of 10 xl/mn was u ed 1n most exper ments The operat on and
fus on tecl n ques ta ¢ been descr bed 1n deta | earl er (Andersson ez al 1967) In all infu
exper ments cerebrosp nal flud (CFS) as obsened to dran o t of tle o ter jern fc
cannula on compress on of tle neck botl Fefore i erton of an! after removal of the 1 v
cannula sed for he nfuson Tius a completely free m x ng of tl e fuse ] soluton w |
CFS of the 3rd en rele  as guaranteed n all tl e present exper ments

The mode mplantat on and local b an coolngo wan g Tourof legoas T) T
tad a g lded s! er tlermode mplanted med ally n the preoptcfane or tyjotfalan ¢ reg
T1—13 or ntle forebran cover ng only tle anteror rart of tle preopt c regon

Fco !and % local coolng or warmng of the sur oundng ban t s ¢ wis ofta d
perfus on of tle tfermodes w tf cofd or arm ate  Tle constructon of tie deyol
netlods of inpla taton and tle perfuson tecinque ce essentally the same as eart
descr bed  Andersson et al 1963 [he degree of central cool ng or warm ng was mea
I a needle aprlcator for temperat e recordng }a ng ts tlermoenstive 1] restng ©
dorsal edee of le therm de chamber Letween the n and ou flo  annulae Fe i

Induct on of expe mental d abet s nspdu  Two of the can lae goats €2 €3 2
one of tle thermode anmals T were al o pro del } a par of thermocouyle e ¢ i
ha ngtlerunns lated tps 3 am pheed | laterally n the med an em nence (Fg
one staee du @ the exper mental perod these electro fes were used o produce a raiof
quenc leson n the med an em nen e accord ng to the te hnq c desenibed 1y Gale 1 3
Rad o-frequen  heat ng of tle med an en nen e to 70 C for ) mn_was performed w 1o
anes besa and witl tle - - A~ ndcaton of 2 ¢

d stress was seen du g al onnect 71 I:
tween the | pothalamas occurre e !
the tran ent and tle pe s ntte dhree go

Hyd aton ard « n ng B e gots aba
100 ml of tepd wa er ke bw ! ona h tube one Fr before ur ne col ect on way starte? |
dested the hodra on  uld te man ancd for lo g perods of tme by g g an adtom

00 mlof waerat? ul nena lQteurncwa colle ted n 10 or U@ nsanfles vaa
nt neathe er s ed nto the u nars Halder
O malysr Lrmary N 4 d b o ce trato were detern ned u ng an LF1 flame piots
meterand the €1 op enra o wa deern ned by the mrtdod of Bun 1949 For Jeterm na
tons of urne o molar tv 2 Knaue  oumome er was u ed
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L
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Fe 1 An \ ray picture (lateral view)
of the skull of goat T1 To the left 1s
seen the thermode mplanted medialls i "
i the preopt c/antenor hypothalamsc

vegon The 1eedle apphcator for

recording of the thermode temperature

15 placed between the 1 and o:tler

cannulae of the thermode chamber

Tvo parallel thermocouple electrodes

(covering each other in the picture}

are seen to the night of the thermode -
The 3 mm umnsufated tips of these -
electrodes are located b laterally in the
median eminence D abetes insipidus

a5 induced by rad o-frequency heatiog |
tet een the electrode tips

e,

Results
1 Intraventrscular infustons
It was previously <hown (Andersson ot al 1967) that bref 1nfusions of hypertonic
N\aCl and NH,Cl into the anterior part of the 3rd ventnicle caused a temporary an
fubition of the water diurests of hvdrated goats The anudiwretic effect of NH,CI was
greater than that of NaCl No such kb was ob 1 by stmular infi of
byvpertonic d glucose However while the intraventncular snfusions of hypertonte
NaCl effectively ebicited drinhing in the ron hydrated geat smular infusions of hyper
tonie NH,Cl or d glucose did not induce ans urge to dnnk The apparent dssumlan
ty betwacn central regulanon of water mtake and of ADH release led to the fol
lowing analvsis of the annduuretic effect of infusions of NH,Cl into the 3rd ventncle
Furtl the lach of ) 1c and drinking effects of hypertonic d glucose
made 1t of nterest to study whether infusions of hvpertonic saccharose into the 3rd
ventricle might ehait an of these etfects

Ammonium chlorde

The two-cannula goat C1) was u ed in an attempt to delimut the region of the
brain mediating the antdwretsc effect of the NH,C infusions Repeated brief 3 .
min) mfustons of 04 M NH,Cl were made ahemall\e]) via the front and via the
back cannula of this ammal dunng hvdratien Infusions made into the antenior part

of the 3rd rentrcle (1n front of the massa intermedia) eheited a more pronounced o
nhibimon of the water diresis than did dentical infusions made yto the posteror

fr
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Fig 2 An expenment jn
the two cannula  goat
C1  dunmg hydrauon
demonstrating the stronger
anudiuretic  response  to
brief (5 m a) mfusiony of
NH,CE (04 M) imto tle
amenor part of the 3rd
sentricle (A) as compared
to simlar 1nf sions made
n the postersor part of 11 e
ventnicle (P) newr the er
trarce of tle mesence
phalic canal The { ret two
infustons were made at a
rate of 75 pl/min the fol
lawing two at 15 pl/min

part of the ventricle (behind the massa intermedia near the entrance of the mesen
cephalic cinal) (Fig 2)

Dircct esidence that the NH,Cl induced mhibttion of the water diuresis was die
to a release of ADH from the neurohypophysis was obtained 1n goats C2 and C3
Durning the month preceding radio frequency lesioning of the median eminence of
these ammals brief (2—3 min) lusions (75 pl/fmin) of hypcrtome (085 M)
\H,CI were made sevcral times nto the antenior part of the 3rd ventnele during
hydrtion  These infustons imarmably caused a temporary inhibition of the water
diuresis concomitant with a rise 1 urninary electrolyte concentration However after
the lestoming of the median eminence dunng the transttory and the permanent
stages of diabetes instprdus even prolonged (10 mun) intraventrrcultr anfustons of
085 M NH,Cl solunon did not cause any significant decrease in unne flow or any
rise 1n unnan electrolyte concentration

Intraventricultr inf of sol Ily 1sotontc ta the CSF mdicated
that the NH(Cl 1nduced antiduresis was nol duc t0 2 physiological stimulanion of
a hypothalamuc osmoreceptor mechamism Badf (4 and 5 min) infusions (10 12l
mimn) of 015 M NH,Cl werc made mnto the anterior part of the 3rd ventricle of
three of the gowts (C+ C5 and C6) duning hydraton Similar infusions of equi-
molar NaCl were used as control In contrast to the NaCi tnfusions the mfusims «f
ssotonie NH(CI resulted in a p ed hul) of the water disreus
and a stmultaneous rie 1 unnc asmolarnity (Flg 3 left)

Saccharose

Three goats (C4 €5 and C6) were subjected to 10 min infusions {10 4 /min of
1 M saccharose into the 3rd sentricle duning hydration For comparnon brief 3
min) inteaventricular infusions of 05 M NaCl were abo made at the same rar=
dunng cach hydration period The mfusions of hypertonic N\aCl caused a pro-
nounced inbibitioa of the water diurests and a conspicuous fise 1 urine osmolartty
Hawever tn spite of the larger osmotic load delivered into the 3rd ventncle during
{ these 1nl did not d h the water diuresis or cause

the saccharose
any increase 1n unne osmcdany (Fig 3 nght
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Fig 3 Left Pronounced mhibitton of the water diaresis and a concomittant nse in the unin
osmolanty obtamned bv a bnef (5 mun} infusion (10 gl/min) of sotome NH,CI into the ar
tenior part of the 3rd bran yventnicle of goat C4 For companson 1s shown the lack of effec
of a simlas infusion of ssotorsc \aCl made duning the same hydration period

Right Lacl of antidiuretic effect of 2 10 mun mfusion (10 pl/mm) of 1 VM saccharowe ot
the 3rd ventricle of goat C 5 during hvdration An antidiretic response 1s obtamed by a sul
sequent 5 mn miusion {10 plfmn) of 05 \ NaCl, in spie of the smaller osmotic loa
delivered into the ventnicle during this infusion

In two prelminary expenments 1 M saccharose was miused (10 ul/min) into th
antenor part of the 3rd ventncle for 30 mm in the non hydrated goat These infu
sions did not elicsit disnking while control infusions of NaCl solution of the sam
tonsenty {03 M) caused the espected cumulatine drinking of lrge amounts of water
Further experiments are needed however to prove that the infusion of hypertony
saccharowe into the 3rd ventrcle does not stmulate the thust mechanim

B Local bramn cooling
Affected brawn regions
In three of the goats (T 1T 3) the thermode placement was almost dentica! Duc
to the relamvels large lateral surface of the medually placed thermode, the tempera
tuse of the preoptic region the dorsal part of the antenior hypothalamus and the
sentral septum must have been lowered m these goats dunng cooling (Fig 41 Since
the temperature gradient 15 very steep close to the thermode dunng bran coohing
with this techmque (Andersson et af 19631 1t can be asumed that pnmanh the
medral parts of these brain regions were exposed to cooling A fall in temperature as
far distant as 1n the supraoptico-hypophyseal tract apparently did net occur sice
measurements performed 1n goat T 1 revealed that median emmence temperature
was not lowered during profound central cooling (thermode 25° ()

Due to the different thermode placement mamly the anteniar dusion of the pre-
optic region and more rostral parts of the fore-bram, were exposed to coolt
goat T+ (Fig 4) .

o/



KERSTIN OLSSON

470

T T2
Fig 4 Placement of the thermode chambers in
the four thermode goats used A loweru g of
the temperature of the thermodes of gouts T 1
~T 3 by 8° C or more caused an inhibitron of
the water disresis of the goats which by all
probability was due to a release of ADH Mo
such response was obtamed 1n goat T4 having
the diverging thermode placement The poss

tion of the thermocouple electrodes used to 1n
duce diabetes snsipidus 10 goat T 1 s also 10

T T4 dicated in the figure

<o (1 camAnterior commussure
CM=Corpus mammultare
CO~Chiasma opticum
Ep=Eptphysis

D) - H=Hjypophysiy
MI=\lassa intermedia

N

5

Light shaded area marks the extension of e

1mm 3rd bran ventnicle

Influence on ADH release

A lowering of the thermode temperature by more than 8° C bcJow normal brain
temperature for periods of 5 min or longer, caused a temporary mlubition of the
water dirests and a nse 10 unne osmolanty of goats T 1-—T 3 None of these cffects
was seen 1 goat T4 even when the thermode temperature was lowered to 15°C

An analysis of the antidiuretic response to central cooling n goats T1—T3 re
realed that the degree of anudiuresis was related to the intensity of the local bramn
cooling (Fig 5 above) It was also found that the duration of the antidiuresis was
related to the length of the coohng period (Fig 5 below)

Direct evidence that the obsersed inhibition of the water diuresss was due to 1 re
lease of ADH from the neurohy pophysts was obtatned 1n goat T 1 During the transt
tory and permanent stages of drabetes insipidus induced by radio-frequency lestoning
of the median emmnence conling of the preoptic/anterior hypothalamic region no
Ionger reduced the unne flow or caused any rise sn unne osmolanty (big 6)

‘There was no apparem correlanon berwern the anndrrene and e thermon gl
tory responses to central cooling In all amimals ncluding goat [ 4 (not responding
with anudiresss) the central cooling 1nduced penpheral sasoconstricnion and 3
gradual mse 1n rectal temperature. Dunng the first expeniments made 10 gotts 12
and T 3 strong shivening occurred  The shivering response to central cooling gridual
v duminished dunng the expenmmental penod  No simultancous adaptation of the
anudiuretic response wis obsenved however

1t has recently been shown that cooling restricted to the audpreoptic segion mis
snduce a brisk water diuresis in the ad b hydrated shesus monkey (Hagward and
Baker 19681 For this reason the present goats were alo subjected to prolonged (1
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Fig 5 Abote Two expenments performed 1n goat T2 dunng hydratton which demonstrat
that the degree of antidiuresis 15 dependent of the antensity of the cooling of the preoptic/an
terior hypothalanue region

elon Two expeniments in goat T 3 dunng hydration showing that the duration of the
antidresss obtained by preoptic/anterior hypothalamie cooling 1s related to the length of the
cooling perod

10 2 hr) central cooling (thermode temperature 25 or 30° C) when not pre-hydrated
No water drests developed 1n these expennments

C Local bramn uwarming

The thermodes of goats T 1 and T 3 were also used for local warmung of the sur-
rounding bram uissue during hydration In these experiments the thermode tempera-
ture was mamtained at 41° C for periods of 30 to 60 min As expected from previous
work (Magoun et ! 1938, and others) the preoptic warmung induced polypnea,
penipheral vasodilatanion and a gradual fall n rectal temperature However, the
water duresis and the unine osmolanty were not changed by the central warmmg

Daiscussion
According to Verney (1947) the hypothal ' are not lated
by a rise 1 body fluid tontcity per se but rather by changes m the extracellular fluid
which reduces the volume of the receptors This concept 35 based on the finding that
mtracarond injections of hypertonic sodium salts saccharose and glucose cause a re-
lease of ADH 1n hydrated dogs while similar injecuions of hypertoruc urea are mnef-
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Fig 6 Left The anun
diuretic respomse to local
cooling (thermode 25° C)
of the preopuc/anterior
hypathalamic  region  of
goat T1 before expen-
mental diabetes  namdus
was duced n thit am-
m

DIARLTIE nestpious

THTC aon

2.
Right Complete lack of
response to adentical rool-
i0g dunng the tranyent
phase of diabetes insipndus,
wndicating that the prele-
—————— . sion effect of the central
L A A B T L cooling was due to a re-
tease of ADH from the neurchypophysis A normal antidiuretic response was obtamed by a
sub(ﬂ[utﬂ)t travenous infection (ADH} of 6 mU of anudiuretsc hormone (Vasopressin
“Sandoz"

_ /
T

wk -

Tcenamsaasrensns —

fective 1n thys respect Verney explamed the lack of response o intracarotid tmjec-
tions of urea by the high diffusibehity of this substance This classical picture of the
function of the “osmorceeptors™ appears to need revision 1n the light of Jater findings
that urea passes the blood-bramn barrser very slowly, and that mtravascular mnjec-
tions of hypertonsc urea cause a marked dehydration of the central nervous system
(¢f Kleeman and Cutler 1963)

