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Intred siiog

Gvs  the last deoads coo 144 Able sffort hes been directad cow rds
1s Lfying the log 1 physiclogd 1 role of the enin angiotensin
xy ten for the i trarenal ¢ gul tion of kidoey fonction in par
ticul  for the gul tiom of 1t and water xoretion glocerals
fiitration t (IR} asd enal blood flow (RAF}

™ que tion concerning the ostribution of th ain ystes t
the wgud tiom £ the fanctiood 5 nec R 1ly latsd {ntimar Jy
with the phenaenon ftsn £ ed to as  glomerulo-tubular bal new®
) the f{act that GIR 1 closely in parallef with th abusal t
T £ ove 1} ad prion f alt and vate ove £ irly wig
mge € v L biom both unde phy 1 logh al and  we al p tho
phy lolegt 1 comditton 81 oe the p oximxl wab  yptich amount
t To-73 £ the ot 1 tubwl abs rption of lt and wt  {and
of GFR}  and repo tedly ha be  hown to vary in pa 1l L vitg
GrR und tha ondttions { ¢ Lay & 1363 Schnermann st )
1968 Rodl &t 1 13E9) Le ime t 1 BA6E; Dirke © 1 194%)
th focms £ rai Lottt thi ont t has Desn A ect 4t the
achanism f oupling between the  te € p oximal reabecTption
wd f 1t tion Thuy A fundare t § qoe tion ( how th p oxfmaf
ansorp ive apa bty + wgul ted nd djwst d to th file

tion
P om  nd t v
™ ve oncep  RAYe baen AdveC K 4 The L te i th 1y
Porr ) ed by Rore  BR thn 11931) and acCept & by most Lnvestiy
% tht he & f poxival  absorption 1 gromary
y o uk #d by changs + the 2108 4 icads eve I mechanimms
t wh w ot POnRe b e been proposed The othe  en-
» t 14 4t h Copenhage point f wviev ¢ the
a hy ot Jooeo t 1y thar th proaimal  ab gy

.oy FAorY 4Bl L depemdent £ the L ad pe






troduction

sre the last decade Con 16 able ffOTt ha been & ectad toward
1 ifyiny the loc 1 physt logic Lx I of the eni sngicten fa
For the intrarensl 4ol zion f kidowy famotics 1o par
tcwlar for th regul tion ¢ alt and vat exc tien glowerclsy
1tr tion  te {(GFR} and renal blood flow (AT}

be gue tion comosrni § the omirib tlom f th renia y ten t
th  egul tion of thess functions L nec rily  lated fntimately
#ith the phe crenon Ite t rred to gloceroio-tubulac balance®
i tha fact that GFp 1 <) 1y in psr 11 1 with the abs inte
t  fovo all  ab orpeton of It ansd & T £ ove [ irly wide
of va istion bath onder phy 1 logical and  we 1 patho—
physs logt 1 cooditions Rince the proximal  abs REIoR &acunts
t 70-793 of the total tobul seaby rprion of 1t and v t o {ang
{ GTR]  and rwpe ¢ dly R been hovs t ry § parall 1 wich

oY und  th 3 onditives { ¢ Ley 1963, Bchasrmann t 3
1448y Rodiot ot 1 1967 e ine t 1 1988 Dixk RS ¥ 1968)
wthe foou T wmaL 4t t 4 tht ot t hat bee 41 cted § yhy

rechaniam ! oupl ng Datvea the 13 £ p wimal reabsotption
and ilt tion Thew th fand went ) Qoe tlon L how th proaisal

Ab  rprive P2 ity 1 regul ied and adjustad t  the fily
pre = and ice v

tion

Tww it fative oncept have bewn advos ted The 1as L al theory
few Le dby ¥one Emien (1931) end  coept & by most dnve tiy

n the ta f g oouimal  abserpilion @ actowart
iy dyus o by chasge & th f3lt ed loadi seve | mech nimmg
e Tt aspona b ve bawn proposed Th  othe com
w T 4 41 as the Copenh gen poi t £ lew {0 thg
As 4 yEethe 1 ) pat lat th ¢ the prowimsl  abmory-
Toan b v T Gnl nfepes © Can fw
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significant changs in GFR are e0oodary to horronally medi t d
alt atlon 1in twbul - p edoninantly {n proximal tubular
reab orption r te {for comprahsnaive review of the idence

1 sding to thl hypoth 1 tha esder 1 Tuf rred to Leyssac
1966)

Th vest and xpanding lit turs rel ting to th probl me and
th methed logy utill ed fo thel «locid tion ha  been ¢ iti
€ 11y reviewsd by seve 1 fnveatigat rs (e y 0 loff d sarg
1971) Wright and Gi bisch 1972) Gottschalk and La it 197y
Fa ley and gch 1 1973; 4 Wardane 1%7)) G rtr and Boylan
19735 Lta Lt 1973} Rowave the rexd 5 of thess surveys
re 1 ft with the Inprs 1om of conside abl uncert { ty and
divergence between concepta f voursd by th warfow a th
ontroversy raint ined ppa  tly 1 part t ) t by the dif
f ©mce in per onal valoations of the po  1bl influepce
vrors and rtifact and henc of the ignificance f the 1
divid 1 but rutually conflicting r ult  Many of the Tt
facts have oOv been eogqni 4 ore Of them n t oatil rece tly
moti ti g Te-evalu tien of th ower- 11 problen

In sddition one of the basi hydrodynasi ch ract 1isti  of th
nephron nasely th r latively high flow 1 tance ff d by
tub lar gme t d1 tal to th proximsl tub | has 1ly bes
noglect 4 1 on ider tioas on the dynani f glomeruol 1t
Eiltr tion I wmy opinlon thi  eglect has contrib ted to ruch
unnecex ry nisunderstanding and conti ved dlsagresnent

Iqually irportant f r th di ti ction betwsen th v rlouw con
cept ar ) O seve 1 cent repoTt on th local 1 t 1 nal
actionw of dogenou well ogencn  angiot 1 whi h
cht 1b t t the mott tiom fo e=ev 1 tion of the 1t
obt in d in th many tterpt to 1 1fy the corpl of probl re
outlined above

Th operpo fAhe p sat 1 L 1% SU t give & COFPY hensly
tew of 11 tr perti t publication a 1lab) T thi pu

pa th 4 1 ref red to the abOve-me tioned vievs In

pa ticul ¢ to th 1 ant chapt 1 Randbook of Phy 1 logy

{ ction 8 197} on Ps 1 Physiology) and to the rece iew on

re i i recha Lrs by Dvl adT =  (1976) P th to

the at of | ity nd corp he sonh I h ve pref rred t 10t

mat 1y those on 1b ti & which I oneig be 1t 1 nd
senti 1 ril ton  on P owy tow d ' 11y acc ptabl

dlogt 11y en 1t thoeory
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8
by mean Of the taps denoted by (A) and {E) representi g th re-
1 tance of the ff rent and e«ffere t rto fol » 1w pectively
A long 1ide-pips repress ting the tub le 1 connected with the
pain plpe A filt r 1 1 sert & in the connectlng link Th pres
r inside th rain-pipe t th 1 vel of the filt 1 the
ult afiltration press re (!w) Bay be rli d by chenge in the
istance (A) and (E) 1 = by contr ctiom and dilat tien f
tha rteriol & P, 1 defineda (P __ =~ COPY) P ap 1 th hydro-
tatic prassure in th glonerul r ¢ pilla ie and COP { th
collold camoti preas re

The filt r Tepr sent a cert in ro istance repre cnted by the tap
{G} Th given v lue of thi sistance ¢ me & glven pre 3
drop  rom th  filt the magnitod of whi h g function of
the re istance {(G) Thi pre ure drop egual to the filtr tion
pPre  ure minus the hydrostatic pre sir 1 th proxieal section
of the 1d -pipe [Py, P} deternt the OrR and { r f rred
to the effe tive filtration pr sure ( £ F P )

The 1de-plpe {(tubal ) consi t of two section p oxiral nod a
di t 1 ectiom pa tdbyatp (H) repr enting ther 1
tance of th loop of Me le A sot of djustabl t ps connected

to ach ssctica of the long Ide-pipe epre At g tub 1 reah~

sorption p oxi ally (lp{ ) and df t 11y II‘“ T pectively

LAY 1f-evid t th t th proximal lonin 1 hydro tati p

in rai tained con tant 1f n p inary change 1 tus ay 9

an 1 reass n GFR agtcn ti ally c use parall 1 1 creas in

proxim 1 ab rption te such that the tap (R .,.) Tenove

equ lly ouch sore f1 id fron this [ =ty in added by the

change 1 filt tien vat Thi con tangy of proxinal L tr tub la

fre ur 1 1FPll it 1 th lassi al th ry on t 1t funda-

e tal s urption and 1rpli atfon

Th oth r fundarw t 1 p as gption 1 that th p se re—d op
on th gqlorerul rmomb ane 1 & the ff tive fllt tionp

ur L 1 tively highy L the rd  of 10-40m0 Ng ( T Pites

1963) P+ kin and Gilmo 1973) Thia would irply th t th very

*oda t Chary 1 p wical iar  tobal P ure, which night occu

dye t hypoth ti 1 p im ry change 1 proxim 1 eabsorptive Ps

ey waold t ignifi antly 1 floesnce the nagnitude of th I o=

°

tive fiit tien p {(GFA}  Such p inary change 1 tubul
reab rption Ll h y occu at 11 then cowld only be r po  1bl
f r hang t+ th p o dop ( fEF P ) of few pe t

T™e fre th 1 file 1on would 1eo t tirely be d ¢t



tned by th magnituds of and change i the gler filkr tiem
nre (Fyd L by gloseruls wascul r factors

e s f the utomatl {phy ic Xly det rhined) par 11 1 adjost
at £ the proximal r absorptive apacity any b reonal regulstion
£ fiutd 1 ab orption © ta by this s geent would of oours rpear
aningl scco ding to thi theory
«wth bell ved that th vechani o x sponsible £ r the assorwd spto-
tic adjontme t of the rats of p oximal r abrorption vas the
v tion by ctive odiun t ansport at saximum capacity of & te~
imteing concwatr tlan diff pe ce more#  the proximel pithalips
Ve won An 1ow And Emith  194%; Smith 1951} Thersby any incre-
~%t 4 th ¢ lvery of fluid intc the tubul by filt atfon would
nd ¢ abolish the conee ¢ cton LS resce so that the «dsocl te
It wasf  would tend to Snc A3 pari pa pg With the i}
mrton Tt nd yice verpy Whan tha GFR vas redoc 4 Sowwes
t =i rupanctuc todie though first ugpy ted by th oclasaf
1 rudy f ¥alk r Bott Ollve  nd HeDowell (14} tabli hed
ryond say doube thar uth 2t liniting concentyation QLEf ranc
oe aot obtain in thi tubml segrwnt of the naphron und normai
ondition {La ite  OGottech 1k and Mylle 19615 Mindhage and
iablech 19613 UIl ich t &1 1%6))  Furthermore tha theory was
iously qua tiomed by *w nits cht 0 & {  tudt oo dil ties