It was previously found that slow infusions of hypertome NaCl imnto the antersor
part of the 3rd ventricle stimulate the release of ADH in the hydrated goat and ehext
thirst an the non-hydrated ammal {Andersson et al 1967 and 1969) Both effects
may be explamed as due to a stmulatton of ‘osmoreceptors” ivolved not only
the regulanen of the ADH release but also in the regulation of water intake On
the other hand, the previous experiments in the goat resealed that intrasentriculir
wnfusions of hypertamc NH,Cl had a powerful anudiretic effect, but did not elcit
any urge to drink tn the non-hydrated ammal This appeared incompauble with the
concept of an “osmoreceptor™ mechanism having the dual function mentioned above
The present study provides direct evidence thace the antidiurcsss occurnng when
NH,Cl 15 applied n the 3rd ventricle 1s due to a release of ADH, and indicates that
the anterior part of the diencephalon mediates the effect Furthermore, the use of
notome NH(C! solutions has reyealed that the anndiretic effect of NH,CI rematns
mn the absence of owmotic’ sumulation

Ammomum chlonde has becn found to sumulate both normal and denerywted
gangha (Banuster Hebb and Konsett 1949) A sumulanon of the cells of the ¢t rebral
cortex 15 aho obtatned by local appliciton of NH, 1o0ns in low concentration while
ngher concentrations of \NH, inhibits the actnty of such cells (Gore and Mcllwain
1052} Since i the present experiments< 10 «mol of NH,Clinfused into the antenior
part of the 3rd sentncle elicited antudmress 1Fig 3 left) 1t seems more likels that
the antditresss was the result of a sumulators rather than of an mhubitors cffect of
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the NH; 1ons If so the NH, sttimulation appears much more selectine than the
non specific stimulation obtamned by K, since infusions of KCl 1t the 3rd entricle
ehait several effects not seen duning corresponding NHC1 mlustons (¢ g thirst and
aataurests) (Qlsson 1969)

The concept of an  osmometric  regulation of the ADH release 15 to a great ex
tent founded on the observation that wtracarotid infusions af hypertante sacchrose
smulates the re'ease of ADH effectnely 1n the hydrated dog (Verney 1947} That
no antidmretic or donhing response to mtraventricular infustons of hspertonic
saccharose occurred 1n the present goats does not necessanly contradict the existence
of an osmometric  regulation 1 this species In therr studies of the propestes of
the cerebrospinal fld ssstem i the h d goat Pappenh and co-
vorkers (Pappenhermer et af 1962 Hewsev Held and Pappenhemmer 1962} have
found that fructose mnfused o the ventricular system duffuses very slowly through
the ependyma 1nto the bram ti sue and that the mtict ventnicular wall 1s practically
mpermeable to mulin It must b= assumed therefore that very hittle of the saccha
rose infused into the 3rd ventncle of the present goats may have penetrated mto the
bypothal Under such however the saccharose induced hyper
tomoity of the CSF of the 3rd ventncle 01ght 1o have caused a passage of water in
the opposite direction It remains to be explamed why this dehydration of adjacent
parts of the bramn did not ct as a sumulus to an  osroreceptor  mechantsm

Thermoregulatory mechamsms are hnown to influence body fluid homenstasss
and the cold drresis tn man has been attributed 10 an inhibition of the release of
ADH from the neurohypophysts {¢f Bass and Henschel 1996) That a change 1n
the actvity of the preoptic theqmoregulatory center may be imolsed 1n a cold
induced block of the ADH release 15 evidenced by the observation that midpreopirc
cooking 1 the rhesus monhey may induce a water dreresis which can b mhibited
b the admumistration of exogenous ADH (Hayward and Baker 1968) Swnce pre
optic cooling mmtrates a thermoregulatory shift of b ood from the penphery to the
central veins this diuress has been atributed to a reflex volumetric inhtbition of
tre ADH secretion It can not be excluded that cooling imvohiung only the mudpre
©optic regron mray induce a water dwresis al 0 10 the goat However the local cooling
of 2 wider area of the brain including not onhy the preopuc region but also parts
of the anteror hypothalamus and the ventral septum did not elicit any water diuresis
m the non ndrated gott In contrast this cooling mhibited the water diuresis of
drated ammals The expertments performed belore and after diabetes msipidus
had been 1nduced 1n goat T 1 showed that the infubmmon of she water duresis by
all probabutits, was due te a release of ADH This release of ADH was apparently
not related to the mtensity of the thermoregulatory response «f th~ goats and was
not elicated when only the anter or part of the prec puc region and adjacent parts of
the fore bram were affected by the coobng fgoat T4  That a rather profound
coaling was needed to el th~ anud: sests gives 1 further indication that the re
sponse was not mediated by a sumulat on Jf central cold receptors

Of the hypathalamic nevrosecretor colls pnmandy those m the praventricular
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nucler were affected by the cooling The hypothermia may have induced changes in
the membrane permeability of these cells However, a leakage of anudwretic mate
nal out of the neurosecretory cells duning the central cooling seems unlikely, since
the antidwretic response to cooling had already disappeared duning the transicat
phase of the diabetes msipidus, 1e at a stage when neurosecretory matenal must
still have been present 1n the paraventricular cells As mentioned 1n the introduc
tion 3t has been suggested that a neural inhibition of the supraoptico neurohypo-
physeal system may be an essential ink 1n the normal regulation of the ADH secre
tion The possibility remains that the local bram cooling performed n the present
goats may have diminished an inhibitory tonus of this hind This would explan why
the degree of antidiuresis was dependent of the mtensity of the local bram cooling
and why 1ts duration was related to the length of the cooling persod

This work was supported by the Swedish Medical Research Couneil (Project B69 14\ 503 0)
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Histochemical Characterization of a Tryptamine-Like
Substance Stored in Cells of the Mammalian Adenchypophysis
By

Anpers BjSrrLu o and Benat Faren

Recened 28 Februany 1969

Abstract

Bjonvvo, A and B Fatcn Hustochemical characterization of a iry ptamine-hike
substance stored 1 cells of the mammalan adenohypophysir Acta phusiol
scand 1969 77 475—1489

ey . et ' I o,

f .
pitatary fluarophore, moreoner, showed the same

under vanous conditions as does the These h and micro-
spectrofluonmetr ¢ characteristies dhffer clearly from those exhibited by a number of m«hol
and indole compounds, including the biogentc S-hvdrovtryp

(rvptophan The reliability and the sieruficance of the histochemcal erterna are discussed, and
% ¥ concluded that there 15 much to support the view that myptamine, or a closely related
8(3 mndoly1)ethylamune, 15 stored 1n the \nother that may derne
om a hitherto unknown biogenic phemslethylamine was disclosed 1n a large numter of pars
distalis cells not 1dentical with those that possibly store trypramine

Cells displaying specsfic formaldehsde-mduced fluorescence n the Falch—Hillarp
fluorescence procedure hase been d bed 1n the adenoh of

(Dahbtrom and Fuxe 1966 Bjorklund Falch and Rosengren 1967 Bjorklund, Ene-
mar and Falck 1968) The nature of the fluorigemic substance stored in these cells
was dealt with mn a recent report (Bjorhlund and Faleh 1969) This microspectro-
fluonmetric and cherntcal imestigation of pituitary glands from normal and reser-
Pine-treated cats showed that the substance was not identical with the brogemic

catechol (dop. frenaline and adrenaline) or 5.HT \lorcoser
prehmmaq results suggested that 1t could be 1dcnncal with tryptamune To evaluate
this b Pothesss, the possib for the h h of tryptamne

and some related indole pounds by means of fi Idehvde-condensation tech-

miques have been studred (Bjérklund, Falch and Hikanson 1968) It was found that

475
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formaldehyde treatment, 1n combination with treatment with a gaseous oxidant
(ozone) or acrdification of tissue sections after the conventional formaldehyde treat
ment, dramatically increased the fluorescence yield of tryptamine, whereas that of
the biogentc catecholamunes and 5 HT was strongly reduced upon the combined
formaldehyde-ozone treatment There are reasons for believing that these procedures
provide possibilities for a <ensitne and almost sc'ectnve histochemical demonstratson
of trypramine at the cellular level, furthermore, the studies of the rmcrospectro-
fluonimetnic characterstics of tryptamine and some related ammes and amino acids
1n models under the vanous histochemical conditions offered good possibilines for
the mucrospectrofluornmetric identification of tissue tryptamne (see Bjorhlund Falck
and Hikanson 1968) In the present imestigation, these histachemncal proceduses
were applied to the adenchypophysis of the rat, cat, and pig 1n combination with
mucrospectrofluorimetric analyses of the formaldehyde-induced fluorophores It was
found that the fluengenic sub n certam adenohypophyseal cells of all three
spectes behaved like tryptamine 1n models, which supports the view that tryptamine
1s stored normally 1n these cells

Material and methods

Ammals Pitutany glands from 30 rats (Sprague Dawley), 12 cats, and 26 pigs of both sexes
were used The rats weighed 150—300 g they were killed by decapitation under ether
anesthesia The cats which weighed more than 08 he were kifled by bleeding under pento-
barbital sodium anesthes:a 6 pigs (about 3 months old and 20 kg 1 weight) were killed at
the laboratory Iny bleeding under p barb sodsum I The 20 pig
pitustary glands were obtained a1 a slaughter house from appr 53 months old fattened pigs

Hustocherical procedures and (luorescence microscopy Al the pumtary glands were excrsed
within 5 min after killing and immediately quenched 1n hquid propane at the temperature of
fiquid mitrogen except the slaughter house matenal, which was frozen witfun 20~—25 nun after
death After freeze drying the specimens were treated with gaseous formaldehyde and/or ozone
1n a closed sessel (1000 ml) at + 80" €. according to Bjorklund Falck and Hikanson (1968)
Ozone was formed at room temperature from the oxygen of the air inside the closed rearuon
vessel by means of an electnic disch between two electrod; ! by a Tesla corl
with the and the f hyde ' - S o
vescel was vaned by vanying the time of the e1 .
dehyde was generated from paraformaldehy
humsdity thus contmming about 06 % water

Five types of were (1) the specimens were exposed to formaldeln de
gas 1n normal wr at +80 C for | hr (re conenuanal formaldehyde treatment «f Falck
and Owman 1965 2 the specimens were exposed to formaldehyde gas in ozone enrihed
arat +80° C for | hr 3) the specimens were first exposed to formaldehyde gas i normal
ar at +80° C for 1 br and then wransfessed to another vescel withaut formaldehyde in which
ozone was generated 1he <pectmens were then kept wn this ozor e-cariched awr at +80 { for
1 hr t4) the o <teps under 3 were performed in reverse order (5) the speamnens were
cxposed to ozone-enru hied air without formaldehyde at +£0° € for 1 hr Specimens expo
neither to formaldehyde nor to ozane were used as controls To save matenal the cat puun:nry;

lands were usualls divided by a median sagittal secton and the two halies we ¢ treated
differently

In order to compare the refatne vield of the formaldehyde mduced {luorescence ;lhﬂ l;\t
type 1 and tvpe 2 treatments the putwitan glands from 2 rats 2 cats and 3 pigs (from the
slaughter house  were diaded ts a median sagittal section One half of each gland »Bl\’ll!k -
with formaldehvde in normal a;r type | trestmens and the other half with formaldel yu, l‘n
ozone-enciched air (produced by a 20 min discharge in the vessel) re e 2 nnmvenwh
this senes the formaldelnde was generated from paraformasldehyde tqu:lnbmlr;!' m ar e
c.a 30 7% refatine humidinn  about 03 % water content ¢f Hamberger M7 ) s r?e’:‘!’(hx(
tinels low humidity of the pariformaldehyde was chosen since pilot expenments sugges!

~
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higher humdity mncreased the nisk of concentration guenching of the fluorescence in the cat
pars itermedia, which exlubited the strongest specific fluorescence (¢f Results) The two
hahes from the same gland were blocked together in paraffin so that the recordines of the
e aflme am e S Y - ts could be compuared tn the same
.- =+ ce microscopy according to Falch

Falch (1968)
s from glands from the three
. al air {tvpe 1 treatment) or 10
ozone enniched air (type 2 treatment, ozone concentration corresponding ta 20 min discharge)
were fastened to quartz or glass smicroscope shides with a thin laver of albumin ghcenn and
were then deparalfinized 1n wlene for 5 muin The sections were exposed 10 the vapours from
concentrated HCl and \Hy solutions at 1oom temperature for 30 sec—10 min and then
maunted 1w wylene Other sections were deparaifimzed n <wlene and then mounted mn glacial
aretic ad and evamuned after 5—20 min Sections from glands not treated with formaldehsde

©r ozone were ured as controls

In order to compare the fl picture on of onc and the same
section after the vamous treatments sections from glands exposed to formaldehvde gas in

nomal air {type 1 treatment ¢f above) were glued to microscope shides with a thin Javer of
album npl rar ;o an? a o m k- PPN | .. - .
v

Uicrospectroffuortmetric analyses The tecordings of the fluorescence emission and exaita
on spectra were pedformed on sections mounted tn wylene on quartz mi roscope shdes
(Suprasl 18) with a modified Lenz mucsospectrograph The procedure has been descrbed
elsewhere (Bjorklund Ehinger and Falck 1968 Bjorklund and Falch 1969), onlv one altera
Aton of the instrument was introduced 1n the present imestization the original prnsm mono-
chromator for the exciing hight was replaced by a Zeiss M 20 grating monochromator Al
spectra were corrected accotding to the procedures described carlier (Ritzen 1967, Bjorklund
Ehunger and Falck 1968) and the spectra are expressed as relatine quanta sersus waseleneth

vecordings of fluorescence mtensity were perfonmed according 1o Bjorhlund Faich and
Hikanson (1568) on secuons containing nssue from two diffe ently treated hales of the same
gland (cf above) A constant area cosering appr one intermedia cell was measured 1n the
Pars intermedra 30 recordings from each half of the gland were made 1 the pars ntemedia
©n 6—10 sections and the mean alues S F M were calculated Non fluorescent arcas of the
teural lobe were measured n the same way to obtain blanh salues In this way the relatne
yteld of ¢ k de induced n cells after different wreatments
0uld be estimated Because of the errors of this recording procedure as well as the difficulues
of standasdinng the h 2 the intensiy values must be regarded as senn
quantitative (cf Bjorklund Falck and Hakanson 1968}

Results

Fluorescence mucroscopy

4 Concemtronar forma'deks de dreamont Aeer nak fe ldekyde gizs 2t
+80°C for 1 hr mearls all cells in the pars intermedia of the rat, the cat and the 5
month old pigs showed a yellow formaldehyde nduced 1 specific fluorescence with
a cytoplasmatc localization (Fig 1c and 2a} wheres no obvious fluorescence was
seen 1 the pars mtermediz of the 3 month old pigs The fluorescence showed a clear
fading ypon UV irradiation and was quenched when the section was mounted m
water, which 1s charactenstic for specific monoamine fluorescence (Falck and Ow-
man 1965 Corrodi and Jonsson 1967) The fluorescence ntensity was usually rather
constant throughout every single lobe but showed remarkable inter sndnadual vara
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Fae & Lells nv che pracan gland of e e dhpt he & -
trptamine a  Pars distals after ¢ ] d (type 1 treatment ¢f
Matersal and \ethods  The secuon was mounted 1 glacsal arenc acid The cells showed no
speaific fluorescence before the acidificanion The reddish, unspecific fluorescence evoked upon
mounting 10 the acid 1s seen withtn some veseels (arrows) (x240) by Pans dstalis after
formaldehyde treatment in ozore-ennched air ttvpe 2 treatment; (X 1501 ¢) Pars anter
media IP] and neural lobe (NI after consentionat formaldebyde treatment A low specific
¢ 1s «een n the cells and a plexus of delicate raricose fibres 1n botl
lobes exhutat a fliorescence characterisuc for catecholarmines  x 180) d) The same section
asan ¢ after a " exposure to den hed air ftype 2 treatment)
The ntensity of the cellular fluorescence 13 strongly increased whereas the catecholamine
fluorescence 1n the filres has disappeared | x 180




TRYPTAMINE LIKE SUBSTANCE I PITUITARY CELLS 479

Fig 2 Yellow fluorescence charactenstic for tryptamine in the cat pitmitary 2) and c) After
tomentional formaldebyde treatment b) The same secton as in a) after aadifcation by
mounting 1 glacial acetic acid A strong wncrease in the fluorescence Intensity in cells of the
pars ntermedia (PI) and pars distabs (PD) 15 <een upon the acidification \L=neural lobe
The unspe 1fic reddish fluorescence s seen within vessels (arrows) d) The same section as
n ¢} after a q exposure to dehyde mn hed air (type 2 treatment

The weakly fluorescent cells 1n ¢ show 3 stribing werease 1n fluoreecence intens ty after the

ozone treatment %

bons from sometimes barely visible to strong among the cats and among the 5 month
old pigs In the pars mtermedia of the rat the inter mdidual varation was much
less pronounced and the fluorescence weah and often barch visible However
previous results have d hedly stronger ft ce tn the rat pars
intermedia and preliminary obseriations suggest that a periodical possibly seasonal
\anation 1n the concentration of the fluonigensc substance occurs in this species The
rat pituitaries used m this study were obtamed duning October to December 7
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M - )

Fiz 3 Yellow fluorescence charactenst ¢ for tryptam ne in the pars distal sof tle ;¢ 2 an}
€} Afies comnens onal fommaldet yde trrwamert B The same secion as 3 when moumied wm
glacial acetc acid d The same sect on as in ¢} after a subsequent treatmer t w th formalde
hyde in ozonc-enriched air  type ” treatment  ‘Ite very low speail ¢ fluorescence in the pant
d stal s cells after the coment onal formalde! yde treatment shows 2 stk ng ncrease 10 anters
after the ac d { cavon a d afier 1 ¢ pzone treatment X1

3 sml) propests o of the cells 1n the pans sntermedia shewed a moderate to strer 8
fluorescence which was blue with the filter etung used n this study  (With th e
cemmonls used filter setting ¢ BG12 as primany and Zewss 47 + 50 as secondan
filters the crdour was green These cells were mast comm n i pars stermedia of
the 5 month « 1d ptes and rare 1 the cat and rat Some few antermedsa cells with 0o



TRYPTAMINE LIKE SUBSTANCE I\ PITUITARY CELLS 481

detectable speaific fluorescence were usually seen scattered throughout the lobe wn all
the ammals

Besides these cells there appeared a nich system of fluorescent catecholamine con
tmnng fibres mn the pars intermedta and the neural lobe as reported n detall earler
(Bjorklund  Falck and Rosengren 1967, Bjorklund 1968 Bjorhlund and Falck
1969)

In the pars distalis, cells with a yellow formaldehyde induced fluorescence were
sten 1 the cat and the 3 and 5 month old pigs but not 1n the rat after the con
ventional f Idehyd The ft pars distalis cells of the cat
showed a clearly stronger fluorescence than these of the pig which displayed a weak
to sometrmes barely vistble fluorescence (Fig 2a ¢ and 3a ¢) The cells occur m o
large number throughout the lobe The fluorescence showed fadmg wpon UV ir
radiation and quenching upon mounting m water sunilar to the intermeda cell
Tuorescence

B Aadification after conentional formaldehyde treatment Sections obramned
from the glands treated with formaldehvde gas at +80° C for 1 hr were exposed to
HCf vapour or mounted 12 glacal acetic acid (¢f Maternal and Methods) The
aadification caused a dramauc increase i the intensity of the yellow specific
fluorescence of the cells 1n the pars intermedia and pars distabs of all three species
{Fig 1 2 and 3) A large number of cells 1n the pars distalis of the rat and most of
the mtermedsa cells 1n the 3 month old pigs which were non fluorescent after the
T 1 f ldehya displayed 2 mod to strong fluorescence
after acidification (Fig 1a) The yellow fluorescent cells were the only fluorescent
cells seen mn the pars distalis after a short exposure to HCI vapour or when the sec
tions were mounted mn glactal acetic acid After Jonger HCI treatment a second
population of fi cells appeared in the pars distabis of the rat and the 3 and
Smonth old pigs These cells which occurred throughout the lobe extubited a
fluorescence of moderate intensity the emrtted light being blue or green according
10 the filter setung used as was the case with a few intermedia cells {see above)
This pH dependent fluorescence will be dealt with 1n a separate mmestigation The
tensity of the general low and non specific fluorescence 1n the structures outside
the specifically fluorescent cells was unaffected or decreased shightly upon acidifica
tion

In the control specimens not treated wath formaldehyde a very low general back
ground fluorescence was seen (¢f Bjorklund and Falch 1969) This picture re
mamed unchanged upon the vanous types of acidif; except that m
glacial acetic acid induced for unknown reasons a reddish fluorescence within
blood vessels This unspecific fluorescence was seen also m the formaldehyde treated
specimens arrows in Fig 1a and 2bY

C Formaldehyde o one treatments After formaldehyvde treatment in ozone-en
niched ar (type  ozonc+formaldehyde gas | hr +80° C) a fluorescence yield was
obtaned n the yellow fuorescent cells m the pars intermedia and pars distahis which
was much higher than that obtaned after comentional formaldehyde treatment

T (U007 4cta physiol seand FeinI? 4
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Tasie I Relative fluorescence yield of the yellow ﬂuor:scent ntermedia cells of the rat, cat and P
after two difTerent (1) 1e fc !
treatment sn normal ar for 1 hr at +80* C, (2} fc dehyd hed
air for T he at +80° C {the ozone concentration corresponded ta 20 mun ekctnc discharge
4 the reaction vessel} Each pair of recordings were peformed on the two halves of the
same gland (¢/ Material and Methods) The mtensity 15 expressed with the intensity vatue
after the conventional treatment as umit S E M 18 given wathun brackets

Arimal Formaldehyde (1) Formaldchvde+ozone (2)
ratl 100 (015) 1279 (137)

rat 1T 100 (012) 1483 (157)

cat 1 100 {005) 876 (057)

cat 11 100 (005) 1457 (066)

pigl 100 (007) 1861 (149)

piglL 100 (009) 1671 (119)

pglll 100 (014) 1001 (065)

MV 100 1367

(type 1 formaldehyde gas 1 hr, +80°C) (Fig 1,2 3 and Table I) In the pars
distalis of the rat and in the pars intermedia of the 3 month old pigs where no
fluorescent cells were scen after formaldehyde treatment alone, a nich amount of
yellow fluorescent cells with a moderate (0 strong intensity appeared after the
formaldehyde ozone treatment (Fig 1b), the picture being quite stnmlar to that ob
taimed upon acidification of the secttons after comentional formaldehyde treatment
(Fig 1a and b) The increase in the fluorescence yield was maximal at an ozone
concentration obtammed after about 20 min electnc discharge The fluorescence
showed a marked fading a upon UV irradiation and only a low fluorescence was
secn after mounting 1n water o blue fluorescent cells were seen after the combined
formaldehyde ozone treatment not even after subsequent acidification of the sec
uons

A comparson of the refatne fluorescence yicld i the mtermedia cells after
formaldchyde treatment alone and after opumal formaldehyde ozone treatment
according to Table I showed that the Iatter treatment produced a 9—19 tmes
higher fluorescence intensity the average ncrease i the fluorescence yield of the
seven recordings bemng 14 times The magmtude of this increase 1s very similar to
and also charactenstic for tnptamine (Bjorklund Falck and Hikanson 1968)

A similar terease in the fuorescence yield of the cells i the pars intermedia and
pars distalis was obtamned when the ozone treatment was performed after the formal
dehyde treatment (tvpe 3 formaldehvde gas 1 hr + 80 C followed by ozone 1 hr
+80 C1 but in this case 1 maxwmal fluorescence yield was achieved at an ozone
concentration corresponding to 43 60 nun discharge \When the ozane treatment
{more than 20 mm discharge  preceded the formaldelyde treatment (type 4 orone
{he 80 C followed by farmaldebnde gis 1 hr +80 C) a clear decrense in the
fluarescence vield was obsenved campared with the conventional formaldehyde tret

~
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350 400 450 450 500 550 600 my

Fig 4 pH dependent sanations m the excitation and emussion spectra of the yellow fluorescent
intermed a cells of a 5month old pg after comentional formaldehsde treatment Similar
spectra were obtamned from the fluorescent cells in the pars distal s of the pig and cat and 1n
the pars intermedta of the rat and cat
(== after formaldehyde treatment only
( } after f ani mounting 1n glacial aceue acd
{ } after Idehvde treatment and sub esposure to “Hjrvapour at room
temperature for 1 min Al spectra are expressed as relative quanta verus wavelength

ment The decrease was only shght after 20 min discharge but pronounced after
longer discharges o obvtous mcrease m the low unspeaific fluorescence mn the
1anous structures of the prtutary glands was seen when the specimens were exposed
t0 ozone alone at +80° C for 1 hr The h 1 fc 1dehyd: _
te the type 2 and 3 treatments—caused no or only shght increase 1n the general
background fluorescence mn the structures outside the cells that showed specific
fuorescence (cf Fig 1b d 2d and 3d)

Mucrospectrofluorimetric analyses

A Contentronal formaldehyde treatment (1 hr +80°C) The microspectrofluort
metric charactenstics of the formaldehvde induced fluorescence 1 the adenohypo-
physis of the cat after this treatment have been reported earher (Bjorhlund and
Falch 1969 After the formaldehyde treatment the yellow fluorescent cells 1 the
pars intermedia of the rat and the 2 month old pigs and m the pars distalis of the
pig showed excitation/emission spectra with the maxima at 370/49> mu (Fig 4) In
the emission spectrum & shoulder was sometirres recorded atr about 430 my The
emission peak maima of the tssue parts showing the low unspeaific ﬂuomct}
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350 200 450 450 500 550 600 my
Fig 5 Excinauon and emssion spectra of the yellow fluorescent cells 1n the pars distalis of the
rat o specific fluorescence appears i these cells after the conventional formaldehyde treat
ment
2

with f Idehyde 1n hed air (type 2 ozone con
centration corresponding to 20 min electnc ticharge) at +80° C for ) br

( - -) after conventional [ dehy d and subseq m glacial acetic

aad

of the fl e of not f Idehyde treated tissues had about the same posi
tion as this shoulder (cf Bjorklund and Falck 1969) and the height of the shoulder
1n the emission cunves of the fluorescent cells was largely duc to the choice of blank
ussue for the spectral recordings However, wrespectne of the choice of blank tissue
a residual shoalder at 430 my was often recorded (Fig 4» and thus the presence of
two peaks in the 3 of the f¢ Idehyde nduced fluorescence cannot
be excluded

Upon acidificanion of the stetons after the formaldehvde treatment the empssion
mavimum was unchanged or sighth displaced to longer waselengths (500— 510
my) (Tig 4) The shoulder at $30 mu was usually no longer recorded In the excita
uon speetrum a second peak at about 430 mye developed upon aadificavon nd
was often the domunating one after longer times of treatment m acsd (Fig 4) As
reported abomve the 2adificaton caused a tarked imcrease n the intensis of the
pecific flunrescence (cf Fig 24 band 3a b) Al m the pars distalis of the rit and
un the intermedia cells of the 3 month old gy a smlarly pH dependent specsfic
fluorescence appeared in many eells ¢f Fig aj This fluorescence exiubated exaifa-
tion and emission spectra 373500 mp sumilar to those obtained after acidification
from the cells showing flusrescence also after formaldchyde treatment alone (Fig 3)

~



Famaz

os

350 400 450 450 500 50 600 my

Fig 6 Excitation and emission spectra from a yellow fuorescent cell 10 the adenohy pophysts
of the cat after formaldehvde treatment 1n ozone enriched air at an ozane concentration cor
sespond ng to 20 m n electric d scharge 1 1l sessel {type 2 treatment) o changes in the
spectra were scen upon and

Upon alkahnization of the sections {1e treatment with NHs vapour) after the
conventional formaldehyde treatment the intensity of the cellular fluorescence was
significantly decreased and reliable emission spectra—but no excitatton spectra—
could be obtained only from the yellow fluorescent intermedta cells of the 5 month
old pigs The alkalinization caused a shift of their emussion maximum to shorter
warelengths gning a broad emussion peak with the maximum varying between 25
and 495 mu After 1—> min exposure to NH; vapour the peak was narrower and
had the maximum at about 452 ma (Fig 4} someumes with a shoulder at 490—
200 mu The shoulder at 430 mp was most often recorded and was sometrmes
prominent (Fig +)