13 i»o} 1954} supportad by sulta oht inwd by Rel
urt 3 todi  on pr dtnr £ (Felkort  Nall snd Fpe cey
%4y Selvurt {551} Sojasen | terpreted hi & ta ar  vidence
i ind) eo 7= tl g th t th % of raabsorption 448 ¢
“n ge homat  Ily i POU to hanes 1o the load on the
ont vy he delay of apou 10 13 mi t  bef rw amy
“hange w f  whsorption and glomevel  fiit tiea

and ERF) could be dot v d

m;
on inced Dou the  14d y €l ce ected 1 anes dat
)y e a4 h £ 41 log 1 condoguens £ the  cumery tion
" w1 lon f the t of abw rption doe v change
- 1y 43 f1 fonctlon C the £33t d tead k£
[ tn "p on f coat ooy f the p owiral t whular
» tet 14 ohdeque ly t A the te f b

» R Y w £ 03t tion  the An
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Ry (Bap COP)
RER PRy

£l

1) R
Rorox

Reatipeor. toad-Independ

Tml menhg
OFR Lireata
oo artabie bl
4R
Gh N
ZotLEP tow
(110-15mmbg) Brot
———
chmmm\m&l 0 rﬁ‘\ 50
LT
T 1 s e hrretne 1% T4 lowe ™ % C oyere shovs
reo et 1p uf  curve A uddes mall inery i he f1
o pr  ur AP ) ac orpmisd 11 Lly by gl »-
» prom wal lom \'I‘Cul’('ro)ml ance b twed
he we pre a1 level 1 e  ffective filt los pre
tmer rer anchsryed 1 1t lly Af 1% ming 'W“‘
e dovm ¥ ) An reased ab  rptiom whil P"l
ra  ined 1 1T secmdary cheage 1 P 1 the e
[ 3R Y del yel T . ttre r f rite Plan  lea ew

The 1094 f thi concl fon L very irple let  con 1ds by

way of xmarpl cute increte t in the fllt tlcm pres (PW)
Thi ch ge will t nd to incr ase th r t [ filtration dkowever
12 fir tly th f p omimal v ab  ptlon dor POt change

autcrutl 1ly 1 respoh  to the changs in Py, In other wvo d 1f
no ro f1 14 1 roved fron this sagme t by the tap (Ipm)

(t fig I 4 econdly Lf the t p (N) at the end of thi
eqrant 1 1 1 «d bec us fth 1 ge re istance to flow
inth locp fRel and 1t r egme t th 1t follows th ¢ th
p o tral 1ty lust 1 pre will incr e c©l 8 ly in par 111
with th fllt ti~p @ % mcr {1 1d will be filt red th
thtregt At 1 the 1 t atwb ) r p re and to in



1
t in the p swure t thi highe level The ffective filtration
p  ur will not chang to any Deasarabl degrwe  not initl 1ly
st 1 ast ¥ t until the p oximal reabsorptive c pacits has in-
reased and rors fluid 1 renoved from this tubular sagment will
the luainal pre re f 11 down a9 in In thi ocasa it 1 tha change
1 th rate of reabs rption which dst rmines th changs in th
pre ra drop acro the glo-erular rerbrane 1 in th {fective
filtr t1ca p  ur {QTR)

It 4 vide t th t irplied 1 this concept are thres fundosent 1
£ vure 11 firstly the proxical intr tobul r pressure s pot
constant bot va lahl ) varyioyg poinarily in par 11 1 with the
filtr tion pres e le) 1) Bscondly tha roda t change in
prominal lumtnal p ur  which an be crused by slta tion 1
th  t f absorption wust be  fficlently | g# to acoount f
the relatively 1 rpe range of vari tiom in GFR which sotually can
be cbeerved Thus thi 1t m tive t the clas ical theoIy im~
pl1 P regui ite that th ff ctive filt ticn pre ure
must be considerably lowe than pre 10u ly bell wd -~ 1 e about
the are valos as the prorinal luain 1 pre (about 16-15 =n Hg
1 the t) lowe 3) Thirdly 1t 1 Xnown that the rates of
resh orption and filtration sotuslly do charnge in pa 11 1 withip
10 1% el ot in re pon tolndnt'dchtuoulru.run mar
chenge roughly § par 11 1 vith GFR @ad  the onditions Coa-
eque tly some fagt r{ ) au 1 g thi secondary ad delayed changs
i resd rptiwe c paclty wmst Lt

The mnigue truct re of the nephron with it ascending limh of
Nenl making close ontact vith both the ff t and ff re t

art 11 f 1 £f111 ted gloeerul {Faaruvp 1965) B3

1970) 4 worthy of tt tiom Thi f tur  which { & ch ac-

t 1ti of 11 nephron throughout th ra-malisn ki gdon  ugge t
the 1t poe f  ferdd R 10CP) and th rwgion of thi tubulo-

~al conut ct cbwiou 1y 1 t t gl key-point f the recog-
i ten f y o tomatd d) tment £ th pro 4r 1 ab orptive
recity 1sb] f1lt ticm pre ur At this very eqfon {

he fu  glomers) #pF  t (JAA) tF  nzyma rest 1 synthe-
Tl e3 nd rel el

A wnrky g hypat 1

1 the € re t rpt £g an 1t rnative to the 1 fe 1 th 1y
€ m 4t v ta Jditr of  wOrkl g hypothe 3 1 wii h
th oMl gt 1 sy tem play d 1rél  (Leys a2 1964)

e ece far Rrpett 3w th f llowing (cf fig N
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R (o COP)
R B Reo
R
‘dhst
Rore
Alfernat
Reabs. prow.s load-dndepend,
1Tm) mmtg
OFR Lirmaby)
0
Uhrox  arfabite w
(4P, 0}
UF P
2u1tE® 10w s N
110 5mmHg)
L 60
1Reabs. proxahormonal rﬁn
L Tk 4
T Jrernat ve hyrethest  Th lows  Agh [ the figurv ehews
e xi 1opre Curve A sadden small 16are se in the 1l
om pre [} accorpanied Initl Lly by an equal i
ase | prosiral leni 1 pre (P, o} The d1 ance betveen
he wopres telvel L the ffective f11  isn pre re

CTET P ) rvratas unchonged (il Lly AL 10 mino e P
§o¢ down a4 1 due | ore  &d Ceabsorprion wAil Pup

wain ned 1 4 Th  eecondary charye 1 P 1 the see
€ b delyed w0 se (TP T furthe  xplan tlon see
bt oxt

The logl of thi conclo jon i ry sirpl Lat conuaider by
vy of rple #cut  increrw t in the filtr tion prsss re (P,.)
Thi change will tend to incre th rt of filt ation Rowever
1t fir tiy th t f p cxirmal r ab orptlen doe not change

o tomats lly o ¥pon  to the cha § in Py, in other words 184

o Ror fl id 1 rored fron thi mcwmtpllpu)
tf fig 1)) and econdly 1f th t p {81) t the nd of thi
"yt o] 1L dbe £ th 1 ge reai tance to flow
1 th loop of Re 1} a iar gt then it follows that the
polmal 1t lunt 1 p will ircre clow 174 prlll
with th f1lt v1 P r No mor fluid will be filt y & than

th L 1 quired 1 t th 1t tbl P re and to mal



tal the p ssure t thi higher lavel The effective filtration

p ® rte will not ahange to amy me surabl degres  n t initially
t 1 ast Mot mmtil th p oximal resh Iptive ¢ pacity has in

cTe sed apd ¥o £l 1d { removed from thi tubul  segmont will
the lominal pre sur f 11 down g in In this ase it is the change
4 the rate of reabscrption wbich det rmine the change in the

pra sure drop acros the glomarular memb ane 1 in the

ffective
f1lt tien pre or (OTM)

Tt 4 vide t thar implied i thi concept re thres fondasental
f ture 1} firstly th proximal { t tobul  pressurs is not
constant but va tabl 3 varying prirma ily in pa 11 1 with the
£41t tion p re (P} 2) Sactmdly the mode t change in
proximal luninal pr war which an be csed by lter tions in
the rt of abh rpticn ma t ba suffl 1 tly 1 rge to accoust f
the rel tively 1 rpa angs of v ri tion i GFR wvhich actually can
e cbrervwd Th  thi 1t native t the las 1 1 theory im-
Pl am a preregui it that the ff ctive filtr tion p es re
rast be considerably lowe than pr viou ly bell ved 1

about
the arme valoe as the p oximal luomi 1 pres

re (about 10-1% mm Mg
in the t) or lowe 3) Thirdly 4t Is known that the t of

resbs rption and filt tion sctually do change in p rsll 1 within
10-18 nt t 1 7T ponse to induced changes in Fu. Als  Nar
change roughly in par 11 1 with OFR under th  conditions Con-
sequantly ome factor( ) ¢ Tsing thy ond ry and delsyed change
1 reabs rptive pa ity mu t i1t

4 onique truct re of th bephron Vith its scending limb f
Menl making loss ontsat with both the aff ent and ff
art 11 of 1t ff111 ted glorerul (F rup 1365, B 3§
1970) 1 wo thy f ttentiom Thi f ture which i a cha ac-

t 1 t1 of 1l nephron thronghout the marvali  kingdom  ogye
the § tence { feedhack locps nd the glon f thi tebule-

3

wascul  contact ob lou 1y 4 t t9l kypal tf th recog-
Ititon f y on toa i d) trent of th P oxt 1  ab  ptive
pagity t iabl filt tion pre At thy Y eyion 1t
the juxt glomerul  ppa t WJGA) th Y™ re i 4 ynthe-
rd and rel ~
A workipn brepoth 1
Tt v n ot t Fting an 1t oo otwet ot g 1th oy
(it e he 11d ¥y {  wo Wing hypothe 1 v h
te et ooy Pl ored t 1) ey 136G

™ ence tthi hypoth & w th f llew gttt Cg 3

11
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Fani Teale se 18 ugme t d unds conditiona 1 which th f{luratior
Pre sura tend to decline {ocf also recent view by Davis and
Freeman 197¢) A drop & P te imradlately accorpa lod by an
equally large drop in the proximal int tubul £ pr s ure (p ra Y]
omsequantly the rat of delivory of tubular fluid into the dis

t 1 tubul dcren and th  distal intr luminsl pres ur goos
down As s result urine flow decres s

Th reduoed delivery of fluild from the scending lisb of ne 1
stimulat nin T 1 ax orchow & & feedbark ro ponme pos 1bly
vl th mac ] den d angiot n in IX § mubs qQuUo tly formed
Anglotenz{ II might h wve two ff ct 1 1) Pirstly th wall known
va ocon trl tory eff ct If thi wer an ffect b edontmantly on
tha powt~glommralar rt ri 1 4 1k ly possibility  jnce the
aff ront ve sal woold be the first smooth ru 1 cont ining

rt ricle net by the ndogenous angi t nsin TI liborat d { ¢ a

= ally -~ th poat-glomerul r wascul resistance wo 14 | cre
the aby count racting th primary drop { o The p oxim 1 § tT
tybuls pr sy would thersfore increa asomevh t bot not n ca
#a 11y corpl tealy back to the origli 1 v lus In addition h

«ff v t v oconstri tion modi t d by ngiot n in would contrib t
to the r du tion 1 snal blood flow (K3F)

L. 1
TV LY et T Pl tiom e N

Form ] —t w (.- ”’41/_:_
"