The microspectrofl ne ck of the fluorescent cells 1n the adeno-
hvpophysis of the pig and rat were thus very sumilar to those of the fluorescent cells
10 the adenohypophysis of the cat (Bjorklund and Falel 1969)

B Iormaldehyde o one treatment {type 2 ozone+formaldehyde gas ! hr
+10°C Also after this treatment the yellow fluorescent cells 1n the pars mter
media and pan distalis of the rat cat and P1g showed very sumilar mucrospectro
fluorimetrie ¢t isties The e maxima were at 375/3500 mu
and no vanations 1n the spectra were seen upon acrdification or alhalimzaton (Fig
5 and 6)
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Discussion

Tn a previous study on the cat (Bjorklund and Falch 1969), the presence of a sub
stance capable of forming a fluorophore with formaldehyde was reported to occur in
most of the pars mtermedia cells and 1 mny cells of the pars distalis and exrdence
was obtained that this fluorophore did not derse from 1y of the hnown biogente
catecholamines (dopanune, noradrenaline adrenaline} or 5 HT' The present in
vestigaton on the adenohypophysis of the rat cat and pig lends further support to
these results Thus the yellow f Idehyde induced ) e 1 the pars tnter
media and pars distalis of all three species showed microspectrofluonimetnic chare
tenstics after formaldehyde treatment alone s well as after subsequent 1cidification
or alkahnization that clearly differed from those of the fluorophores of the biogensc
catecholamines and 5 HT Furthermore the marked mncrease in the fluorescence
yield in the p y cells upon acidif after the formaldehyde tretment s
not seen m the case of these monormines and the markedly higher fluorescence y1eld
recorded upon the combined formaldehyde ozone treatment also excludes them
since the fluorescence yields of these amines are sigmficantly lower after this treat
mwent than after treatment with formaldehyde alone (Bjorklund Chinger and Talch
1968 Bjorklund Falch and Hikanson 1968 Bjorklund and Falck 1969) Moreoser
only very low concentrations of catecholamtnes and 5 HT have been found in the
pars distalis of the pig pritwitary where numerous fluorescent cells accur (Bjorklund
Falch and Rosengren 1967)

The fluorimetric and

1,

f 2l char of this monomine
Iihe substance are very simular to those obtaned from tryptamne mn fistochenneal
models (1¢ the amine enclo ed in protemn or sucrose ghycine films) and 1t 15 possible
to disttngunh them from those of a number of closely related indole compounds
such as tryptophan N methy! typtamine indole 3 acetic acid 5 hydroxstrypramine
(¢f above) 5 hydroxytryptophan 5 methovytryptamine 5 methoxytryptaphn
NN dimethyltryptamine and mehtontn (Bjorklund Faleh and Hikanson 1968)
Thus there 15 much histochemucal evidence that tryptamne 1s stored i cells of the
pars intermedta and pars distalis On the other hand prelimtnany attempts to solate
tryptamine from the pitutary gland of the rt and cat according to Hess and Uden
friend (1939) as modified by Eccleston et al (1966) have so far becn ansuccessful
At present 1t cannot be excluded thut the sensitnty of this method 5 two I to
detect the amount of tryptamine that may be present in the piturtary
How reliable then are the histochemictl criterr? It ss generally considered that
the fluorescence method of Ealek and Hillarp possesses a hugh speaificity for certun
indole and catechol amines and their immedaate precursors (Falck and Owman 1965
Corrodi 1nd Jonsson 1967 Jonsson 19671 The molecular req itrements for the Pictet
Spengler condensition reaction to tahe place nd for the development of strong
\stble fluorescence under the histochemical standard conditions are such that onh
(3 indoly[jethyJammes and 3 hydroxsiated § phemietylimines will gne 2 usel 1!
fluorescence in the listochemical reactton as far as 1s known at present (Gorrods and
Jonsson 1067 Jonsson 1967 [Tus concept finds strong support in a vast number of
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studies on different types of tissues and on histochemrcal model systems In other
words, a sigmificant fluorescence that appears when tissues are treated according to
the comventonal histochemical procedure (¢f eg Fakk and Owman 1963) will
most probably be due to substances belonging to those groups The fluorophore 1n
the pitustary cells showed the earlier proposed enitera for a speaific monoamme
fluorescence (sce Dahlstrom and Fune 1966) (1) 1t 15 mnduced by exposure to
formaldehyde gas, (2) 1t gnes a posine sodmum borohydrde test according to Cor
todi et al (1964), (3) 1t fades upon irradiation \uth UV hght, (4) 215 quenchtd
by mounting 1n water Moreover, the ric and h h
charactensstics of the fluorophore were similar to these of the tryptamine fluorophore
(in model systems) as judged by the following critena (¢f Bjorklund Falch and
Hikanson 1968) (1) the fluorescence excitation and emmssion spectra after conven
tional formaldehyde treatment, (2) the spectral changes upon acidification and
alkal after conventional formaldehydi (3) the changes in the
Ruorescence yteld upon acidification and alkahnizanon, (4) the increase n fluores
cence yteld upon btned formaldehy d (5) the fluorescence ex
cuation and emussion spectra after the formaldehyde-ozone treatment, (6) the
spectral changes upon acidif; and alhal. after the f Idehyd
treatment Taken together, these 10 criterta point to the presence of tryptamine or a
closely related 8(3 indolyl)ethylamune 1 the prtustary gland

It s well established that tryptamne 1s formed in the body Tryptanmune has been
ssolated from unne (Davies ef af 1923 Rodhmght 1956 Sjoerdsma ot al 1939 Do-
naldson 1962 Gottfnes and Magnusson 1963) and this tryptamine was found not to
onginate from the 1 bactena (Sjoerd: et al 1939 Donaldson 1962) The
excretion of tryptamine can be marhedh increased by admmsstration of a mono-
amune ovidase wnhibitor and as much as 1 to 3 mg of tryptamune has been estimnated
to be formed and metabolized per day 1 man under normal condittons (Hess Red
field and Udenfriend 1959) Mo sigmficant amounts of tryptamine howeser, have
been 1solated from normal mammahan trssues (Hess and Udenfriend 1959 Eccleston
¢t al 1966) Hess and Ldenfnend suggested that this was due to the msufficient
sensttivity of the method used 1n fact after monoamine oxidase whibion detect
able levels of tryptarmine were found 1n the guinea pig Iner but not 1n the bramn
{Hess Redfield and Udenfriend 1929 Eccleston et al 1966) Cell systems normalh
forming and storng tryptamtne have not so far been demonstrated but the possibilits
that such sistems exast an the adenchypephysis should now be considered In this
connexion 1t 1» of interest that histochemical studies (Matust and hobayashi 1963
Dahbstrom and Fuxe 1966) suggest the occurrence of aromatic amno acd decar
boxylase and owdase 1n the adenohypophysis which has been confirmed
1 prehimuinary biochermical studies on the pig prtuitarv gland (Bjorklund and HA
hanwon unpublshed obsenvations)

It has been clearly demonstrated that the vield of the tryptamine fluorophore 1s
much higher after the combined d than after comen
tional formaldehvde treatment precumably because of an increased oxidatne

-
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hyvdrogenation of the 1miual condensation product (Bjorklund Falck and Hakanson
1968) Also acidification after comentional formaldchyde treatment evokes a sub
stantial nise 1n the fluorescence wntensity In fict either treatment produces a final
fluorescence intensity from tryptamine which 1s higher than that obtamned from e g,
! Irenaline and adrenahine in the Falck-—Hullarp method The formal-
deh)dc-ozonc reaction and the acdification of tisue sectons after formaldehyde
treatment have recently been successfully apphed on tryptamine contaimng tissues
‘submaxtllary gland 2nd pancreas imcubated 1n a tryptamine solution) showing that
an intense specific fluorescence can be obtained which stands out brillantly agamst
an csscnually dark background (Bjirhlund, Falck and Hikanson 1968) It was also
J that tryp too low 1o be d d by the Falck—

Hlllarp techmque can ea«ly be detected in these procedures Much argues for the
vicw that the above mrentioned pitutary cells store tryptamine and if this be so the
apphcability of the fluorescence methods according to Bjorklund et al (1968) hwe
been demonstrated on storage sites for endogenaus tryptamine also at concentrations
100 fow to be detected by the comentional Falch—Hillarp techmique only after
these treatments could the fluorescent cells in the pars distalis of the adult rit and

n the pars mtermedia of the 3 month old pig be visualized
The acrdification after the conventional formaldehyde treatment also disclosed 2
second population of fluorescent cells in the pars distalis of the rat and pig the light
crmtted by these numerous cells being similar to that exhibited by the catecholvmine
fluorophores Ncyertheless this fluorophore cannot derve from any of the hitherto
sdentified brogenic catecholamimnes (or dopa) the {fluorophore yield of adrenahne 18
low under the reaction 1 uted (Falck Haggendal and Owman 1963 Nor
terg Ruzen and “Ungerstedt 1966) and upon acidification of the sections the
tensity of the noradrenaline and adrenaline fluorophores will considerably decrease
whereas the ntensity of the dopamme (and dopa} fluorophores will be onfy shightly
affected (Bjorklund Ehmnger and Falch 1968) The substance responsible for this
second type of fluorescence has not yet been identified but ats presence suggests that
monoammnergic mechanisms may operate n more than one cell populition n the
pars distahs

Thus work was supported by grants from the Unied States Pul hic Health Service (No 0/ 701
02) and from the Faculty of Medicune Unmersity of Tund and was camed ont wat] o 2 1¢
search orzanisation sponsored’ Oy tfe Swedish edteal Researclr Lo (Projece Se BE
14\ 56-05C and BA9 14\ 712 04C)
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Abstract

Griuiner, S The influence of DOPA on the static and the dynamie fussimotor oc
tieity to the triceps surae of the spinal cat Acta physol scand 1969 77 490—
509
The influence of descending  noradrenergic  fibres on the stretch reflex and the discharge of
~ motoneurones to the trceps surae has been analysed by injecung DOPA 11 1n the acute
spinal unanesthetized cat After DOPA a tonic stretch reflex develops an the soleus muscle as
revealed by an mcreased electromyographical actinity on extension of the muscle In parallel
static ¥ motoneurones aqcutre a resting discharge which can be inferred from the finding that
secondany endings have an elevated discharge rate after DOPA  [he discharge 1n single %
efferents could be influenced through short latency reflex paths from alferent fibres including
group II afferents further the y-efferents were found to particpate i the late and fong
Iasting reflex effects that can be evoked after DOPA On the Lasis of their restng discharge
and reflex effects the y-cfferents recorded could tentatinely be identified as static or dynamic
Both static and dynamic v motoneurones to extensors have a higher resting discharge after
OPA Hence 1n contrast to prevtous findings on flesor y motoneurones no reciprocal control
on the resting discharge in the two tvpes of efferents 1s exerted Only ¥ motoneurones classificd
as stane receved monossnaptic actnation from fast descending fibres presumably sestibulo-
spinal

An 1y njection of DOP A in the spinal hetized cat causes a profound change
i the reflex trinsmission 1n the spinal cord (Anden ¢f af 19663 Jankowsht ef &'
19672 b Gnllner Hongo and Lundberg 1967, The effect of DOPA can with
reasonable certainny be ascribed to the rilease of noradrenaline from descending
‘noradrenergic  fibres  Anden Jukes and Lundberg 1966b Jurna and Lundberg
19681 An 1y imjection of DOPA in the spmal preparation exerts a recsprocal effect
on the reflex control and the spontancous actiity 1n dynamie and stane |, moto
neutones to flexors in that the reflex effects and the 1esting discharge 1s depressed i
dynamic but enhanced 10 stane  Bergmans and Gollner 1968 a 1967

The present imestigation s concerned with the influence of DOPA on the resting
discharge and the reflex control of dsnamic and statc , motoneurones to the trceps
surre Reflex effecss 10 these  nw Dneurones were imestgated previously i detail
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by Hunt and Pamtal (1958} They found a large vanability in reflex effects and
concluded that @ and | differ derably 1n respect to their reflex
connections Their study was howeser, peformed before the discovery of dynamic
and static ; motoneurones {Jancen and Matthews 1962a Matthews 1962) 1In the
spunal cat recordings of muscle spindle alferents from extensors suggest that dynamic
7 motoneurones, 1n contrast to stauc, have a resung discharge and can be reflexiy
actnated by repetitive nene stmulation {Alnaes Jansen and Rudjord 1963) It
will be shown that static, motoneurones acquire a resting discharge after an injec-
tion of DOP, and that m paraliel there occurs 1 tonic myotauc seflex which 1s not
present m the acute sptaal cat but which is well known to occur n the decerebrate
preparation (Laddell and Sherrington 1924), when static fustmotor actiity s
abundant (Jansen and Matthews 19622 b Jansen 1966)

Methods

24 cats were operated upon under ether anesthesta and subsequently intercollicularly decere
brated or anemically decorticated (\oorhoeve 1960 Anden ef al
Operation procedure 1he cats were spinalized at the lower thoracic lesel and the spsi and
the contralateral sentrolateral funicles were separated and mounted on sumulat on electrodes
further a lower lumbar lamecsomy (L4—L7) was performed
n the experiments where spindle afferents were studied the ipsilateral (left) hindhimb was
denervated (cf Bessou and Iaporte 1965) except for the nerve to the soleus muscle The
plantaris and the late al castroenemius muscles were removed The soleus tendon with s bony
msertion was separated from the calcaneus The tubia was riqidely fived at its proumal and
istat ends by steel pins dnlfed anto the bone
Tn the experiments where single y-efferents were stud ed filaments 10 the lateral or medsal
B3strocnemius muscle were d ssected Ips laterally the sural nerve and the nerve to PBSt and
- . 2 % hamstring and the
. ft intact The skin
pools which were
was controlled and
. and low molecular
dextran (Macrodex R) The blood pres ure was continuoushy recorded and presented from
fll ng below 50 mm Hg
In the latter type of experiments the cats were artfically respirated and curanzed with
gallamine triethiod de (Flaxedil®
Isolatton of spindle afjerents Small filaments were taken from the dorsal roots of L7 which
were otherwise lofe wtact The isolution and idenufication of sngle spindle afferents were
performed comventionally (¢f Bergmans and Gnilner 19682a) The endmngs were identified as
being of the sccondary type by thewr conduction velocsty (< 2 mjsec) {Hunt 1323) The
secondary endings recorded from had conduction velocities between 37—50 m/sec
Tsolation of  efferents Swgle y efferents were 1solated 1 peripheral nenve filaments to the
era .