Ao
2} Secondly & hypotheci 1 inhibitory If ot of angl tan in on the
proximal reabsorptive o paoity could be post 3 ted Inhibitlon of
proximal resbsorption r t would further I ¥ t A proximal
luminkl p  urs whi &b then would retura right back to ths control
1 val Tt 1 pparent th t thi 1kt r part of the int stubol
pres ure Incrs e 1 tha rajor det rninant of th resulting reduc-
tion in the ffsctive filtratlom g sure and hence in QA Fur-
thor din thi £ hion the tvo wngtoten in «flacte would influwace
th § tr tobal  pre surs in the asme dirsction and xsel t ach
oth r in maint § iny th stadility of the pre sure

As re oit P ouch feadbach mochant m NBF  proximal resbacrp-
tion 5 t and GTR would ¥ ry in par 11 1 23 cba rved) snd promi
ral inty tub ler pre sure and th ceby the delivery of fluid o

rore di t 1 tubulsar sagment  would ba naint ined §n stsble t ¢

Accarding to thi  werking hypothe § compl t corre pondence and
ajreenant with the Jss o 1 theory § ¢ sached in the ¢ ady ¢ ten.
Tvyn lesd~Sapendancy of Pro insl reabaorpiive o pacity iwm sn

e enti lch act riti in both concepts being A direct and
utonetl & peadency sccording to th om  bul being an indixsct
dapenchency sccording t the the concept Thus the pre ent
working hypath &y be con ldered enifys § hypotbe i

fnly the mechenise by vhich chazge 1  the srstem accorpid hed
dift  entirely f om the 1a 1 1 theory: there § fondave tal
ALEL rence in th  equence Of wa t

W b f llowi g sectlons th Ltow  ttmpt &t t the baw
worki g hypo he | ww su the 1t 1 theory re reviewsd Tha
he rt f ¢hw probl mow © &bt in dirwct tea ce tabll hing
“h the be sbsal t t of proxinal resbe rprion  rt ute-
ra i lly 4t ot fun ton f the filt rwd | #di r wh th

L1 piatly tnd pend farr ™ o entt 1 awe vion
were who b not angloten 1 1T may inkibl  he pTo t 1 pe-
b orp ve FRely and  add tonact p fre L llyom n
rt 1

Iride co cbh  red w gn he ov ) jen  jve tec

¢
Arel ively irpl Anige wui oAbl f 9807w { the
3 qae o P ovide! with bhe i rodoc on f b
ve § R W N ng Ab I 2 proximsg net
4 1 1 oadw a fLey Ao 1363) WN1) ne
t t v dey ob  resd wiLh Tec COPL 1 TO  ope
e 1y oPr 1y larped above P
A t e a § ot wp oo R 1

FRly
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filtration proce tops instantaneously whilar th proximal
resbsorption contl ces until th lunl & Te rpti d and totally
occluded Th tirm int rval from rtic clamsping until th prozi
zal lumin ha & di ppearsd & 1 corded and den ted by th ecel
sion tiro (0T} Th t rm orclu lon tine was profe ed to col
1 pe tise in o der t A1 tinguish th g adual luninal ecl sien
du to r ab rption from the sudden coll pee of the p oximal
lumen re lting ¢ fram applying too much uction to an In rt &
collectl g ni ropipett

If reabs rpti c pacity 4 onsts t dori ¢ th lumin 1 ooclusion
tha

T

in whi h C represent th p ominal) reabsorpti pecity and
th lomi a1 &di s F r any glven lumi 1 di the OT will be
mor ¢ pid the 1 rg th reab orptive r t Conver aly the rore
the tubul 8 r distended th longer the OT for any givon ¥ lue of
€ Thus knowi{ g the luni 1 radig th abh ol t rt of paoxtral
reabs rption can be ¢ 1 lated from th med ured OT

nz
Port 1 m ptive pachy 1 wpol Lt
Riad 11 1 ce  Epon -~ F I A1
- 3 Myd et on 1 ey s 1

“
v w g
¢
-

1% Yoy R

1A o Cu feow ou Yok



Pexwlt equal 10 thos given Sn fig 4 obtained within the range
of poatanecss v tL tiook In inclin ol rence from 0 1 to 2 ¢
u-lnlprvn!kimwxqﬂt {k v} in r ts deronst ted th t
the reciproc 1 £ th OF wvert & line rly and in direct proportion
to the OFN we rursd just bef re th sart uddenly lewped
(laysssa 1943} I ddition it was docuwented th ¢ Tnds the
conditiona the proximal funin 1 redics was on &n awver ge 13 14 un
tn crton of qui k froven oOn-dimreti rat kidneys independs t
of tn inlin 1 vance t lve atom 07 wbain lgkw *
These result Odemonstrsted the ph norm on of giomerulo-tubul o
balance Nut the crux and eignifi apoe of thi Fperiment wak N &
1m0 ¢t identi 1 v loe of ab lut proximal resabsorption rat
wers found Wt lcul ted bath from the & olin 1 ancw and the
proxiral fraction I resb rptioem th  latt r known from fr  flow
& roponcture dat  and from the re ur & Jumin 1 radiuvs and tha
OT Thi los  gresrent ssemed to justify the coscluston th t
pro tmal tub 1 r peshs rption contincs throughomt the oo 1 ion;
ire ¢ sn unchanged ¢ ven though the fLltr tion r &t drops
¥o Aol rand direct pl oo of 1de ce indic Ting th  the
of reabs rption doe not hasge Utoratt Iy in re pon to
H tion in GFR h 4tk spparently been obt ined

Furth * it has bee dotumen @3 th ¢ pro {ral 6o 1 fon tirw Can be
G entlt Lwely 7ol ted © the Othe pararwt r# depand t on proms
mal ob 1 resba vptlon b th b re rea ured In fres {low auch

tr nalt  re ¢ f th dye fromt £ bolw Of Filt red 15 amine
grew ) and prowinal f actional cresh rp iom (and he ¢k tob lar
i d pl sma tn 1i ie OT/Pip) Th ustque rel tion hip
Be wewn OF an {t ure (T M TP Lyo bee  dertved
LN 2d Ley sac 1963)

B 1..«1;5)“

¥ hop ope rect o0 f node t (12%) ro rogreda 3 flow ) i4
from he p rec € he p  imel tubsle duft ¢ the p oxy al
o 1 ion ph oew on b qeantit ive gre fw Lo wesn 4l

1 ed and 21 e 1y = ¢ fue T tin 1 e (1)
TEL t k23 T octed DT and ot 1 adl hax be n
I ound ove  he ¢ [ pos aneon i ticn tRaj  n oand
Loy LA Y od a3 gu lly lof g eRtit tive

i oer e 1t o ined by e dnw 13 rE w

Ir3 1 2de HIf re 4 tor ef stk L and T

~1 ~ Kpan ®m 4 8 1 f ¥ n rony 13 ce

i Toe odh pe 4 4tk e b ogen

13
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filtratien proe tep in t taneously whilst th proximal
reab orption continwe unt{l th Jlunina ro erpti 2 and totally
occluded The time 1 t rv 1 f on aortic clarping until the pro 1
mal lunina has di ppeared 1 r corded and den ted by th occlu-
ion tima (OT) Th t ™™ occlusion tima was pref ed to col

1 ps time inord r to d! tinguli h th ¢ adu 1 lumin 1 ooclusion
du to eab orption from th dde ©oll pse of th p oximal
lusn re 1t g & ¢ froo applying too ruch uction to n inserted
o1l cting nicropipett

1f abs rptive capacity is con tant d ing th luminal oael sion

c =

-
in which C repre ta the proximal reabsorptive ¢ p ity and
the luwi 1 Alus Fo any given luni 1 r dius the OT will be
rore rapid the 1 ry the ab  rptive t Conversely the ro
the tubul » d1 tended th longe the OT £ r y given v lue of
¢ Th knowing the lunin 1 radi th absolut te of pro imal
r ab rprion an be ¢ lcul ted [ ON the re red OT

3 B3

1o o Polyme urd mopol fon
T v 111 nee Spea ne ' Aot
- 4 ydopen  en rol Ly o 1M

H T g R

. e 4w sy TN mAeh



Pos 1ts equ 1 to thowe given in fig 4 obt ined vithi tha ange
of po tanecus v i tloa in i wlin 1 arance froo 0 7 to 2 0
al min ! pe g of kidoey weight fx w ) in T tA denco tr tad that
tha eciprocsl f th OT ¥ ried linasrly and in direct proportion
to the GFR wm fured just baf re the a0 ta v wdde 1y olawped
(Layssac 1363) 1In sddition 1t v » documented that wnde the e
condition the proximal lmml 1 radi wa on wn v age 13 14 A
1 ction of qui k frorsn pom-~diureti rat kid.no{l indepandent
of th 1o 1in clearsnce bt alss sbove 0 7Rl nmin bgrw !
Thase rusults demonst ted the phencrenon of glomarulo-tub lar
balance But the crux and algnifi an  of thl  zperisent wase thad
1Ino t identi 1 vrlue of abe ) te proximal  absorption  t
were found wh o calcul tad both from th  imull €1 rence amd the
proximal fraction 1 rsab orption the Latter known from free flow
= ropunat dar  ad from th reasst 4 luml 1 radi and the
OT Thi loa syTwerw t aeered to justify the comnalusion that
praxisal tubul  resh orption continue throughout the oo 1 iom
tire at unchanged rat ve  though the filtr tion r te drops
t  r A 1 ramdditect pl ce ¢ vids ce indi ating th t th
t t &b orpticn dos thot hange tomacy 1ly in re ponss t
it tien 3 GTA had th  pparently been cbtained

Forthe it h 8 bes docuMented th t pro imal otclusion time can be
quentit tively rel ted to th oth  paramet rs dependa t on p oxi
Pal tubul abs rption  t that re rassured in f ee flew uch
nsit time ( f the dye front € bol 8 of filt red 11 amine
qrfven) and proximal € tiomal  abporpticn {and hencw eh  tubul
11 14 t pla ma i lin 1 CT/P)ry)  The ocaique rol tionship
be wee OT ¢ an it tife (TT) and TT, /i, b 180 bew  darived
8oy 24 and Leys 1989}

a s
& L
W h propo ction rode t {12%)

Tet ograde 1 flow of f1 44
fron th pars  t of tha p  imal tudul

du ing the proxiral
o 1 1on fh oMe on 168 que tit tive qreena © batween 1
culs od and 41 ctly rems 4 o £4 11 )

nee (Clpy)
1T P 1 a ™ rreet 4 QT d luni Al adiys has bee
{ und ov re ot -"q t  poitaneocu 1 lon (Boje and
Lay ma. 1% ) T 1t tudi & equally 1 q antiv  ive
3 ~ Le wve ™ lt o 1 dby th inve t g ror w
e a oAt ondition {4 the § and ¢ t
cwll | 1o pansion L ide 1 f ) T L o9 1de ce

14 na b OT wthoed b been obtained and T cun ] 4.
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vy dry s
Tieg

Moo s 0 wouow ol v o fenfyre

Wecip ocAl OF fv 4 1 gection  f amgler L X1 4 def
learsace € tenlt e L Pt wows  Angs f ien
retsus 4 (mewdl 1y bef  the addl 1t lom [ omy t The
ey ualiza U 833 ¥ L W ot lsed  sen ol

wot g we saytet | tley xc 1963

4 avn by Cottsch 1k and Lasait (17
Mpli d ¢ rroctly 4 & irple and a~cu ¢t
QU tit tlvely correct date on ah Ol & t
tion sesns § tifi 4

th t tw OT rathod wh
pas arerent p oviding
of proximal  ab orp~

It 1lovs that the
Prifa ¥ Tiabl
€6t

t terent that proximal r ab orptive rat 1 &
ind pe do v bf the OFK por & rust be sgually

Ctilt L g th ~ rethodology 1t w hown that  ogeno vio~
Y A 11 ing ected }otr usly just ft  tho url  and blood
Tl g f ontrel 1 1 nce ma ty-ant P olong d the OT
- re d irredt £ 1y (1 3 ¢) ftrth pa ge t  glo
1 h gt oth widnay Tho ot It (glven in fig 5) ware

tery vy oom 1d ¢ that g1t in depr 4 the

© ¢t 1w rp ive  paclty fron any high 1 val down t nt g
" lve q I tr lovest 1 eord 4 within the [+

v - k] 1oty tLey 1964 1963) It hould be

-3 4 EXY 3 hibitor wubil v ffect of 0t a1
o id e 1 4 Iy t 2 Migt t pont ne us con T 1 t of
A oot 1t

t fef 1o 1 vt r) Th (shibitory



ffect of anglotansin wa doss-dependent while equipre sor dos
of norsdrenaline had no immedi te effect on the OF (Leyssac 1963)

The preblem of proxima) lumipal Qisoet rovari tions
Provoked apparently 1 prt t 1 ast hy the evid nce obt ined
with the OF technique ssve 1 yroups f inve tigatars cgeged
thewnalves In t ting th result with more sophisticat d mi ro-
punctur wethodology The inability { th a li r report to
reproduc  ths Copsnhagen rw ults re ted soms confusion and
qre t difficultien in xplaining the dis repantles Almost 11
other yroups consi t ntly found that th proximsl lunin 1 radius
va iwd linearly with th  ate of filt ation such th t the luminal
volume pe wnit of tubol r length { ) in re «d 1n direct pro-
portion t GYR. In additlon r lts obt lnad with the plit-oll
drop rethod 1 trod ced by Ge t {1963) showsd th t tha resh
orptive half time (t\) " onstant and independent of 1t v
tions 1y temi rt rial preesurs and GFR (Gertz t 1  1943)
Actording to Ge t

Ty 4r"
1 which C gai epresents the pro imal resbe rptive apacity
Baned on thess findings Ge t p Opos 4 that C was

us iy re-
1 ted to th luminal yolums pe unit of 1 ngth ( ) uwch th t
any iac  se i tubul 41 ten iem ulting from increns te i
cre

tosatic lly will indoce  par 11 1 chanrge in the t of
ab orpticn Thi hypothe 1 wa pidly acrepted by rost 1
e tig v in the 1 1d; seve Al y it v considerwd
firmly establl hed by opporti y e idence from th  split-oil
drop  dt an it tire xpa iRe t (Mocto t 1 1944 Brunne
t o1 1946 Mect ¢ t al 19673 Schnerrunn ¢ 1 1340
Apparently the arli apert (Leys a  1961) th t equally large
3 tiens 1 prox ral reab orption t ould be obs rved with
oat any L tion 1 the lomics) diaret w  dl g rded  ven
t oush 1 would ppe tTony  QuRe t ¥ 1t th  concept that
d are  chonge physt lly  use p 1ral resb rption  ta to
hyge o= ti lly The que tlenw th [ T inve igated
h tproved  chnoque nd 4 bll d~xpe lme t (B Ino  Cott

eh 1 and Lay A 1%8) 1 vivo mi ph toy ph we  rade of
tec o0 1t 1 kidavy da ing th collection

e ot f 1 anc  w [ I S 4 1ty e o tesdy tot

t1 Rl 1 ytronpa 1}

oh tri tion of the renal
¥y on o ¥ ponoarr ly Confirml g th criyin 1 cb
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v tion o chang in p oxiral tubyl r dizmt r could bo ¢ tect &
ov r the range of pontaneous vari ticnw; at lower value of GTR
th  adius act ally tended to increase fot wntil 1t r wa 1t
gene ally rocogni ed that the wsults obtained froo split-oil drop
experinonts were due t artifacts ( £ ¢ iti 1 Teviev of th
cettod by Orl ££f nd Bury 1971 and b Gott chalk and L3 it T
1973} which can readily ba  xpl ined fcf Ley c and Baj se
1366}

% riously ch llenjing th ccclosion tine method ®Wahl t 1 (1967)
in Th v labor t Ty r ported th t th ¢ urse of reduction in
proximal tubul  radios duri ¢ the occl tlon ph crenon Pe  ured
1 photori o9r ph taken t 1 #c 1 terval w &  linear fonc~
tion of tire Fyen though t ne +mert of the adin {plot
ted on the ordi t ] could be cbt ined only du ing th first ¢

s0 th lope of the 11 » 1l g #di s totire w s uffil i tly
xa t £ v th c 1 nlation of the 1 {tial r t { r abs rptioca and
¢ th daclin 4 radios E tr pol tion of th lines tartl ¢

f oa A radi (oln!-bmnle inte cwpt d th ab is t a
pol t qual to the rw sured OT If r ab orptlon r t hd rat d
constant d ring th 1 ~inal oc lu len corved line should be

cbt In d Th v fors the & d t wers int rp tod videnc that
th t f r ab crption contl uocd ly and tcmatl  lly decre e
pAarl p ou with th  decre 1 dy 99 t dby Get

Moweve th p obler 1 volved 1 re i g the pro isal lunt 1
a1 1 rh tenicrog aph had ot bee consids d Me urercnts
t th proxi 1 dius g oe  1ly diq t § lude the ref actil

1 ' on ) p sent inph tog aFh t th  ut  pargla f the
twb 1 lume  giwl g & radid f about 10 un 1s0 found by
otr 31 t 1 1968) Tr preblnmw  olved in § ot
13 1t bty tdring ph tograph wmad of Pl miglas tohe
with unpoli nad lmmi 1 urf ce tmorg d dintow t  and xpoa d
with 4t light  thus init tl 9 the condition 1 hich ea l
arfa 1 ol ticna r photeqr phed in wivg (B ) and Lay-
€ 1%% Tt yh oy th 41 lesed th t ther {1l lia
P £ r l-e @ et 191 1 pt tog phs f Baln d
3% ~lt ™ ur 4 to4 lul th fr ctil 300
Fret 11 11314 nwv  found 1 3 eement with the
13 e vt cbtar 44 cctien of Qui k fro en kidney
(Lay 134y 11 tth the  lect 1 1 radt lewl t &
by Hogel T 1.1 16N “hux the adl tttes o
trgt of 13 LN 1 & 1 enrecty  the the cor

reul o 1 13 T1gtht co ect d lue



and the initi 1 lepe of the line an xtrapel tion int cepts th
abscis t 19~30 ec f beyond the e ured OT of 13-14 sac
Nowave € lculated curve ds  ibing oonstant  ta of  abmoTp-
tico given by the initial lops and tarting from radius of

14 un intercept tha sbsolsss t v lua £ 13 14 sec equal to
the measursd OT Thus 1in lity the data r ported by Wahl and
hi vollsagos wars 1 compatibl vith Gert  hypothesi whe as
they lend trong oppert t tha oocl wion time rethod and th

pre  t warkipg hypoth 1

Also ch 11 ging the int rpr tation of the results cbrained from
oc Jusion tims xpe 1ma ts wer dst obtaloed in proximal tubula
micrope { iou xpe imgat by Wisderholt and hi assoct ¢ {1347}
The res 1t  uggested that whil the luminal dimsets incressed
with pa { ion te ¢ iog from 10 to 24 nano-1 per min reab
sorption rat inoreased propartion 1lly  ince the collect d par-
£ ate/infused £1 td & ull r tic emafned unchaaged A low
s ly 1 of th t dat disclosed howsvar th t 1ik ly 1 ak ge
rtife-t could xplain thet  salts ( f disoussion by Boj en
and Lay sac 196%)) and 1 t © tudl by Morgan and Berline
{1943} log the ame rethodology wers anab) to onfirm the
re ult  f Wisderholt t 1 The rate of proximal rsabsorption
rerained unaff cted by 1 rge hange in the luminal pe fusion
t  As pol red out by G 1 £f and Burg (1971) the mkthod f
nl roperf lon 4 of loe i  xrluding th  influence of th
Glorulus itself on cer reabsorption The result
#orgs  d Berline thersfo  edd additional £ §  1donce
indi ting th t the proximal ab orptive 4p ciry is ind pe dent
f b load prese ted to the lumin 1 jde I 1t  tud Btaven
as7ia Aved t th  asme conel lon fronr 1t obt ined by th
nethod f cont 11 4 wetion durtag coll gtion of proximal
tubal f1 10 f th ¢t mi tion of ingl nephrom filtr tiom
t (& 7TR) A ) A H rediction 1 promimal loninal pra  re
grented SIGFR b 8 ano-l ® lgme ) vl rrs o1y oo
de Aby 05 (em2 44t 194} Theabsolt rtv [ paxy
mil  ah frion  mained unchanged

obt ined by

Loty t L Pe Ltw T Vas de tgned by Cort 4 i g

Penh g 3 de t t t the validity f th ocel jom
ot nod 7d he que fon Whathe of  t chamge in CTR 1wy
aciuer 1 d by pooportien 1 chang  im proxgmal }

insl  aylus
b ioe gree t an 1t tise (TT) 1 ¥l -0t}
P, e ©uld only r may con ta t Af ¢ Ty 14y
) ®ci< ¢ an

IR Con | ced that th TT would te con t ¢
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];lt_!m o changa 1o proxital tobular dia=ate could be 4 tected
ove tha ange of spcntanecus varistions; at lowar valoes of GFR
the radius actually tended to increa Mot wmtil lats wva it
generally recognixed that the results cbtained fron split-~oll drep
axperine t ware dua to artifasts ( £ cor ti al reviews of th
rethod by Grleff od Bury 1971 and by Gottschalk and Lansiter
1973) which can r adily be explained (of Lays ¢ and Bo} sen
1966)

Serivaxly challanglng the ocrlumion time rethod MWahl et al (1967}
in Thurau laboratory repartsd th t the cour of sdoction in
promirel tubular radius during th oo lnsion phenceencn Dessured
in photoni rographs taken at 1 sec interval wws  linear func—
tion of tims Even though exast measurements of the radius (plot-
ted oo the ordipats) could be cbtainsd oaly doring th  first 6

mec th lope of the line lating adius to time was wuffi lently
xa t for tha cal ul tion of the nitial rat of reabsorption wnd
f the decline in radius Extrapol tion £ th lines tarting
from r dlus (£ } of sbout 10 im Int roepted the abscisss at a
polnt egqnal to the mea ar 4 Of If absorption  te had rerained
cooatant during the luminal ocolusmicn  curved lina should be
cbhtainefi TosrefoTs thems data wers intarpreted as syidemcs thac
the te f resb Orptiom continoously and autometi ally dears se
par! passp with th decresss i radius as sogge ted by Certx
Howete th p cbless 1nvolved in rea uring th p oxisal looinal
radius 0 photomtcrog phs had not been consider 4 Messuresmnts
of the proximal adios gener 11y d 4 pot inclode the refTactile

lins {or ) presant in photographs t the outar margin of th
tnbular luwen giving alins of about 10 .o asm lmo found by
othars (Raines t al 1968) The p oblan wa lved inagr t