root
been
ot ( i Hy 2 3

wave le sumuli short trans (mtenals usually 25 or 3 msec) or a continuvis
tran o ::;im&:xg amale interals could be delnered to the perpheral nerves Single strmuls
or short trams of pulses were never repeated more often than once every 3rd second Activiny
1n the  efferents or afterent libres was recorded bipolarly with Ag—AgCl electrodes Afferent
volleys were mon tored through a surface electrode at the dorsal 160t entry zone of the appro-
Prate segment The electromyographical actiity in the soleus muscle was recorded between
2 plat mun efectrode restmg on he surface of the proximal part of the soleus mauscle and an
wnchfferent electrode n the crural muscles The tecord ng electrode was mounted on a weak
sprng gng an een pressure on the muscdle The tension developed in the muscle was
measnreq with a stran gauge in series with the tendon the former was mounted on a mans
pulator through which the length of the muscle could be changed o any desired value

rr
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Fig 1 The stretch reflex in the acute spinal cat before and after DOP\ Upper traces m the
two upper senies show the EMG recorded on the surface of the soleus muscle before and after
an injection of DOPA and the lower beams the tension in the teadon of the soleus muscle on
a slow extension (5 mm) in two steps The lower two senes show the actinaty evoked in a hila
ment (ten) to a flexor muscle (upper traces) and the EMG of the soleus muscle (lower
traces) after stunulaton of a contra (coH) and an spsilateral (1ABSm) nene 1onglastiug
alternate flesor and extensor actnaty 1s evoked 1mnally extensor from colf and flexor from
1ABSm The sumulation strength s an this and consecutise figures expressed s multiples
of the threshold for the most excrtable fibres The graph to the right shows the tension ex
pressed 1n newton (N) (100 gwt=0981 N} in the soleus muscle at cifferent levels of ex
wension {mm) after DOPA (AD) and after de efferentiation (DE) Time and tension calibra
tons as indicated

Abbreviations apsilateral 3 contralateral co wentral root VR, Hamstring nenes H,
postenor biceps semuendinosus PESt anterior biceps semimembranosus ABSm suralis Sur,
tenusymus ten gastrocnemius G toleus S excitatory postsynaptic potential TPSP inhiln
tory postsynaptic potential IPSP threshold thr mullnolt mV newton, N milhsecond msec
pulses per second pps, Flexor reflex afferents (1e group 1T and 111 muscular affecents cuta
neous and goint afferents) FRA

Terminology  Inhibstion  will be used for Loth disfacahitation and postsynaptic mhal tion
The term flexor reflex afferents (FRA) 13 used when effects are esoked in common {rom group
11 and II1 muscular afferents cutancous and joint afferents It does not smply that these
afferents always exert the same effect

Results
I The influence of DOPA on the streteh reflex
A tome stretch reflex ean b elicted in both the decercbrate and the chrome spiml
preparation but not in the cute spinal cat (Laddell and Shernngton 1924 Deony-
Brown and Liddell 1927) The two upper series of records 1 ig 1 show the FMG
recorded on the surfie of the solcus muscle and the tension i the tendon of
the muscle A slow extension of the muscle evokes no a¢tinity pnor to a1y anpec-
won of DOPY but after DOPA there occurs a gradually anereasng electro-
myographical actnun and sumultancoush the tension in the muscle 16 increxsed The
FAG 18 muntuned 1t a Iugh level s fong s the moscle 1 stretched In big 2 the
EMG 1 the soleus muscle 15 recorded sn the Jower beam dunng mntuned stretch
i different extensions bedore DOPY 14 C) and after DOPA (D—T) In D twa

4y
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Fg 2 The imfluence of DOPA on the discharee rate of a secondary ending Upper traces
show the actinity 10 a secondary ending and the lower traces show the electromyographical ac
¥t recorded on the surface of the soleus muscle The d scharge rate and the electromyo-
graph cal actiaty 15 shown at different levels of exiension before A—C) and after an injec
ton of DOPA (D—F})

lmm

motor units are actine n E and F successnely more umits are recruited The m
crease of tenson m the tonic stretch reflex of the d b 15 ob d
largely through the recruitment of new motor units and not through a frequencs
modulation of the active units {(Denny Brown 1929 Gramt 1958) It 1s may tmpres

sion that within a rather wide range this holds true also for the tomc stretch reflex
obtained 1n the present preparation (¢f Fig 2) In the graph of Fig 1 the tenston
developed v ersus extenston 1n the soleus muscle 1s plotted after an mjection of DOPA
(AD) and also after the nenve to soleus has been cut (DE) The tension developed
after DOPA 1s dependent on the length of the muscle and 1> constderably higher
than during extension of the passne muscle Hence the muscle must be actnely
contracting The steeper tension extension relation after DOPA 15 partly due to dif

ferences between the properties of the active and the passive muscle fibres (¢f Gra

mt 1928 Matthews 1959 a) but also to the increased motoneuronal actnity (cf

EMGinFig 1 2)

A tonic myotatic reflex could be demonstrated n six out of seven preparations In
all by one {Fag 1) the presence of a towe stretch reflex was wnestigated sl
taneously with the recording of spindle afferents from the muscle For this purpose
Parts of the dorsal roots were cut This might explam the lack of effect in one cat
The stretch reflex obtamed varted sometimes from one trial to the other For these
reasons no attempt was made to evaluate systematically the static or dynamic gam
of this myotatic reflex Furthermore the gam of the stretch reflex should presum
ably be estimated by stretchmng the muscle together with 1ts synergists since the
amount of h us Ia from at the same Joint 1s con
able (Eccles Eccles and Lundberg 1957 ci

/‘ “
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Fig 3 The frequency—extension relation of two secondary endings before and after an ing
uon of DOPA {100 mg/kg) The discharge frequency {ordmate) of the secondary endings a
plotted sersus the extension of the soleus muscle (abscissa) before (BD) and after (AL
DOPA and after an intravenous injection of Flaxedil® of 80 mgl/kg blocking the inerafus
neuromuscular transmission (DE)

II The influence of DOPA on the discharge of secondary endings

The tontc myotatic reflex occurring i the soleus muscle after DOPA might
zelated to an enhanced actiity in the ,-loop and st 1s of particular interest to hno
if any changes occur m the static fusimotor actiity, since only dynamic 3 mot
neurones appear to have a resting actnaty in the spmal cat (Alnaes o2 al 1963
Since secondary endings are influenced only from static y-motoneurones (Appelber;
Bessou and Laporte 1966, ¢f Brown Fngberg and Matthews 1967) changes of t
discharge 1n secondary endings provide nformation ndirectly on the activity t
static , motoneurones

Fig 2 shows a «econdary ending at three different levels of extension before DOP.
(A—C) and after (D—F) In A there 15 no resting actisity but at the same musc!
length 1n D the ending has acquired a discharge of 23 pps The dicharge rate
enhanced also at the other levels of extension (B, E, C, F)

The friquency extension relation of two secondary endings 1s plotted 1n Fig
before (BD) and after DOPA (AD) The endings start finng at lower extensiof
(28 and 3 mm respectinely) after as compared to before DOPA At all extensior
the firng rate 45 higher alter DOPA but the dilference 1s smaller at Jugher exter
sions which presumably 1s due to the development of an mercased extrafusal ac
mvity In the dagram 1o the left also the discharge rate after 1n injection of Flaxed
(DL} at a dosage blocking the mtrafusal as well as the extrafusal transmission (Hur
1952) 1s shown The discharge rate 1s not apprectably different under de-efferente
(DE} condiuons ind before DOPA (BD) 1+ 1n the normal spinal cat

Fue out of six secondary endings showed an increased discharge rate after DOPA
Smece this increase could be ob cried alo when there was no sign of electronnyc
graphical zetnats i the muscle it v anhikely to be caused by mechanica interac
uon but 15 rather due 1o an «nhanced fusnrotor actvaty The ainnenation 6
muscle spind'es Besscw monet Donand and Laporte 1965) seems mamly to 10~
fluence the dynamic sensitnaty of prmary endines The elfe t on sccondary endings,
Lowerer » ot known Since aceeleraton of secondary endings has 2l been ob-
-
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uned without apparent EMG acunity the most likely explanation s that there 1s
an increase of the resting discharge n static , -motoneurones since the secondary
endings are not nfluenced from dynamic ;-motoneurones (Appelberg et al 1966
¢ Brown ¢t al 1967) Furthermore, a nneriation of muscle spindles within the
soleus muscle seems to be comparamely rare (Brown Crowe and Matthews 1965)
The stmianty between the discharge rate before DOPA and under Flaxedil -
dicates that there 15 no or a low level of actnity 1 staue ~motoneurones tn the
spinal cat (¢f Alnaes ¢t al 1963)

N1 Recording from single 3 efferents
2 Resting actiaty

There 15 conflicting evidence concerning the existence of a festing activity n fusi-
motor newrones supplying extensor muscles 1 the spinal cat Thus the results of
Hunt and Paintal (1958) and Alnaes ez al (1965) indicate that there 1s a resting
Activaty 1n part of this group of ;-efferents but this has been demed by Diete Spiff,
Dedsworth and Pascoe (1962) and Voorhoeve and van Kanten (1962)

In the present senes of low spinal unanesthetized preparations a resting acuvity
was usually encountered when recording from filaments before the 1solation of single
umts A gesting actiaty was obsened m 4 of 15 recorded single umits with a fre
quency of 40, 22 20 and 8 pps

Since the level of resting actnaty can be mfluenced from a wide receptie field
and by rather unspecific sumult (cf below ) the possibility that the resting activity
could be due to the rather extensive operatne wounds had to be considered To test
this one cat was spinalized and only a minmal mciston was made to expose a
filament of the lateral gastrocnemtus muscle The mcision 1n the skin was wfiltrated
with ylocain Nevertheless a resting act ity was encountered m several units of this
f'ament and also n other filaments which were later exposed Hence in confirma
107 of Hunt and Paintal (1928) the<e results indicate that there is a resting acuvity
in part of the , efferents to gastrocnemuus in the spinal preparation

InFig 4 two umts (A—-C D—F) one with no resting actvity and another with
a resting discharge rate of 20 pps are shown (B E) After an mtravenous mjection
of DOPA both umts are acce'erated to 83 and 45 pps respecinnely In the diagram
on the right hand the resting discharge rates of all , efferents mvestuigated are
presented before and after an mjection of DOPA All units except ope which was
Tt Influenced were accelerated after the mjection of DOPA Hence 1n contrast ro
flexor y motoneurones {Bergmans and Gnllner 19682 1969) there 15 no indicatron
of two types of , efferents m which the spontanecus actity 15 influenced mn an
opposite direction following the mjection of DOPA

The relatne regulanty of a resting discharge 1s conventently expressed as the co-
efficient of vanation (CV) 1€ standard deviation orver the mean for the duration
of successive interspike tenals Stationanty of the discharge was cheched for by
plotting the duration of successne mtersals (n>50; The CV for seven umits ranged
between 0 14—0 24 The CV did not change after DOPA m three of the u?

rd
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Fig 4 Resting actnity in ~ efferents before and after DOPA A—F show two 5 efferents
wdenufied by stimulation of the ventral roots (A, D), one with no resting discharge (B) and
another with a discharge of 20 pulses per second before DOPA (E) Both efferents are ac
celerated after the injection of DOPA (C, F) The graph to the nght shows resting dischargze
rate before and after the 1njection of DOPA for the 15 v efferents recorded

had a resting discharge before DOPA, although the resting discharge ncreastd The
interval histograms were esther symmetnic or had a shght degree of positive shew At
the end of the expeniments the dorsal roots of L5 to $2 were usually transected
bilaterally The discharge frequency was decreased but not entirely abolshed, the
CV and the degree of positine shew, however, increased

b Rejlex effects evohed wath short central delay
Previous 1investigations of the reflex connexions to s-motoneurones, particularly those
distnbuted to extensors have not yielded any clear-cut pattern {Huut and Pamtal
1938) A fraction of the j-motoneurones to the medial gastrocnamius muscle hase
no background discharge (Hunt and Pamtal 1958) in the high spinal amimal In
this group several neurones could not be exested by electrical stimulation of amy
penpheral nerve and the interesting possibility that there are no short latency puth-
way to these neurones has been considered Whether a cell with no resting discharge
1s 10 fact exated and subthreshald for exoking a spike, inhibited or prosided with
no reflex connextons can only be tested with intracellular recording or after the
inducement of a resung discharge

Cells with a resung discharge (4/15) could all be influenced after a short seg-
mental latency through excitatony or infubttory tor disfacilitatory) reflex paths o]}
the remainder a reflex discharge could be evoked in five neurones but in six no
reflex effects were obtained although stimulition strengths with single and repetitive
Yincks (3—5) up to 50 tumes thrrshold for the most excitable fibres were alwys
~
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Fig 5 The reflex actnation of two v-¢fferents after DOPA that could not be reflexl; ac
tated and neither had a testing discharge before DOPA The discharee of a y-cfferent 1

b ly rep: each Tine indicates one sweep (time) and each verncal
bar the oceurrenee of one tpike The sumulation 1s set up in the begnming of cach sweep
{laree verncal bar) The two left columns show one umit spontancously discharging 1n which
the resting discharge 1s inhibited from the sural nerve and the nenc to PBSt The column to
the right shows a umt with a lower actnaty which 1 actvated on sumulation of the sural
nernve

tested After DOPA short.Iatency reflex effects could be evoked in all ; moto-
neurones, which presumably 15 related to the occurrence of a resting discharge
(Fig 4)

Fig 5 shows the reflex effects to two , motoneurones that could not be influenced
before DOPA  Each honzontal line represents one sweep (tme) with the sumula-
tion set up tn the beginning Each vertical bar represents one action potential In the
penod between 10—35 msec after the stmulation of the sural nerve no spike occurs
although the mean 1nterval 1s only 15 msec and at higher strength the silent penod
has a longer duration Inhibitory effects are evoked aho by sumulation of a muscle
nenve (PBSt) At higher strength the spikes preceding the discharge interval had a
very stable latency suggesting that the inhibitory period was preceded by an exaita-
tion. The senes to the night are from another cell that was activated at a rther
‘vanable lateney at a sumulation strength of 4 2 tumes threshold from the tpsilateral
sural nerve but at a more stable latency at 83 umes threshold