PATt t least by stuodylng photogr phs made of a Plexiglas tube
with mnpolished lominal urf ce sthserg d into water and exposed
with inc dent light thoa init ting the conditions in vhlch enal
surfece Oov 1 ticos ar pb togrephsd in ¥ vo (Bojesen and Lay-
wsaC  1%63) The photogr ph dlsolosed that the refractil lin

i part of th luren Wom th original photographs of Bain  and
hix  oc! tew wa  re-messured to 4n Iod  the refractlle ooe
proxival adius £ 13 14 1o vas found in gresnent with the
#rli  asswremsnts cbtained in  ections f quick-froran kidoeys
(Leyw ac  1963) acd leo with the lectrl al adius  alcnleted
by Bagel Frimt  and Wick (1%67) Thos th radios t time rero
() f10.mg enby Wahl ¢t al i incarrest; rathe tha cor—
rected adius hould be lows to 14 ® U ing this correct 4 valoe
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cant chagge in wrteri 1 plasma oncotic pre ur {COP} ¢ ve rise
1o a modemt but ignificant imwedi ¢t proximal lumin 1 p smm e

1 wation sve giny ) 1 mrodg which pe 1 tad throwghout th  in
fuston {1 mi )} Thi pr ure ipcy sent ¥ ascribed to the Te

1t4ng change in plasms wolums IYafoston of aa amouwnt £ ¢ 1loid
£ wa #olntion { 0 ml) whi h gave the sasa pl =ma volume wpan

ion as  tisated from the change i hesatoerit caused  morw
rark 2 lwad! ¢ promiral tond 1opr osser loorwate O An ave Qe

£ 38w Bg and 2 drop in plasma OOF Th diff r ce 1 the arly
tat atubel p SO increme b 2 7 wm By w0 t exactly

egnal 4 tha te sar & drop in COF of 2 € M Rg Sin  the Jatt r
change in COP qual the 3Lff ence i f1ltr tlon pre sre ciused
fy the dilution f pissna protedin the r oles we  di et avi
dance indic ting thet th proxisal luminal hHydrost tic g ur

i initiaily clon iy in pa 11 1 with the filtr tioe pre

or u-u,: in sctv dEnce With the  1temm tiwe wo Xing hypothe i

In addttion ft v docomented th t the 1y {nyr lumt 1 p
chang woro § dually compensat d f 1 an undal ting
ranne  Tha p  ur v gul ted back to xactly the p e-infoston

Ios within 16 1% minut tn close gresmant with Bo) sen
1 terpretation of hi 1 a ance data {1954} and in accO danow with
the dats obt Inad by Cottschalk and MyIl (18%4)

“EY  ce tly Keox (1973 ported 1t cbtatned in dog  demon
t e war: liy the ane phonome on Snfumioe £ ac tyl
chall 1 ta eh a1 tory seut ly ugrest & KBP and sarkedly
ine dth pooxiral 4t tutml p a $1 gt paph on il
T tton ta IFXCFR)  and hence th  ff Ctive £11t ation pr
esaimed us hanged whil ffret it 41 oacots
de  axed iyuifi iy

-
14 ™

The eff cn we €LILFACICT Pt H

r fous indt o1 imay f glomerai Aptll vy hydro ety

3 ad perrmabil by fom L isg dNt oep A dwely
wed By B X4 N3 G lmo {1971y 1 pertinent (e the

d velopme  foo 4 ot methal fo Lttt g the ope  tive

3 pon bl € glomerul 1t falt tien These @ te

rethod  and the 5 obt imcd by thet b1l thon hawve yeas t

1y b erinn il tewed by Lo tea {1873}

The impo tance in
£ rmation p ovided 1n the todi
- b f wtrry Y thi POl T L hotp temdt gt aly

Ny w8 o bt fh

» 1 he P oer o give by Las i
1 - 11 d ceon 13 ~ g de 1ce
-1y s f 4 et wdig faydoser p
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ure in microvasculatur 4in a mutant Wi tar train of rat (th
monich train } with ve al glomsrul located just ondsrme th
the capxul Brenns Troy and Da gharty (1971) first su ceeded

in measuring directly the glosmsrular aplllary p wsurs (P __p)

in ats P, veraged 45 mm Ag in hydropsnis comtrol t  Thia
valus has bes oconfirmed repsatedly v th imilar wethodology both
by Brenne and hy  ssocolat (Brsan et al  1372; Fobertsen t
1 1972) Dean t al 1573b) and by Blantz and assoai ts {Blantsz

et 1 1972y Blant 1974} Ultramicro-protein daet rminstions an
sy tenig arte i 1 and ff rent arte lolsr plasma the 1 tt col
1 cted from the tar vessals ylelded ff re t { )} and eff reat

{ ) arte iolar ancotic pres ures of 20 rm Hg and 35 m By res~
pectively With a hydroststi pves ur 1 Bowsan c psals equal
t abeat 10-17 mn Hy as usually wcordad in early proximal coo~
vyolution th nst d ving £ ce fo ltrafiler tion 1 th

£f otive filtratlon pr ssure 1 13 15 mm Mg at th  ff ent &
of the glomsrula o ipllarli and 0 mm By r lightly negative

t the ff nt end) hance f 1tr tioo equilib om i achl ved t
© shortly befors the end of th gloserular ¢ plllaries Ascor
dingly the mesn ff otive filtr tiom pressu  is abo t 10 mm Hp
This valoe mxy be ooevhat unde timated howsve The problem f
corrwot sampling f ff rant arts 1 lar blood and the technl al
difficultis in the ltrsmicro-chemical protel measuresant wers
mphasized by Las it Furthe Allison Wilson and Gottech 1k
{1975) h ve sbown that d Ting a micropuncturs experiment th sya
teml plusma prot i ooncentration of rat i gradually d lining
in their experinents from sboot 3 7 g3 before surgery t about
46 gt withi 150 min te ft r sargery oorre ponding t Te
duction in calculated oncoti pre sure from 17 § to 12 5 mm Hy
Umpublishied cbser¥ tions in our labo tory have confirmed  imil
aibe t 1 ghtly 1 duction {n directly measar d aystami om
coti pre sure {COP) f llowing surgery Imesdiataly ft anses
the ia values of 18 15 mm Hy wers corded whils during the

mi ropunctar  xpe lmants COP d oli ed and versg d 17 2 + 0 6 and
161 _ 02 = B rwspectively 0 two maries of xperiment (Ley-
sac Frederik en and Skinna 1973) If inilar value pply t
Prenne te it que tionabl wheth £ 1t tion squilib lom
actually had been achiared { his experissnta

U ing the method of top-flow pra ure msasuremsnt (8FP) indirwot
estimatas Of glomrul apill ry prw rv an ba obt iped ince
P ,p hoald equal STP plus The valid ty of correct sstirat

of P, 40 thi fash on depeods on  rtain as umptions s Ls it
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correctly mph i3eds in particnl r on the ax wption th t the

sdoction in flow to th A4 tal tubol by tbe ©i) blockade bas no
ignificant hesodynario £f ot In view of the vidence { tde
inf )} iodt atl g & feedback wechanism 1 th macul & n a re pit
tag in lowe ¥ lue £ SNCER from distal c 11 ctions (with intsct
flow to the maoul de ) th £ oo proximal 1] cticay  ueh in
4L ot measur  of P p 2T e ubject ¢ an artifactual ove

timat t i ast undar cerialn condivion and hould b v lusted
with oms gotic U ing thi dndir t pproach Allisoe  Lipham

nd Cottechalk (1972} found a glomerula ¢ pillasy p ss  of
52 2 ww Bg © o lated from & AP Of 17 § mv B9 nd sy wnd
pla ma COP of 14 7 ra g XAllskog nd as o0k te  {1978) in Ulfen
dahl » labor tory repoart d imil r SFP ¢ I ¥m K3 in ot
Az uming 4 plasna protein coneoat ti  of & ¢ equal to & COP of
IC o Ag they  leul ted X £o e 54w NG Bowever a COP f
20 w0 Hg 1a p obably an ove  tirat 3 from  mors likely  loe of
16 M K3 pplying te th ondivl g v tling da tog thalc
pe tne t P vould be 54 me Hy {4 scco dance with ALLL on
ard hex oL ¥ill Xog t 1 ve  also able t measur
the glomerul @ pill vy pre di otly n thei Sp agoe
Dawley t  The reported ¥ loe of &2 wa Rg i markedly highs
than thos near od by 3 nne and othe  in Monlch Wist r rata
but provably 1 0 high  than the iedl ot tieate £ P i
thal own 4 £ Sp agus Dawley & WGIEsLing that speci
410f  cr caanor  plal the dt g eeme t wvhich probahly rw
Bai a0 undet raied techol 1 prodl w
Zve though orpl t sre t [ the glomerul
nyd emt ti pr  ur inwomediu et R

£ et the bulk Ldwnc  Sefi It 1y hew that It 1 sweh

lowe than p  lou 1y wwd A mean | 1 about 30 me Ay
would  ppea ik ly AL y tm pt e oncori pre of
atout 16 = Hg & 3o w1 oponet toad tion t o8

9 abl  wmica give & f 1t tioa f actlon (PF1 £ 0 ) the ff wnt

onevt  PT wr willh e lse bt I en B b the re  glo-
nerul  cncors | @ill be 27 33 Em HY Th p onimad lamr 1
3 ¢ uad  these conditlon 1 shout 12 AR Rg But the
r | RN FaoD bee e our 4 Miehtly Mgu  tha
A e wr d 1 th pmximal onwol tiens o the  tw kideey

111 xoq Ty lov f abo ¢ 14 fn NG nay be  asen
abl @ goan If cuive filt don p H ave g
emoag ot Ll t 1ot oth ual  lue f he
LL I S O ' P T ot an mal v
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r nge of varlation ing to the vari ticns
ingrR (0 71 6 al min 1 g kw ! in hydropenic rat )

In consl ion it has been  tabll had th t the effective Iilt
tion pres ur 1 low in th ord of 10 15 mm Hy dsronstrating

mich lower flow resi tance acro  tha glomerula memb ane than
previcusly suepected Thus a change in proximal luminal pre ure
of only 2 mm Hg c used by prinary change in the reabsorptive
oapacity o oth rwiss 11 oth  factors being equal will sult
in 15 20% change in the ate of filtratiom

Phy ical f otor ad} tmant of proximal renbsorptiwe r te and pl sma
flow dependence of GTR

aoogui ing the f ilure in demonst ating an sutomati and direat
dependency Of proximal reabsorptive capacity on th filte ed load
pre ented luminally and the ucces ive rejections of the hypo-
thess firstly f gradiant limitation seochdly of Iwsinal flow
welooilty and thirdly of tubular distension { r ) most i ve

tig tors in the fi 1d f 1t tisfisd for asons pot di otly
pparent by tha ida th t physical faot rs  cloding hydro—
tati pre sore (Ea ley Martino and Fri dl r 19%66) and in
partionl  the coootic pressurs (Lewy and daindh g r 1968) Wind
hager Laewy and Spitzs  1969; Bpitze and Windhage 1970) in
the pe itubnlar environment Iignificantly contr 1 th rat oOf pet
proximal tran fa of lutes and wata Th ooncept as outlined
by Windhager and adopt d by Braone and hi group we that pri
Dury changes in GFR  and thersby im th filt tion £ action (FF)
levate th ff rent oncotic pressurej thi changa in Starling

f re  across the paritcbalar apill ry wall would facilitat

th et ptake from the int retiti 1| pace and therwby somabow
ffeot {(inoresase) the oet flnx of fluid acroes the p theliom
sutomati ally It wva beli ved th t glomsrulo-tobular balance
ould be xplained by such phys 1| mechanism It i worth
poti ing that most of the arly vidence taken as upport for thi
ide wus cbtained with the split-oil d op mathod (Lewy and Wind
bage  1368) Windh g Levy and Spit 19695 Spit  and Waind-
hge 1970)5 and as wa lso the case with the  -hypothasis
whil 1t wa popal many investig tors found mnd find Upporting
vidence in what wo 1d ppear fortuitous co—varisnces and re-
produ ibl art facts Howevs given the premise  firat that
chang in f1 4 dalivary into th proxisal tubul by f 1tr tion

{ othervise) doss not infloancs th reabsorptive pa ity) second
th t the flow esi tance f th glomarul pillary membrans {
much lowe  than ha  ff red by the nephron segownts 41 tal to the



proxmimat tubul it f llows loglo lly th ¢ sny hange in filt a
tion (}m) in 4 by p rll 1l pwe ure change
in the pace af Bowran h  al bes dewonstrated by dfrect
maasuresents  Thu the net driving £ ree fo filtration (the

£ FF) L not tgnificuntly altersd by uch changas per se
Windhaser 12 & can the £ £ now __prior} be di regarded s
iogivally imcon ist t {nce GPFR in comtr ¢ ta th filt ttom
P orw  caihot ine  ass  ignificastly pngi] the tubular reab~
oxption t ha changed { oming tubul x flow r ! tasce
onstant under physiologinal oonditions) Consequantly hasge
in #ff ot oacoti pr ansumed to anse th chege in e
ab¥arptive r t  canaot hange bef but only ft r the change
1n © sbs rption rote huwve besn accorpli hed ¥ot  rp 4 4 gly an
ine  asing amoumt of evidence comt adict th  {dea of ignif§
cmt role  f par(tubols oncotic p es ar  Af any ab all  in the
adju trents of proximal b¥ rption rt Mo eove the ldex
woRid requi  an inoredibly high wnsits Sty € the reabmcorpiive
proce  to change 1 the oncoti p  ur £ th peritoh la
#nvi orme € the © pacity of the pe Stubul  capll o t absorb
» te befo limiting duction in COF ha  bae  soach @ not
only depends on tha plawea flom,  emphasi wd by La  Ste  {137%)
tut also the at of wat  t an £ r {rom the proximal lume t  the
1t ratikion od/o @ pallary L fgrifd amn Bincw th t  of
ALY tiom and p aximsl reabs rption vary 4 pa 1l i mde mo t
conditions the dllucing f£f ct of th rvabs rbat on the pe 4

tob lar prot 1 concent  tLOR woald in Pariy p_ ey with an
1 a an ffret et L1 COP 1t gf o an i e se 1
OrR asd FF Thes the p ased det CrU ant rwan change L oecotd
P our of e piilar and o pe ttud ) t  Titkun
T4t vwa oworp on owld e rpha e
ERe U p b e v e apml sy lom 1 ocends on
Lo%hoh the poox mal abeorpt ve  spas ) { o

L L wrn r unehanged or ve duced
oML v oM wp A % ral et e wan -

> v omm 2 g o ¥ 1 el m o nde  wen
TR ws tke mk Loy be wgu Jly w | Aired
Moy dow s ed redas oo o now ne

L oarph oo eteen ~ - by warked

. B rean o m wlor fam s
LI e
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zurrmmdinv th p oximal convol tions in teady stat must be
very saall Evidence obtained in_vitro as well » in vivp ugye t
that the sensitivity of the proximal tubules to changes in oncotic
pre sore ! the rromnding medium i ather mode t EI vatl g
th protein conce trati in th b th to twic norsal in reased
pet w ts and odium flux cut of solated ml rope fused sagos ts
f promimal convelutions by about cos th rd In Imai and Xokko
xperirmnts (1972) while G antham t 1 (1972) were mabl t
detect any ffsct on abmorption rats by hyparomooti b thing molo—
tions In both studies marked depre sion in et floid t an f
ra lted when DOTRal rum in th bath w  replaced by ctmpletely
coll id ¥ es ultrafiltrat A low es itivity to in reas  in
hydrostatic pres ur v  also noted An nhibitory ffect on net
t ansf by colloid frwe perztubular medi mnay not sven be doa to
the reduction in COP M rate t &1 (1873) rwportsd that replece—
ment £ b th serum by ultrafiltrat of homologous serum preparsd
with merbrane xoluding sal te with molecular weights gre ter
than 14 000 1n contrast to ultr filtrates prepared vith mesb anss
excloding solute with molecular weights gre t than 50 000
aused 0O dep salon of flnid absorption Th  Uthors oon luded
that factors the than th oncoti pre sure wars re poowibl f
cbsarved Changes in nat f1 d tran port Disrsgarding the mat ally
conflicting re ults obtained with the split—oil drop method
several mo  racent results cbt ined in vivo by peritubular micro—
perfusion with llaid fres pe fus + have faill d + dewon tr t
any ignificent ffest on proximsl absol te T te of reabeorption
( g Cong  Bartoll and Earl y 1973 Bol gr ve and 6ch fer
1975; Steven 1974b) In other tudi any onsistent oorrsl tin
batwsan tha at of proximal reabsorption and the onoovtic pre sure
and/  the filtration f acti o onld t be detocted ( g Arrd
uri ta-Muchnik ¢ al 1969; Lay ac Frederiksen and Ekinner
1375)) snd Blants and Tocke (1973) wers msbl t find any 1
Telation b tween the nat i terstitial pre ura { ; F;) rth

pas 1 dri 1 g f ce acros the proximal tubular spithelice and
measured ab 1 te atas of proximal reabs rption in the tesdy
tate of hydrops & ©od f llowing volums zpansion with plasws

line Trinally f cheng in the oncoti pr sure ¢ the
peritubol  an ircomant had any ignificant influence on net
ab Tpti®n t  th rat of reah rption hould be progra ively
depre sod du { g p oximal tub 1 oool ten f llowing int rruptios
of the blood upply bec se f dilution by th reabsorbat Th
svideacs f cons an ¢ f reab rptiom during the tubular
ococlusion an  the quan t s ag eamo t batween reabsorption



rates vesaured und r £ se-flow conditions snd the  calculated
{ o khe U7 provide etrong argument  gain ¢t the physical factor
hypotheni

Cury  tly omniderabl 1nt st has besn take in th po  ibl
azhi werent of filtr tion gutlibrium msinly becacse it § be-
i wed appar tly n cw ary to xplain th obs rv tion of
pa 1l lehage in en @ blood flow and QIR withont chang  dn
the filtration fr ction nd th ¥ by vithout change in ff ent
T {17 ousotd pr ure Within the frawwdork f th  conempt
in wbich the peritubala  vironaent ontrole the o t 1 cwmotd
finid transport acros the proximal tub 1 by bydrost tic sd
oncotls forT  (Dean  Robertson and Br aner 1373)  ingl nephroo
glooapular filtr tion rat  {SSCFR} will ary 1 proportion to
chaage (o plasma flow r ¢ when £{1t stion p ur equilibrias
octur (Dean Robertson nd B ennt 187} In coordknce  with
®l opmet © o datm {paugh rvy t % 1972} proximal tobuls

b rptive st hould remai un ffact 4 by Pl owa flow-depandent
¥ latton fn SHGFR following ¢ wolurw xpan ion with plassa
“RICH would 1 ave the f( t and  ffar ¢ ondoti P ure  on
eTanged Ap v f OM th  question teed shove ip 1%) concemni ¢
the ¥ lidity of the ceour  ow £ filt tion equilid lum p w
#3Wlib fum spps atly { n ¢t obt thed gene 1y Tho  Blant
fect  and Beidin {1974 foond filer tlon quilibh lwn ) om
9% wp £ Masich Wistx At but  t 1 anothe  okitha  Allison
¥il on and Gottsch Ix {1974) nor KRLl Foy & 1 1373) fomnd
*vidency £ FIIEr tion equilib fum i thel VWit 0 3p  que

Dealey ac pectivelys emd file tion squilib tum g(d &
OICW  dn the dog 1 ve tip t 3 by Koo (1973}
¥oveye  1n  few of tha hyd cdynamic 1 tant £ the entire
veph on  th  ide that SNQYA  an bae 41 ctly plesra flow=d pe dent
i wqu i1y legi lly inc ns tent b i@ thop g mary
€ha y¢ 1a EAOYR an ff t bw post gloawerul oneo »
and the by the proximal abey PLoo0 Lye 11y Ticn
TIULLLL ton may be ached bef  th ff €t 4 € the glowe
e pilt nd nd ¥y onc e pl
Tiow whreh move th oo v 1 p g 1L ount a -
£ £orr 13 wold 1w an th e (L
t otlen p w on g ey £ liuwed By ar
IFCd v and pa t e xe the ¢ pal el
A w hace r o gt t 11
111 roc be che gedi g a noecrr .
Tl 1 K y Wo tar 4 4
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the filtration pres ure can be dir ctly plasmx flow-depandent
The ame oriticism 1so pplis to the various othe models of
glomarplar ultr filtr tlon dynamics recently publi bed ( ¢

Bt v und Str@bsk 1974) Hus  Marsh and Kalaba 1975)) thoogh
recogni ing the b 11}1iancy of the quantit tive formnl tions od
their walve in det rmi ing filtr tion cosffi lents rte lolar
re istance and the inflosnces of th various paraseters on the
filtr tion pres ure these model re f littl value in predict
ing which fsotors actu lly are th main ltimat dat rminzats of
the B4GTR in th intast nephron in vive ( r ven i yitrol The
modal ouly daso ibe tha vents ond r conditioas § presvmad
constancy of the proximal int tubul pre sure thow di regard
ing th flow resi tance £ tha varicus tobul r segme ta Tha ik
of m1 1 ding th reada by omitting consid tions of dat r-
minant sequence of vant would ba ! & if uthors of such model
were more tringsnt in the ues of the tarm @NGFR {0 GFR) Nathe
they should use tbe term glomerul  filtr tion pre syre =mal
stimat have bes mad on th asocospanying chang occu i g
in th tubular pressurs parmitting valid quantitative val
tion of th actual changes in th f otive flltr tien p ure
and thei tise courss

Th  rpsrimental finding by Daugharty et 1 {(1972) th t SWGFR
did in faat inorease in proportiocn to pl sma flow following

pl mma infusion without change in ithe £f rent oncotl pr
wura or proximal absolut reabsorption te may be xpl ined by
th conditions of their mi ropun ture sxperiment A 1ik ly rti
fact 1 th ¢t f1 14 f Aetermination of ENOFR wasm  llectsd in
wuch  fashion that the proximal luminal pre ure was maintained
the ame unde tha hydropsnl oontrol cordition and f llowing
voluee expamsion A moTe correct xpe {memt womld h ve been 1 th
control period £ collect th £l id unda ontrolled luminal pra
®d & equal to the free flow pr & res then to infus the plasma
and ma e the rise in proximal lomin 1 p  ure re 1t g from
the voluMe xpansion and £1 lly t re—coll ct fluid t this e
intr tubolar pr re