7 can be nfl d {rom and cular afferents and
alsa from jomnt afferents (Hunt and Pamtal 1958 Grillner, Hongo and Lund 1969)
That group II muscular afferents contribute to these effects w1s stated by 1 oor
hoeve and van Kanten (1962} and this has been confirmed for fleor ; moto-
neurones by Bergmans and Gnllner (19694 Fig 6 shows a G—§ ;-motoneurone
that recenes excitaton from psilateral nerves (B—D) but no evident effects from
the contralateral side The graph to the nght shows the finng index

no of reflex responses
(1 e X 100)

no of trials
plotted \ersus stmulation strengths of the nene to ABSm expressed n attiples of
the threshold for the most excitable fibres, sumulated with single 1d * “¢
[
669305 Acta phy ol scand 3ol T 4
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Fig 6 The reflex effects evoked from group II and other afferents Upper traces show the
records from one ¥ efferent (before DOPA) in a filament to the Jateral gastrocnemus (cf A)
The lower traces show the activity recorded at L7 dorsal root entry zone The efferent 1s dis
charged from the sural {C D) and the semitendinosus nenve (B) The graph to the night
shows the finng index (¢ text) plotted versus stimulation strength expressed 1n multiples of
the threshold for the most excitable fibres of the nerve to ABSm The finng inde< 15 shown
with single sumulation and after three shocks and 1s based on 10 obsersations except at single
stimulation at 5 thr when only six obseriations were made

stimuly (3 shocks) The cell 15 not actinated at 4 tmes threshold, but 1 100 ¢ of
the cases at 5 times threshold with 3 shocks, but only at 15 S0 with single stimult
The finng indes 15 increased to 50 €¢ at 7 times threshold showing that afferent
fibres actinated 1n this range contnbute to excitaton Since group I afferents are
actnated at a range between 2 5—8 times threshold (Eccles and Lundberg 1959)
these results demronstrate that j-motoneurones can be influenced from afferents con
ducting 1n the group 11 range However it should be noted that these afferents
might not be enurcly composed of spindle afferents with secondary endings (cf
Barker 1967) In most ,-efferents excitatory or inhibitory reflex effects could be
revealed either before or after DOPA at group IT strength

Coactnation of @ and , efferents 1s shown i Fig 6 B from the nenve 1o PBSt
At lugh stimulation strengths both were always actnated thus demonstrating an «
;-imkage 1n reflex effects although the pattern 15 not that of the flexor reflex Even
at hugher strengths only one spihe was evoked in the , cfferent from the PBSt
Although sumulation of the sural nerve chicited two sprhes in the , efferent the «
motoneurone was not dischasged Hence the synaptic effects from the two nenes 10
these ¢ and , motoncurones were not distributed exactly tn parallel In all filuments
recorded from at least one «a efferent was present but only mn three cases were these
efferents discharged from spsilateral muscular or cutaneous nenes thus indicating
an a , hnkage In the other filaments when excatatory effects were resealed 1n the
1 the nes were not discharged which might be due to
duffe es 1 reflex org or merely reflect a higher threshold for activaton

In the nenes from the thigh muscles I afferents have a hugher threshold for acusaton than
1a afferents (Bradley and Eccles 1903 Fecles Lecles and Lundberg 1957a) and by careful
grading of the sumulus strength the a tnation of la fibres can be separated 1rom b Onc
aeellerent recening excnators actin matnl (rom spulateral cutancous and muscular nen ey
~actnated from the nene to semitend nosus  The f ring ndex was succesnely snerrasec
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It was more difficult to chert reflex effects from the contralateral hamstning and
sural nerves than from 1psilateral nerves The y-efferents tested were rarely actisated
at a stable latency but more often the stimuli were followed by excrtatory effects
revealing themselves as a slight shortemng of the interspike mntervals of a few suc-
cessive spikes, probably being due to synaptic effects with a gradual onset and cessa-
tion Inhibitory effects could be evoked 1 a few cells It should be noted that the
crossed extensor reflex to the gastrocnemius 15 usually very small (Eecles and Grant
1929) and that excitatory crossed reflex effects to extensor motoneurones were
Ppresent only 31 50 €5 of the acute spmal preparations tested by Holmgvsst (1961),
the remainder no, or inhubitory effects were evoked Theee expermments were, how-
exer, performed with monosynaptic test reflees that presumnably gne a preference
for testing slow motor unts, since their motoncurones recene larger EPSPs (Eccles,
Eccles and Lundberg 1957 ¢) This might be of importance since differential effects
from tpsilateral cutaneous nerves can be exerted on slow and fast motor wmits (cf
Discussion below)

In the magmnty of j-motoncurones a larger reflex response could be elicited after
DOPA. 14 tmor , however s ly actne (20 40 pps) before DOPA
the reflex effects were less pronounced after DOPA Since nuxed effects (f Fig 5)
were often encountered, a depresson of the reflex response might not reflect a de-
creased efficiency in that parucular pathway but the facilitation of a pathway with
oppostte clfect Fnally 1n some instances the reflex effects eheited at low strength
seemed to be depressed after DOPA but the reflex discharge at hugher strengths
could be enhanced

© Hepetitrve nerve stimulation
Alnaes, Jansen and Rudjord (1960) actnated dynamic but not stasic y motoneurones
with repetiive nerve stimulation at 40 pps n the spinal cat Repetitive stimult at
different frequencies have differennal effects on stauc and dynamic , motoneurones
to flexors (Bergmans and Gnllner 1969) Extensor , motoneurones that could not
be activated with single shocks or a short tram of pulses could neither be activared
by longlasting repetitisc sumulation at different frequencies, only occasionally a few
spthes were elicited

In Fig 7 the discharge frequency 1s plotted versus simulation frequency The left
graph (A) shows the response of a sp 1y disch unit to ) of
the contralateral sural nerve There 1s 2 positive correlation between discharge fre-
quency and stimulation rate On the other hand a umt reflesly acuvable with single
stumuls 1o coSur but with no resting discharge 15 shown 1n B, where the discharge
frequency 1 enhanced to 40 pps at a sumulatron frequency of 10 but 1s decreased to

rd
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Fig 7 The effect of titve nene 1. on the discl of single o efferents ! efore

the injection of DOPA The discharge frequency (ordinate) 1s plotted versus the frequency of
stimulation The penes sumulated and the stimulation strength s indicated in the different
graphs Only the ynit tn A had a resting actinaty

15 pps at a frequency of 20 and ss silent at 50 pps Corresponding cffects 1re shown
i C for a umt reflexly exarted from rpsilateral nerves In 3 motoncurones with a
restng actinaty before DOPA (3 tested) there was a positine correlatton between dis
charge and sumulation frequencies from nerves gning exatatory effects , moto
neurones without resting discharge were not or were very poorly actnated at the
stimulivon frequency employed by Alnaes et ol (1965) (g 7 B C)

d Adequate actization
Different regions of the hairy shin were actinated by gentle strobing and stronger
stimuh apphied by pressing the skin with underlying tissues between the fingers 2/3
of the , motoncurones were accelerated from the contrlateral paw and decelerated
from the 1psilateral thus conforming to the flexor reflex pattern In the remunder
acceleration was obtained from the ipsilateril paw Since the pattern of actiston
w1s generally not changed after DOPA the ncurones that had no resting discharge
and could not be influenced before DOPA were tested agamst the background dis
charge obtaned after DOPA If the receptne fields were studied more 1n detatl more
subtle patterns could sometimes be revealed For tnstance acceleratin could be ob-
tamed from the pads and sometimes from one particular toc pad but snhibition
from the haiy regron proimal to the mam pad

Both cells 2ctnated from the contra and the spsilateral paw were often actn wted
from the shin overlying the wpsilateral thac crest A few , motoneurones tested more
extensively could be influenced by mantpulation of the muscles from the level of the
spimahsation and further caudally alw from the peniosteum of the vertebrae the
ihae crests and sacrum Fuen pressure apphed to the last few anllimetres of the tan!
influenced the discharge rate as well as mampuliton of the rectal thermometer and
an increased pressure in the bladder in confirmauon of Abdullah and Fidred (1939)
and Evans (1963

It 1 diffacult to find any partecular smeamngful pattern an this modificanon of dise
charge rate obtained from such 1 large receptive field tef discussion)
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Fig 8 Longlast ng reflex effects after an inject on of DOPA 100 mg/kg) The discharge of
three -efferents to the lateral gastrocnemus recorded 1n d (ferent expenments (A—D E—G
{lower traces) 1 J—\f {upper traces) H ) and the s multaneous d scharge in a flexor f lament
{ten E G St J—\M} 1s shown during re tng cond tons rest  and after st mulation of contra
:n?i)l“d ps lateral nerves Before DOPA unt A had no resting d scharge in contrast to H

¢ Longlasting reflex effects crohed after DOPA

After DOPA a recaprocally organized longlasting discharge can be evoked m flevor
and extensor mwotoneurones usually organized n the flexor crossed extensor reflex
Pattern described by Shernington (1910) (Jankowsha ef af 1967 a) and under cer
tamn condtions alternate actnation simtlar to  spinal stepping  can be mitated
{Jankowska et ol 1967 a cf alsoFig 1)

In Fig 8 the reflex effects evohed m three gastrocnemius ; motoneurones are
shown The efferent m the left column 1 d from the 1} 1
hamstring (coH) nerve as compared to the resting state (C) but on stimulaton of
the ipsilateral nerve 1o ABSm (1ABSm) the restng discharge 1 abolished Tn the
second column the simultaneous effects evoked in a flexor filament (ten) and a
single umit 111 an extensor filament are recorded A reflex discharge 1s esohed from
coH and inhibstton from 1Sur comading vath a late reflex discharge 1n the flexor
fillament In the night column the reflex effects exoked 1n another pair of flexor (St)
and e<tensor filaments 1s shown from another preparation Records h. L are evoked
with the same stimulus strength m consecutive records from 1PBSt The resting ac
ity 1n the extensor filament 1s totally abolnshed during the large flexor discharge
n K but decreased only to a himited degree during the smaller flexor discharge 1n L.
This suggests that the recipro al exaitatory and inhib torv effects are inked to each

other
Although the flexor crossed extensor reflexes are usually encountered

4
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patterns are not altogether exceptional (Janhowska ef al 1967 a) In M a flevor dis
charge 15 evoked from coH, which, however, coincrdes with an abolition of the dis
charge in the extensor j-efferent

The promunent pattern has been that of inhibition of the resting discharge from
tpsilateral nenves and usually leratton from c \f ! neres in j moto
newrones with and without a resting activity before DOPA However, other reflex
cffects were also observed (¢f Fig 8 M) A relatively short lasting reflex dicharge
in the extencor , efferents preceding the late flexor discharge was quite frequently
observed (¢f Fig 12 F G in Jankowsha et af 1967 a)

From intracellular studies 1t has becn postulated that the reeiprocal effects to
flexor and extensor motoneurones are exerted at 1n interncuronal level This an
hibstion of the resting discharge in ,-efferents was not observed by Jankowsht et o
(1967 a) but must ether be exerted tn the motoneurones or interfere with the mnter
neurones mediating the tonic excitation responsible for the resting activaty

{ Recurrent effects
Recurrent hibitory effects on , motoneurones have recently been demonsirated by
Ellaway (1968} and Brown Lawrence 1nd Matthews (1968)

Recurrent cffects were mvestigated an 9 cedbs always after mjection of DOPA
which provided 1 background discharge The recurrent ntibitory effects to a moto
neurones are more pronounced after DOPA (Andin et al 19661) hg 9 v a
schematic representation of the discharge i a , motoneurone, each svesncal b
representing the occurrence of one spihe t¢f Fig 51 The senes to the left shws the
resting dischirge 1 consecuttve records ind the muddle scries the discharge putern
after 1 mingle shock 1pphied to the mtact ventral root at a stmulition strength gust
below threshold for 1ctnation of the -efferent EFach sweep starts 4 5 msec after the
stmulus was applied corresponding, to the conduction tme from the ventral oot to
the filament thuy excluding iction potenuals cicsted 1 the soma before the shock
was apphed A reduced number of spihes oceur dunng the first 12 msec as compred
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to resting conditions In the series to the nght a repetis e stmulation ar (400 pps)
1s applted and the discharge rate is considerably lowered Recurrent mhibition was
found 1n four of nine cells and was tested for either with the aborve method or by
stmulation of that part of the ventral roat that had been cut duning the 1solation of
the p-efferent (cf Methods) The wabslity to demonstrate recurrent shibitton does
not exclude the presence of recurrent connections  not revealed by the methods
emploved

N\ Descending monosynaptic actiation of , motoneurones
With intracellular techniques 1t has heen demonstrated that monosynapuc EPSPs
can be evohed 1n G § ; motoneurones from the region of Denters nucleus by fast
conducttng Dibres presumnbly vestibulospinal {Griliner ef al 1969

In the present expeniments all cells that had no resting discharge could be ac
myated from the 1psilateral ventrolateral fumicle with a latency of 1227 msec
1 hen the conduction time from the stumulation electrodes to the segment and from
the ventral root to the filament had been subtracted This latency ncludes not oy
the delay between the arrnal of actinrty in the descendmng fibres to the onset of
EPSP, which 1n the wtracellular matersal of Grillner ¢ al {1969) vaned between
04~09 msec but abo the time for impuise imtiation and the conduction time to
the paint of stunulation of the sentral root The nummal ume for mupalse mitia
tion has been estimated to be 0 3 msec and the condidction tume 04 msec (Bergmans
and Gnllner 1968 b) Thus a latency of 16 msec would correspond to a segmental
delay of 09 msec Six y motoneurones activated with a latency between 12 to 16
msec were assumed to be monosynaptically actnated Four  motoneurones could
not be activated although tested with both stogle and repentn e sumuh against a ngh
level of background acasity These 4 neurones had a resting actnaty before DOPA
of 40 22 20 and 8 Pps

Discussion

Tentatiee dentification of  efferents n terms of dyramic and statc
The classificatton of  efferents to flexors as stauc or dynamic was arded by the rear
procal effect of an intrm enous mjection of DOPA on the resting discharge and by
the drfferentral effects of repetttive nerve sumulanon (Bergmans and Grilner 1969)

A more complex sitvation prevauls with the extensor  motoneurones 10 which
a of the resting h was found m virtually all of them after DOPA
The secondary encings were discharging at the same level before DOPA and in the
de efferented state \Fig 3 A} wndicaung that there was no or very little static fust
motor bias (¢f page 5 Appelberg et al 1966) after DOPA the discharge rate was
at a hugher level {Fig 2 34 showwg that stanc ; efferents had acquiced 2 resting
discharge With indirect methods Alnaes ef al (1963) showed that in thewr spinal

T 5 ponta acuuiny and reflex acination by repetitine

nere stmulation accurred only 10 dynamuc  motoneurones Tn the present study 7
efferents with a resting discharge before DOP\ were also further acceterated by
on (Fig 7 A) The remainder with no restng d scharge

repetitne nenve stunulat

S~
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were not actnated significantly by 1 with the g employed by
Alnaes et al (1963) (Fig 7 B C) Thus i analogy with the results of Alnaes ef al
(1960) 1t 15 tentatinely suggested that the four neurones which had a resting dis-
charge before DOPA were of the dynamic type and that the other group of neurones
were of the stauc type This nterpretation should be further tested by expersments
assessing the dynamic sensitinty of pnmary endings before and after DOPA and
after de efferentation

The spontancous discharge in , motoncurones
The present results suggest that the resting actinity i ~motoneurones to gastroc
nemius, of both the stauc and the dynamic type 1s enbanced after DOPA (Fig +4)
In contrast DOPA exerts a reciprocal miluence on the discharge in ; efferents to
flexors in that the activity of dynamic ;3 motonceurones 1s depressed but that of stauc
, motoncurones enhanced (Bergmans and Grliner 1968a 1969) This difference
between flexor and extensor muscles 15 very interesung and mght be related to the
different funcuons of these muscles Dunng muscular shortening (contraction) the
actnity in pnmary endings 15 munly nfluenced by the static 3 bias but dunng
lengthening of the dynamic , bras (Lennerstrand 19682 b) It must be of importance
for the antigravity muscles that an mncreased Joad resulting in muscle lengthenmg
can be rapidly counteracted the dynamic fustmotor actinty creates opumal condi
tions for a motor regulation of this type

The resting actinity n , efferents of the spinal cat 1s mantuned lugely through
the actinsty in the dorsal soots (Hunt 1951) although some actnity might persist
after transection of the roots (Voorhoeve 1960 Lsndsley and Eldred 1960) In the
present senies the resting discharge decreased but was rarely totally abolished after
transection of the dorsal roots L5—$2 Since the receptive field 1s very wide the de
afferentation may not have been complete Hence afferent mflow from this region
may have contributed to the resting discharge

Tt 1s difficult to see the sizmficance of particular reflexes from the most caudal
part of the tul the bladder the muscles at Jower thoracic level and from the pe
niosteum of the vertebrae to gastrocnemius y motoneurones An increasing amo int
of evidence 1ndicates that the pyramidal (Lundberg and Voorhoese 1962 and the
rubrospinal tract (Hongo Jankowsha and Lundberg 1969) as well as other dt
scending systems exert therr mator effects through facilitation and nlibion of
vnous segmental reflex wrcs These wide receptie fields might sunply prosde tome
excitation of interne rroncs haing eeitatory or infubitory effects o, motoneurones
thus providing a background actiats through which the supraspmal structures can
change the discharge «f  mot neurones through facilitation or mhbition of reflex
ares

It should be emphasized that even of the above explinanon s correct 1t does not
exclude the custence of speciilized and very delicate sptnal refleses bring separated
from the aboe pattern

The mechamsm contr iling the resing discharge of the , motoneuronces 1 how
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eer not evident Since the sp actnaty s d hargel throuzh the
fferent mflow from the dorsal roots 1t can only be concluded that the transm: sio
mthe reflex arcs must be changed :n a manner causing an ncreased excitab o

extensor y-moteneurones

The reflex effects with short latency

e and ; motoneurones of the dynamic and the static type to flexors are discharged
= paralle] from 1IFRA 1 the spinal cat Based on certain differences 1 reflex re
sporse under various conditions 1t was suggested that these reflex elfects were
mediated by different reflex paths (Bergmans and Grillner 1969)

Interneuronal transmission from the FRA to extensor a motoneurones 15 depressed
after DOPA (Anden et al 19662a) In the y motoneurones tentatively classified as
stte reflex effects could always be revealed after DOPA Since the presence of a
resting discharge reflects an increased excitability level no conclustons can be drawn
fegarding the possible nfl on I reflex The mixed
eXtitatory and nhibutory reflex effects further comphcates the mterpretation of the
elfects on seflex transmusston to 7 matoneurones It 1s howerer of some interest that
e effects of repetitne nerve stimulation differ in the neurones tentatnely identified
 static and dynamic

g and, to G § are il 2 1n parallel from certain ipsilateral
skin regions (Eldred and Hagbarth 1954) On electrical sumulation Hunt and Pain
tal (1938} often found excrtatory effects to single  elferents to gastrocnemaus from
both muscular and cutaneous afferents The present study has confirmed these results
Therr conclusion that y motoneurones differ 1 their reflex connexion from that of
@ rotoneurones assumed to be part of the flexor-crossed extersor reflex (Shernng
ton 1910) deserves however further discusston

Reflexes of ipsilateral extension other than the stretch reflex were summarized by
Creed et ol (1932) Denny Brown in this monograph (p 73} reports reflex excita
ton from the ipsilateral peroneal nenc to the pale gastrocnemu but inhibitory effects
from the same stimulus to the red soleus This pattern has recently been confirmed
@ the spinal cat by Bruggencate Burke and Janhowsha (unpublished) showing with
1nteacellular techruque that slow motor umts regardless of whether 1n soleus or 1n
the gastrocnemn recese p ly inhib from 1psil nerves
but the fast motor umts on the other hand recene mainly excitation In the spmal
d cat extensor are usually 4 from group
IT and 11T muscular afferents (Eccles and Lundberg 1959) but in the unanaes
thetized preparation the pattern Is more vamable and exatatory effects are often
encountered (Lundberg personal commumcat on) Also the reflex effects from

1. | FRA to a 1s rather vanable {cf page 10 Holmgwist
1961) These findings might be related to the demonstration that there are indeed
both excrratory and mhibrtory reflex pathways [mn’: FRA to both extensor and
which are 1 iled from the bram stem (Holm

anaesth

flexor o
quist 1961 Holmgwist and Lundberg 1961)
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In the present matenal ¢ and ) motoncurones were sometimes discharged in
parallel but in the other cases 1t cannot be dectded whether parllel effects were ¢
tually exerted on the ¢ motoneurones or not The presence of slow and fast a moto-
neurones with different reflex effects within the gastrocnemn (¢f above) certarly
complicates the 1ssuc It might be relevant to note that the filament to lateral
gastro nemmus generally employed (11/15) supphes the most posterior (superfienl)
part of the muscle

Contrary to previous findings (Granit Pascoe and Steg 1957), 1t has recently
been shown that some y may be mhibited by nnpulses i recurrent
collaterals of motor axons (Ellaway 1968 Brown et al 1968) The recurrent in
hibitory effects found in the present senes (4/9) were exerted 1 , motoncuroncs
tentatively identified as bemng of the static and the dynamuc type Furthermore
group I afferents have recently been shown to evohe IPSPs i y motoncurones It
could not be shown whether these effects onginated from Ia or Ib affercnts but
the distnbution was stmilar to the Ib pattern of « motoneurones (Grillner ¢ af
1969)

1t can by no means be concluded that segmental reflexes are always exerted in
parallel to @ and  motoneurones of the same muscle but the only definite dif
ference 1s the lack of monosynaptsic EPSPs from homonymous Ia affcrents iny moto-
neurones (Hunt and Pamntal 1958 Eccles et al 1960)

The reflex discharge cxohed with long latency
Tt has been proposed that the ! systemns responsible for the late reflex dis
charge 1n @ and , effercnts to flexors and extensors are engaged mn stepping and it
has been shown that alternate actnaton of flexors and extensars can be evoked
under these conditions (Jankowska ¢t af 19672 ¢f Fig 1) In the late rflex to
flexor muscles both ¢« and motoneurones of the static and the dynamic type
particapate (Bergmans and Grliner 1969) On basis of the above tentatine dentifi
cation of dynamic and static , motoneurones 1t 1s suggested that all three types o
motoneurones participate abso 1 the late reflex discharge in extensors (Fig 9)
The decrease of the resung discharge (Fig 8 D G R) n these two types of
, motoneurones during the late reflex in flexors 15 imteresting since the remoral of
, bas on the spindles 1 the extensor muscles will result i 1 decreased actvity 10
smindle afferents from these muscles duning the lengthenng unposed on the ex
tensors duning the reflex contraction of the flexors and hence red icce the reciprocl
Ia mhibition from extenwrs 15 flevors These results do not allow any conclusion of
whether tus inubition of the resting discharge 15 caused by postsynapue sl biton
of the , motcneur mes or shther 1t 1s due to a depression of the nterneuronat
svstesn responsible for the resting actiaty

T1e myotatic reflex

No swtemanc change 1n exaitabihey Sf 1 motnneurones was found fter the inyre
ton of DOPA 1 the spinal prepiration cmployed by Anden et al (1966a) 1
which mest peripheral nerves ¢ the hundlimb was cut and thus the loop dis

-~
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connected These findings correlated with the pre<ence of a myotatic reflex under
resting condttions after DOPA show that the excitabulits level of the howanymous
@ motoneurones 1n the present prep 15 largely dependent on the muscle
length, presumably the actwity m the *; loop 1s of paramount ymportance (¢f
Matthews 1929 b)

In the d b p static actwaty 15 abundant (Jansen and
Matthews 19622 b Jansen and Rudjord 1965 Jansen 1966}, and it has been
postulated that the static fusimotor system 15 entirely dependent on descending facih
tatory effects from the brain stem (Alnaes et al 1962) \fter the presumed selectne
actnation of descending noradrenergic fibres by the injection of DOPA the tomc
motatic reflex occurs 1n parallel with the stauc fusimotor acovin, which elevates
the discharge Jevel of the Ia afferents and very hkely also mcreases the static sen
sty to muscle stretch (Jansen and Matthews 19622 Brown Lawrence and
Matthews 1969) Hence the autogenenic excitation from the pnmary endings would
be increased after DOPA It 1s thus very kel that the tomic myotatic reflex s
directly related to the actiity i static , efferents which howeser, also mfluences
the discharge of secondary endings These might also be of smportance for the magns
tude of the strech reflex {Laporte and Besson 1959 Matthews 1969)

Descending monosynaptic actiiation
An analysis of the descending effect to flevor motoneurones sucgests 2 mono-
sypaptic exatation of static but not of dynamuc  motoneurones (Bergmans and
Gnilner 1968 b, ¢f Grllner ¢f ¢l 1969) A similar differential control of extensor
3 moteneurones 1s suggested by the finding that while 6 units, rentatnvely classifted
as static, recetved descending activation with a segmental latency suggesung a mono-
synaptic inkage no corresponding effect was found in any of the four classified as
dynamic The absence of a discharge does not exclude monosinaptic EPSPs sub-
threshold to evoke a spike The test was however perforined agamnst a high level of
bachground discharge and with repetetive shocks

These results thus support the suggestion by Grillner ¢t al 11969} that descending
Tibres bly bel to the I tract actnate mamly static

bul

+ motoneurones

The helpful d scussions with and the saluable criticsm from professor A Lundberg 13 grate
tully acknowledaed 1 would ke to thank Dr | Bergmans for the participation mn one pre
) aunary expenment Financial suppost has been obtaied from the faculty of \Mediane Gote
borg Svenska Sallokapet for Aedrcmsk farskning and the Swed sh Medical Research Gounerl
project no B 69 4% 94033

References

Asourias A and E ELorep Actnity i gamma efferent circutts induced by d <tens on of the
B;I':dder Neuropath_exp Neurol 1939 I8 590—596

Awnaes E J A S Jasses and T Rupjoro Fuamator actnity 1 the spimnal cat Acta phy

1965 63 19 —91°

adial sand % "t Jemme A Luvosens and L Vvxucxy The effect of DOPA on the

\munal cord 1 Influence on tran<m sston from prumary afferents Acta physiol scand 1966 a-
386

A I35 G AL Jures and A Lusosere The effect of DOPA on the ¢p nal cord 2

A pharmacological analvsis Acta physiol s and 1958b 67 333—387
-



508 S GRILLNER

T D Daqon naed VT penen & o nf g
APPELBERG e Tamenen 4 Tan d dynamic fussmotor fibres on

secondary + ot . . . 185 160—171
Bawxex, D, - . o Ctba Found Symp on Myo.
tahe, Kine . fr i Itd (Lond ) 1967 315

Bercmans J and S Gurtner, Reciprocal control of spontaneous actiity and reflex effects tn
stauc and dynamic 4 motoneuranes revealed by an myection of DOPA Acta phystol seand
1969 77 106—124

BerGatans, J and S Grirtser, Changes in dypamic senutivity of muscle spindle primary
endings induced by DOPA Acta physiol seand 1968a 74 629—636

BerGyans, J and S GriLinEr, Monosynaptic control of static % motoneurones from the lower
brain stem Experientia {Basel} 19684 24 146—147

Bessot, P, F Eumosrr-Denand and Y Lavorte, Motor fibres thnervating extrafusal and
intrafusal muscle [ibres 1n the cat | Physiol (Lond ) 1965 180 644—G672

Bessou, P and Y Larortz, Techmque de preparation dune {ibre afferente 1 et dune fibre
afferente 11 innerant le m*me fusean neuromuscularre chez le chat § Physiol (Pans) 1965
57 511520

Brabtey, K and J C EccLEs, Analyss of the fast afferent impultes from thigh muscles [
Physiel (Lond ) 1953 122 462-~473

Baows M C, A Crowe and P B C Marriews, Observations on the fusimotor fibres of
the tibiahis postenior muxcle of the cat J Physol (Lond ) 1965 177 140 9

Brown, M C, 1 Esgszro and P B C Marrnews Fusimotor stimulation and the dyname
s‘:‘n;m\;;‘); of the secondary ending of the muscle spindles J Phystol (Lond ) 1967 189

Braws, M € D G Lawkesce and P B € Marriiews, Antidroric nfubstion of presamed
fusimotor neurones by repentine nenc stimulation of the ventral root in the decercbrate cat
Exprrientia (Basel) 1968 24 1210—1211

Brows M C D G Lawgescr and P B € MMarTiiews, Brasn Res 1969 In press

Creep R 8 D Desasy Brows ] € Eceres, E G T Lwoert and C S SurrmseTos
Reflex actienty of the Spnal Cord Oxford Unnersity Press, 1932

Drnsy %kov.\ D, On the nature of postural reflexes Proc Roy Soc 1929 Ser B 104
252301

Dessy Brows D E and £ G T Lmoetr, The stretch reflex as a spimal process J fhgsol
(Lond ) 1927 63 144150

Dicre Seirr K Heres Dopswormit and J E Pascor, An analyes of the elfect of Fther and
Fths! Chlonde on the diccharge frequency of gastiocnemms Fusimotor \eurones i the
Rabbst In Symponum on Muscle Receptors Ed Barker, D Hongkong Unnersity Prese
Honskong 1962 43—47

Eccies, ] C and R. Grastt Crossed extensor reflexes and their interaction ] [ hsol
{lond ) 1929 67 97—118

Eccies, R M and A 1uvpBERG Symaptic actions in motoncurones by affesents which miy
evoke the (lexion reflex Arch aal Biol 1959 97 199221

Ecctes J € R M Eccies and A Luspzesc, Synaptic actions on motoneusones 1n selation
10 the two components of the group 1 muscle alferent voley J Physol (Lond ) 19572 136
527546

Ecctes J € R M Ecciss and A Lusoazre Synaphic actions on motoneurones cansed {y
impulees in Golgy tendon organ afferents } Physol (Lond } 19371 138 227--252

Fcctes J € R M Eccigs and A Lisonesc The convergence of monowynaptic excitatory
afferents on 10 mam different species of a motoncurones J Fhynof (Lond ) 1937¢ 437
22 50

Ecctrs J € R M Ercies A Jeco and A Lusversg Electrophynological studes ¢y
motoneurones Acta physiol scand 1960 50 32—30 .