The eff t Of na the i on the function ] tate of the kldney
Even though #e 10us h llang h ve f iled t invalid t the OT-
mathod 80 f it remained fact that othe 1 vemtigstors (Horst
t al 1966 Lowit Stirpe aod Ochwadt 1969) wars unabl to
reproduce the inhibit ry ff t of sngiota in on p  mal tubular

function §__vivp ob rved iginally 1 OT-sxperiments Al that



¥ahl and assoolat s (1967} vhen usipng ths OT-method foond th
ocoluslon tirm {and transit timel dn arisnt over 1a gs range of
v 1 tione io GFR § contrast to the s It obtained by leys ao
The fisding by Wahl t 1 ver 3l foed by their ne  ared
inninal radios quared which incr sed in direct p oportion to
CrX Yhuy  the rata of proxirul £ oabe sptlicn 4% Mool ted £ om
the change in radiu and the O increassd in px 11 1 with GF% in
with the C h sult 5 only 4o Copsnhagen tha O
(and T arisd whil the radi wa constAnt ove the  are Tange
of {nulin clex ancw  Yhe  ult chtainsd 0 both laborat rles
a  internally consi tent. Thoe the 4LEF ©r nce o sestlts wy p o~
bably doe to ALEE rence  in the function L tat £ the aniwal
ther than t©6 ro of me oF mencs wephasized by Soiamen
ard Ley ac {1343} A Siffer noe in the choice of anae thetic
wa uspectad as & awae Of tha discrepancy becauss most inve
tigater  Ancloding thows in Thur nd Qobw dt gToup  used
4ud 111l uee the thiobarbit ¢ Inacti whil lay mao had
1 ¥ oxed an oxybarbita te  cdiun awbarbital (Awytal)s
twils 1y Ar lruci ta~Muchnik ¢ 1 40 Coteschalk  labs & ¢y
{1989) ured an cxybarbit t  sodium pe tabrbit 1 and found o
lgn £ ignifi ant hangs in proxisal luminal adiny ove  pan
taneons or (nducad v 4 tion 1 Q¥R Ranal functlion in two large
gYOuP  f ratsa nae thesired Ith I ac i and Amrt 1 pectively
¥e  the fof orpa ed onde  thervies ide tical conditions The
Its fiaclosad th t th arw f ot on ) patl rn &5 Lhat de
€ribed by wahl t i co 1d be  p ocduced 1 by th Copenhagen
3 0Op fn At nae chati ed  leh asct nolud ng both the o
tancy of e o lus tim Lire 1 1972r and tn adiu
Ltion (Xbm v 1 1973 P 1l b pride te
Yo ged @ 72wl ml ' p g £ kideoy weigh b ne ASWE 1 ae

theti @ 4 and onl O éknim gk * the Inacts g oup
M 1t parimal f ac oAl b Bt dep  med 1 the
facti ¢ P Y orp a4 Abo (%] tha Ayt L 1
The Q188 an  w g1 4 f an W3 th pr imal

A proww g ¢ i n e cul Ting pla ma
oot ¢ty s P d U £n plawra
e t oA ) i Eal Freated  hae £
at oy Lo vy 2 oAby W ocHpes ¥ &
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of both an esth ti s measur ¢ in plasda of anas theti ed rats
(abogt 8 10 4 M) vhe ax aimost t  times higher concent tions
of Awytal we required for ocompa ab) degree of fnhibition At

concentr tim of 5 x 1074 M Awytsl bad n  ffect on fluid b
sorption Forth rmore changa in fluid sbsarption t by the
gall bladde 1induced by Axytal were reversibl and coompanisd by
parall 1 change 1in oxyge onsuwption In contrast I ctin induced
depr s lan fm t fluld transf was { reve ibl and ¢ acoom—
panisd by any hang in oxyJen consumption A diff rent on lusion
wasm sthed by Dev t 1 (1873) in Munich who were abl to obtaln
degu te ansmasthesia vith adsinistr tion f  omawhat somller dose
f Inacti (10 15 mg per 100 g of body weight (b w ) than th ¢t
used by Zlme t 1 (12 25 mgpe 100 g b w ) Dev and his asso-
{t fo odno diff aence I GNGFR  in p oximal tubular reabsorp—
t on te betwsen t anas th ti ol with Inmctin and Amyt 1) no
oould they 4 t ot any rral tion batwes th proximel reah crptive
r ta and th dos of Inactin They conoluded th t ansesth ti  doses
of Inmotin did ot interf re with tubular function and that there
wa 1 diff rence betwes Amytal and Inecti i this espect How—
ve plasma barbitur t on ion ws t ) larger

pplems tary d sa £ Aryts]l wars give intravenocaly ther than
intraps itom ally) and tha umbe f animal todied by De  was
small Hence the data are not directly eonparable with Elme t

1 e# 1t Th problex was th fors re—i vestlg tad by Lay—
sac nd hi group exoluding fo th sak f cooparisom 11  ts
whi b ould t leep ndequately with t tal dose of In ctin f t
most 15 mg 100 g b w 1 (Lay sac Frede ikesn ant Bkinne 1975) I
ompl ta greema t with the d ta Twported by Dev t al it w
foond that within thi DarTow angs of Inactin dosa (12 5 15 0 =g
pe 100 g b w ) p oxmal fT oti nal resh rption was lightly but
sign fic ntly high than previously ob rved Morsove ab ol t
rat f pro imal  absorption mm UF d in Inactin ansesthati ed

ts were withl th  sng of alue cbtal ed in th Amyt 1 se L 9
and the W det otabl oorr 1 t on betwes th te f ab
sorptice and the dos £ Inactin sdmini tared Howsvs  Ompari on
of tha d t obt ed in the Inscti anse theti ed saimal with
thos b  #d  Anytal anaestbasi howed  ignifi ant dif

frese I W  a gToup th  ang f pro imal reab rptiom
t was na 11 lies be g in th lowe half f the ange
£ valoes meas 1 Ayt 1 na th t1 ed t d more jmpor—
tant a mode ! ad give intrwwve ou ly {equal to 1% of
bw) fatled tc h b orimal reab rptive apacity 1

the Inmcti g o L  vwoluma xpansion with line



sed  bighly ignificant increass (on an ve age by 27) in
proxim] tubular function {and GFR) 1 the group f animals ana
thetized with Meytal Thue even low doss of Inactin sppe to
ichibit and 1imit the proximal rwab rptive apacity such th t the
ssponss to  physiclogical timulus is sbolished © at les t
blunted

Asgthe d1ff rence betwean Inactin and cxybarbiter t soas th ti e
Tats wa reported by Steven (1574) In a micropunct re tudy Unde
condition f odiun pentcbarbital ana the ia 3 mm Hg reduction
in proximal intr tubular pra sure achi ved by ont lled suctica
aused  ignificant fncreass in SNGFX whars In I actin anse
thatl ed ¢ ts tmil r reduction in luminal pressure wa unabl

to ugsent th SNGIR becaus tha lune coll psed t 1 ast par-
tl lly proximal t th oollecting pipetta Th observ tiom im-
dicates that the proxiral tumbul w 11 w  profoundly changed by
Inaoti  being mors 11 psabl ompared to tubules uods con
ditons of cxybarbitur t ansesthe 1  which would =plal why

o 1 tlan f the proximel lomin 1 radius with GFR has consi
tantly been found over the tire ang of filtration ta

todl  on Insctl snsesthecized at Finally it has most
Tecently bea hown th t I aotin i ontrast t oxyb rbit ¢t
Lrpairs the utoregul tiom of EBF both in t and dog (Cong

404 Burk  13976) Thus the choice f the an  theti I agti fo
tudl  on promiral tubul  fupction anmd it requl tion would

PPt tobe wo t amfortm ¢  in p ticular f t ting an i
hlbitory ff ct £ angi tanei (Mo te £ L 19¢8) Lowitr ¢t

1 1%63) whi h ha besn detectabl only ¢t the highe t pon
taneou  tes of proximal  absorption obt isad 1 Arytsl nie

the 1

Tra @3 1t of thase todi whi b ocem o molve long=lasti g
TONLEOVEEYy empha 1 that the ff ct f th ansosthetic {ta 1f
hould be tak 1 to on ide tion vhen val ting the 1ttt
dnd that ve un cognt A ff cx of th anso thetics ru t be
ratt f continuing conc rm  as nphast ed  1eo by Las 1t (197%)

Fftect  £anqt £ 0 in en t amg o toem rith 134l trpony
There 1 (ncreast o ldone tha angi ensi I ray infloence

tas9 121 tanspot [ odium and wit 1 L s pithals
FT <rably by divect ff ct 0w 1 Mandar d Py oons (1370)
% omtrt g frul th g ff et f angt in 11 e Oty
°o dnt tim 1 ) 44 { y t erted a. prerar tiocas jp ¥l ¢g

Totipped  loni mec tev t se  t wed by Pre ious nerh
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rectomy and adranal tosy angioten i has dose-d pande t biph ¢
wotion on  t flald t ansf r) lov cano tr tien (10 Y1 1012 g Yy
etimil ted wvhilet highe conosntration (10 ° 10 % ¢ m1 ) deprs sed
et floid t an f r (D vies Mondsy apd Parsons 1970) Th se 1 tter
observations were confirmed by Hornych Meye and Millie (1973)
who also howed that the biphasi respan  to angiotensin was de
pendent Upon the pravious nephrectowy-asd nalectowy Angiotensin
used an increase in odlum nd v t t £l x sorca muco a from
ascend! g olen of n rmal rat whereas it inhibit d net fluxe
aoros muoea frow d sc ndf g colon at 11 dose laval {10 1110 6
In 1 ter tudl by Bolton and h r assocl te  (Bolton t al 197%)
abiph 1 ff ot of angi ten in on J junal net f1 1d absorption
in vive w  demcnstrated in normal rat 5 a9 in ubpresso doss
(0 59 nanc—g kg ! min 1) stimul ted whil high pra o doses
(3 9 nano—g kg ¥ min 1) Inhibited ab orption Evidence that th
tirulati g f£f ¢t of angictensin on olonic t ansport spparently
d pends on pr tein ynth o t the t an 1 ticnal ¢t ge h  basn
provided (Davi  Muonday and P racns 1972)  gg 1 ¢ that the
Dechanism of this effect d1ff  p foundly from th rapid in
hibit Ty ff ot of glotan in on proximal tobular funation
(Leys sc 1%64) An inhibitory effect of angicten in II on in itpro
fluid absorption by gall bladders from ormal abbits was reported
by Ley o and hi g oup (Layssss ot al 1974)) th onset f thi
€2 ct was  pld and the maximam ff ct was cbt ined within 30
min t  Any timil ting f£f ct of angloten in could ot be de
tected in thi prepar tion The ff ct of anglotensi on the g 11
blsdds wa due to inhibition of th active component of the trans
f proce  les ing the pas ive rosal to-mocomal flu of odium
and the pot &1 L Aiff rence uwnaffected Ohmi re latance ino e
1ightly (by 10) I =i rops f ion t di  on isolated segments
£ proximal tubules ip vitzp Burg and Orl £f {19€8) werm unabl
to d tedt y iqnifi ant ffect of angiot nei (2 10 % w
on nat fl 1d tran f  Howawe et fluid transf  at  wers las
ip yitro tha ip vivop 4 th dosa applisd vas tremaly larg
oithe £ which factors might h ve canoealed pote tially phy lo-
logi 21 ffeot