Fuoxzo E and h E Hacsarts Facihtation and nhibanon of gpamma efferenss by stunula
tion of certain skin areas J Vewrophysiol 1933 17 59—

Frtanay P H  Anudromic b of fusimotor neurones [ Physol (Lond ) 1968 197
30—40p

Evass M H Alterations 1n s tus of gamma cfferents dunng dustenuon of the bladder in
the cat J Physol Lond 1643 165 358367 ) ) )
Grasr R Neuromusculas interacion in postural tone of the cal’s ssometnc so’cus muscie
Fhysol tLopd 1938 143 38° 402 dac
Granir R 3 E Pascor and G Sre The behaviour of tonic e and ¥ motoneurones durtig
suraulation of tecurrent cellatera’s | Physol (Leond ) 1957 133 381400 ‘
Gritinrx S T Honeo and S §isp Descending monosynapuic an  eflex contral of 3
matoneuranes Acta phyiel cand 199 75 502 613 fetiex
Grinrx § T Hoseo and 1 Nimre The effect of DOPA o 47



FLSIMOTOR ACTIVITY TO THE TRICEPS SURAE 509

actnation of statc  motoneurones from the flexor reflex afferents Acta physiol scand
1967 70 403—411
Howngvist B, Crossed spinal reflex actions evoked by volleys in somanc afferents fcta
physiol scand 1961 52 Suppl 18! 1—67
Houstgvist, B and A Lisoserc Differennial supraspinal control of synaptic actions ey oked
by volleys 1n _the flexion reflex afferents in alpha motoneurones Acta phynol scand 1961
5¢ Suppl 186 1—51
Hosco T E Jaskowska and A Liwpaere The rubrospmal tract 11 Facilitation of inter
neuronal transmussion m reflex paths to motoneurones Lxp Bramn Res In press
Hesr C € The reflex actiaty of mammahan small nerse fibres / Physol (Lond ) 1951
15 456—469
Husr € € Drug effects on mammahian muscle spindles Fed Proc 1932 11 75
Hust C € Relaton of function to diameter n afferent fibres of muscle nerves J gen
Physiol 1924 38 117—131
vt C C and A S Pastar, Spinal seflex regulation of fusmotor newrones | Phymol
{Lond ) 1958 143 195212
Junowska E M G M Juses 5 Luso and A Lisoserc The effect of DOPA on the
spina) cord 5 R of pathways excitatory action to alpha
motoneurones of flexors and extensors Acta physiol scand 19672 70 369—388
Jakowska E M G Al Jukes 5 Lusp and A Luspszrc The eliect of DOPA on the
spinal cord 6 Half centre of cffects from the flevor
refiex afferents Acta phystol scand 1967b 70 389—40°
Imses, ] R S On fusimotor reflex actnaty In Muscular Afferents and Motor Control
R o * Wiksell Stockholm 1966 91—105
b central contro! of the dypamc response of
62a 161 327378
4 oks g o anu kb U \lairHews  ne effects of fusimotor actuaty on the static
responsiveness of g : < R o
Acta physiol scar
Jaosen TR S a .
Acta physiol sca
Juras I and A Lusosexa The anfluence of an snhubitor of dopamine b;!;_ h)dmylaslelon
ucture and Functions of In
(‘hﬁ effect of DOP,.\'on tragsmssion i |h£splnaLc?ld !n Str [York Togt “1eaoms o
. neurones homonymes p o-
. & musculaire du group 11

’ . Hles 1n the cat I\ Inter
action between two fusimotor fibres comverging on the same spindle ending Acta physiol
scand 1968a 74 257—273

Lenuerstaaso G Dynamic Analysts of Musele Spindles in the car Thens Nobel mstitute for
hysiology, K ka Insttutet 19685 s

Lobety E G T and © S Surkrcros Rellexes in respome to swetch Proc Roy Sor

1824 958 212-231

Lnosizy D F and E - - = efforents of a deatferented spinat
cord segment Prec §
Lusvsere A and P E tract on spinal teflex arcs

Acta physiol scand
Murruews P B C The depend
soleus muscle of the decerebrate
Marrtzws P B C A study of
“brate cat J Thysiol (Lond ) Tv
Marruews P B € The differentt: dings
dynam ¢ response of muscle spindle prmary ends
mfﬁ;‘sff P B C A possible fancton for she secondary ending of the muscle spindle
i 5o g T L e st e oo
)

8121
and stand ng J P ’U""'h},‘,g.,"i,, :fgll?“:aplzlusxmomr neurones wn the cat Acta physiol

- ahe & reflex of the
the decere

{ tusimatar libre by their effects on the
ation of two HPes B N uart | exp Physol 1962 47

Vooruoeve P E  Autocl
pharmacol neert 360 9 1 Reflex behaviour of fus motor neurones of the

-
Voormorr B and R e e e Acta il Dhamacel meer
oot

1962 f0 391—407



508 S GRILLNER

Arramens, B, P Besse oA\ Tueener de - va- - fusmotor fibres on

secondary endmes of —

Biruzx, D, The innen - . nd Symp on Myo-
tatic, Awesthetsc and ' . Lond ) 1967 315

Beroatans J and S GriLINeR Reciprocal control of spontaneous actinaty and reflex effects 1n
staic and dynamic v motoneurones revealed by an injection of DOPA Acta physial seand
1969 77 106—124

Berostans J and S Gritiaer Changes i dynamuc sensunuty of muscle spindle primary
endings induced by DOPA Acta phystol seand 1968a 74 629—636

Beraarans, J and S Grirraer, Monosynaptic control of static 4 motoneurones from the lower
brain stem Experrentia (Basel) 1968b 24 146—147

Bessov, P, F Emover Denasp and Y LarorTe, Motor fibres innenating extrafusal and
intrafusal muscle fibres m the cat J Physiol (Lond ) 1965 180 614—672

Bessov, P and ¥ Larorte Techmque de preparation d une fibre afferente 1 et d une fibre
afferente 1T innervant Je m me fuseau neuromusculaire chez le chat J Phystol (Parnt) 1965
57 511—520

Braprzy, K and J C Eccrrs, Analysis of the fast afferent impulses from thigh mascles J
Physiel (Lond ) 1953 122 462—473

Brows M C, A Crowe and P B C Marruews Observations on the fusimotor fibres of
the ubsabs posterior muscle of the cat J Fhysiol (Lond ) 1965 177 140159

Brows M C I E~cBerc and P B C Marrncws Fusimotor sumulation ard the dynasme
sensitn ity of the sccondary ending of the muscle spindles J Physiol (Iond ) 1967 189
545—550

Brows, M C D G Lawresce and P B C Martuews Antidromuc inhibition of presumed
fustmotor neurones by repetittve nerve sumulation of the ventral root in the decerebrate cat
Expenentia (Basel) 1968 24 12101211

Brows M C D G Lawresce and P B C Martiiews Brain Res 1969 In press

Creep R 8 D Deswy Brows J C Eccres E G T Liopetr and C S Sierenncros
Reflex acticuts of the Spmal Cord Osford Unnersity Press 1932

Dessy Brows D On the nature of postural reflexes Proc Roy Soc 1929 Ser B 104
252301

Dessy Bows D E and E G T Lmvews, The stretch reflex as a spinal process J 1 hysiol
{Lond ) 1927 63 144—150

Dieve Spier R Hetes Dobsworrit and ] E Paccor, An analysis of the effect of Ether and
Ethv Chlonde on the discharge frequency of gastrocnemuus Fusimotor Neurones m the
Rabbit In Symposum on Muscle Receptors Ed Barker, D Hongkong Unnersity Press
Hongkong 1962 4347

Ecctes ] C and R_Grasrr Crossed extensar refleves and thewr interacvion J Fhysiol
(Lond ) 1929 67 97118

Ecctes R M and 4 Lusbsekc Synaptic actions in motoncurones by afferents which may
evoke the flexton reflex Arch stal Brol 1953 97 199—221

Eccres ] € R M Eccigs and A Luspperc Synapue acuons on motoneurones in relauon
10 the two components of the group I muscle afferent volley J Physiol (Lond ) 1957a 136
527—546

Ecctes J € R M Eccifs and A Lusperxe Symapuc actions on motoneurones caused by
impulses 1n Golgt tendon organ afferents | Phystol (Lond ) 1957 b 138 227252

Eccies J € R M Eccies and A Luspskxc Fhe comergence of monosynapue exeitatory
aferenits on to man different species of a motoneuranes J 1 hystol (Lond ) 1957 ¢ 13
2250

Eccres J € R M Eccies A o and A Luisppere Electrophysological stud ex on 2
motoncurones Acta phyn | seand 1960 50 32—40 1

Ewpwep E and K E Hacmartn Facilhtaton and mh.lg:oﬁrnsol gamma efferents by sumuis
tion of certain skin areas J Seurophysiol 1954 17 5

Ectawnr B 11 Antdromic 1nh | s of fusmotor neuzoncs J Phystol (Lond ) 1968 198
3

40P

Evass M H  Alteranons m act & of gamma effesents dunng distension of the Fladder i
the cat J Fhynol lond) 1443 165 358 367 e/

Grastt R Neuromusenlar intera ti rin postural tone of the cat s nometne soleus mle
Prynol (Lond 1938 143 38 -

Grasrr R J E Puscor and € Ste [he behaviour of tome & and 4 motoneuranes
sumulation of recurrent collaterals J fhya | Lend ) 1957 138 381—00 .

Caitaner S T Hosgo and & L1ar Descending monosynaptic and rellex control of ¥
motoncusones Acta phyuol  und 1 4 75 572 6)

Guinvee 5 T Hos 2 and A T stziw The effees of DOPA on the 3 nal cord 7 Refirs



PGE; ON NEUROMUSCULAR TRANSMISSION 511

i

o, duration 05 men msec, 5 sec per 152

minute  Additions to the bath of PGEy M M M N
and PGEz as indicated final concentra 19 eafod ""/"‘ Seated
tions Washing at dots e FOEL PeE,

Intubition of the effect of transmural nene sumulation was sull observed at a
concentration of 2 ng/fml A shight increase 1n the basal tore of the preparation was
often seen even 1n this low concentration

Larger concentrations of PGE, of the order of 100 ng/ml (3x10? M}, caused a
shght contraction of the vas deferens and increased the response to electrical sumu
lation

Atropine 107 g/ml was found to abolish the inhibitory action of PGE;, without
preventing the response to nerve stimulation or the direct effect of NA or PGE,; on
the muscle

The direct contractile response to NA 025 ug/ml (15X 10 © \) 1n the absence of

nerve 1 was shightly enh by PGE, 2 ng/ml (6x10° M)
confirming the observations of Graham and Al Kaub (1967)

Comment

The present observations of an inhibitory effect of low concentrations of PGE; and
PGE, on the contractile response of the olated vas deferens from the gumea pig

to (p 1 it are 1 harmony with the previously re
Pported findings of Brundmn (1968} Hedqvist and Brundin (1969) and of Hedgvist
(19692 b) on other 11y mnenated p The ncrease in tone of

the preparation obsened even with low concentrations of PGE,; and their en-
hancing effect on the contractile response to added NA seem to exclude an mhibitory
action directly on the effector cells
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Syistrand and Swedin (1968) have reported stmilar findings on some occasion:
with hvy nene 1 of the vas defl Using higher concentration
of PGE, (100—200 ng/m!) Mantegazza and Naimzada (1965) obsened an en
hancement of the mechanical response of the vas deferens of the guinea pig to hypa
gastric nenve sumulation We have confirmed this effect with transmural stmula
tion

The annulment after atropmne 10 7 g/ml of the mfubitory action of PGE; on th
o 1 tot ! nene 1 may indicate nvolvement of
chalinergic mechamsm {¢f Bumn and Rand 1959, Burn 1966)

The results reported 1n this communication suggest that PGE, and PGE; 1 oligo
dynamic concentranons inhibit the transmntter release from adrenergtc nerve termt
nals There 1s no evidence to show that prostaglandins act as conduction blockers (¢}
Holmes, Horton and Main 1963)

The finding that PGE_ 1s released by sympathetic nerve stimulation to the splee:
(Dastes, Horton and Withrington 19673 ndrectly supports the concept that PGF
acts as a modul, of adrenergic nene acung by a negatne feedbacl
mechanism (Hedqyist 1969 a)

The sesearch reported was supported by research grants from the Swedish \Medical Researc)
Couneil under project no B70 14X 97-06B and hnut and Ahce Wallenherg Foundation
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