LY

More important in thi ont xt therefo s was micrope fosion
tudy by 8t vo (1974b) i which the inhibitory ff ct of sagic—
t in on proximal tubular reabso ption wa  eproduced in_vive
in pentobarbit 1 an theti d t Lat pro imal tubul £1 1d
wa coll cted t f flow lumi 1 pre ure 1t rm t ly from dif
f rent tubul d 9 pe  tubul apill ry si roperf fon t
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30 nano~l win 1 with asglotessin cont i ing solution (28 sanog at b
oc with saline  Absolut fluid reabsorption Tate w Sqnificuntly
S pre wed by 7 & nanoel mt ) g X w ¥ and tebalar £I 1d/pis me

ia Hn rat!  ignificantly decreased by O 79 during angicten in
pesfusion Peritubul =i roperfoston with slins bad o {fect

on proxisal r sbsorption rat  us compared to valoe obt foed with
out pu ttubulay perfuston in the sme kidoey 1h 45 wct  fact
of angiot is on izosmotie fluid transport by va {fous pith lia
iR 1t¥Q and ip ¥Ivo hae been demcostr ted; and it ishibitory

aff ot on p oximal tob 1 r reabsorptive  pacity hax baan 41 eatly
*e 3£l 4 tiliting  diffavrwnt mathodology than that used f 1t

fi t dwsonstrstion The invers relationship batwee log pl ma
enin concentr tion and/ v activity and the p oxinsl ate of ¢

ab orption f und in Awpt ) anse th t3 3 © £e OVer tbe  kir

ange £ abuorption rat {fand €YK} 1 luoding th  range ovcur

i g ponts ecosly (Zlmor ¢ &l 137D) welil th t indoced

by tede te s line loadiog (Ley sac t 1 1373} 1 con i temt
ith the hypothe : that the endogenoss cti iry of sagtat in
soduiste  proxissl  abs rption  ate mmde  these conditions

Morecte  mch an inwerse vel & on hip as absent 1 rate anss
thetitad with Insett  which w  shown t  snhibit nd lisit ¢k

P oaximal  abs rpeive function

T ine  enaly senl  effgct of ngioten in i3
Vithin the ¢ amavork of th clas | al theory it might be cor  iwv=
bl that nsogeacw Qi t & could pl oy ol Jul tice

fGYR amd XY by 2o tion g sgominantly on th p -ylowerul
art 13 Ance acoordi @ to thi oncept be t of filt tionm

1 almost xolu ively devarmined by the filt tieo g ™ Sran
T ocred & gloeeral  dyma i Thos Thorau ad oc te  the
¥ that the acti fey of th 1 aagt ten eyt m qul ted

BY  fewdhaak mecha 1 L the macul  de 4 weh vy thot
boared 3y 4l cal odion om tion wir 1K ly sodiwm
458 rption At the v fmx 1 de timul t th '
Ytemt g o 1872 Thur  and Masom 1373} Thas P

PomAry dec  ar | tutwi  functl fnecw My t op oo

21 ¢ the wac 1 oe T by incr as g th di ¢ 1 NaCi~Concent

110n v/ ff 44 flow b would torul t the Juxtagloemrul

™ ot it f loc 1 any tens et o th ff ey
t Ll ould b okt i ed B by dx g OFR ngd tab-

U Mg normal €1 10 deltvery t th & @ nephton  grasia

™ 4 ©® 1 fonr opef on tmdl tht the ¢t
4

& et oon ky 1 a §omb f Beni  and concvivably
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1s0 by the early di tal tubul 1 directly load-dependent pro-
bably by gradient limit tion { ¢ Anagnostopoulos Kinn y and
Windhager 1371 Xonan Webb and Borman 1574) Thu  any aout
in e in the delivery f fluid to the loop and th macula den
shaild timal te th recin system Comtrary to this view i th
wall known f ot that such an increase in loop snd di tal tobml
fluid flow used @ ¢ by an acute intrave ous aline load de
pra se rwnin rel within few min ta ({ f g layss ¢ t
1 1975) whil wdd n rednation i filt tion pres ur  and
th eby in tubular pressurs and flow ts  tisul tes renin re-
1 as ismedi t ly and contin ou ly even in th im0l ted perfused
X dnay ( g Hofbaver t al 1974) Aft period of reduced
filtr tion pres ure and ischemia 1y distal modioe concentra
tion 1 in essed indic ting impai d function of th tubular
spitheliom as shown by Thur u t 1 (1967} 4in partioular that
of th diluting gmant i e tha ascending llmb f Henl ) nost
1ik ly th refors the rmab rptive capacity of tha macul denss
1ls hoold 1 o be impai 4 unde thi conditio which should
depres  nin rel e according t Thu mu  concepts but it saems
to timul te the rel sse agcording to messurement

Apart from thes pparent Aifficulel fo accept! g Th ra
view Gros apd hi associate have cbtained indirect videncs of
an ctio of dogencus am wall £ xogencus angloten in pre-
dominantly an the post glowerular art 1ol U ing an i lated
pe fused kidney-p eparation thase inwe tig tar found marked
increas in GFR and th filtr tion fraction f llowi ¢ ithe addl
tion f enin ub trute to ub trate-free perfusion medium
(Xran B fbaua and Gros 1970) or sddition of angiotsn 3 II
to th madium (Krah H fhaus and Gros 1%71) sSimilar incre
s ts of GFR and FF ware port 4 by Hulww and P in  (197%)
fter infu oo f ithe entn angiotensin 1 to the =y temt
ircul tiom of at wvh reas equipressor doses of no sdrenaline
© adrenaline had b t little ff ot on the PF and GFR More direct
% idenc of a post glomarular vescular action f dogenon  anglo-
ten 1in has ecsntly bee chtained by At ven Pe itubul ni ro-
Pe fus on of ngioten in IT cant Lning perf mat (20 nano-1 min
used dose-depe dent incremn t in th lominal hydroet ti
pre ur f adjscent proximal convol tions angl g from 1 to ¢ cm
H,0 1 pe tobarbital anse thetiszed r t (8t ven 1974b) Since the
intretubul pr sore olosely refl cts scut changs in the fil
tioa p  sura th me sured pra ure incr as oould be due
ithe t pre-glomerular v sodil t tion or t post-glomsrular

4
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¥ soconstriction Primary arteri lar vasodil t tion caused by sngio-

tensln has paver bean obs rewd The v corded PT DT 10CT ase must
th tef @ haow bewn dus p adoninantly to  ffetent vasoconstriction
3t should be mantionsdt that the sagnitade of och ¢ spanse to
nyiot nain will dapend oo the p -~sxisting ff ot on the ve sel
by endoy nou vasotonstrict r snb tanc 5 bescw it should be mor
mrked under eonditions £ high fuaction L activity a mxy be

cbt ined 1 be lthy rats anae thetized with mi imem do of oay-
barbitu te

I »m  r cent tudles it was shown th t pe itohula wmiccoperf tom
vith th corpetitive angloten in aa log & r=$ al angh tensin

{% £ 1a in} c used the oppo it r ponee 1 A Lgnift ant istea-
tuduly  pr ® 3 op of 4-8 ca R0 1 dicating po t-glorwrula

¥s odifat tion (Stevon 1976) Thi latte e 1t 18 crucial howing,
firsely th ¢ the vascular re i tance pn  jYo 13 ootr lied by
pdoge o giot  iny secondly th ¢ 3t 1 control p ¢ &
tlly on the ff wat art 1 In con lusion the  chserv tions
indtcata th b the p ikany v scul  action £ endogwnous  sgloten in
1 g ¢ rentt lly po t-glonerul onst 3 ti which Wik} tead to
l¢ te the glomerul r capill ry Bys i pre yoxr {1 the
MHitration p } noreove the post §lomoraiar va cula e~
ftance jn wiyp t  omeroli ¢ smally by th 4t ar at activity
£ the reni angi ten ye em 1 g senont with the p enr
working hypaeh 1

e ~

Conside abl  ffort h ve bes tak  t t £ P 308 uJge tion
€ the ope tion € the yi paphoon 1wl fan it en 1
£ wibeck co & of £ Grm and 71 id delivary € tF dS b4 o¢ by

Wadl ¢ @ by tn jumt ylone 1 PRt (JGAL Mo b cum tnot g
vidence pport @ thi hrpotbe Tt 2 ed by Lehn

i nd n o gcn rman t 5 1% Leqant

techaig iy 59 Mpe Bl e A ¢
cogn )t denon < LR 1At vy

o an sedd  gm e f , o ’ "

3 ' bove §3 ano 1 ™ 3

fthe p glomersd o~on 5

LT3 m oh be pe wdly 4

R wed vy Soas rann 4t

11 4wl w o

ab d sun 4 3y o

Fann 1 atium 155
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gchn rmann P s on and Agerup 1973) ar with dlaretics known to
interf ra vith loop and di tal tubula lectrolyts reshsorption
(Wright and Schn rmann  1374) gg ng th t the e
pooss depends upoo th transepith lial transf r of lectrolyts

ros th mecula dans Al © it ha been hown that aloiom i
sece mary component of the perfu ion fluid for tha feedback re ponss
to occur (Burk et I 1%74) The rwsponse appear d to be asym—
metrl sinc chang in loop pe fusian rat below the predst -
mined normal 1 vel had no detectabls influencs oo the filtr tica
pre ure as estimatnd iths from measurepents of ENGIR llected
t axperimentally fixsd intr tub lar pra ure (Schoerssnn t al
19703 197313 from messurements f proximal int tubular pre
surs change (Hiarhol t al  1974); or from direct measuremsnts
of gloserular capillary hydrostatio pres ure (Blamt t 1 1872)
Further indirect evidencs that th feedback response to in reasad
fluid flow 1 to the di tal tubal involve the renin-sy tem has
bean cbtained Dietary alt intak modifisd the mensitivity aof the
feedback mechanism; salt loading which educes the re al resin
contsmt and relezss dimini hed the Tesponss (Dev Drescher and
Gchrarpann 1374)) blockers of the realn anglotensin y tem {sar
lasin and converting nxyws inhibit ) also blunted th respoose

reportsd by Bchuermarm (1975) Direct vide c indiosting that
the renin system is involved in the feedb ok mechanism has pot besn
obtained

The opermti of uch fmeadback sy tem unde n rmal hydropeni
conditions predicts that oil blockads of 1 te praximal onvolu=
tion and thareby f fluid flow int the arly di tal tubuls
ahould 1 v t the filtratiom pre sore Proxvml llect ons f
fluld t free flow prassure for xessuresmsnt f &8GR hould thers-
fore give valus f GNGTR higher than those obtained in th  ame
kifney by llections of f1 14 from di tal tubuls Thi prediction
has bean confirmed in several tudies ( g Schnermann t 1 1971y
Davi Bohn rTmann and H rate  1972) W var t al 1974} whil
otha inve tig tors h ve besn unabl to det ot ch  diff rence
in EMGFR depends © on th it £ floid ooll tiom { g Morgan

1971; Bartoll and Earley 1373; Xnox at 1 1974) Taking int
oconsidaraticn the tsch ical difficultie od 1 k £ rtifasts
inherent in micTropunct t chnique th 1 fluenos on the f ad

back ystem f previous It intak and of the phy lologi al tt
of th animal during the xpe iment including 1so th ch ice and
dos of anas theti it 1 h dly urp 1 ing the conflicting result
have bean reportsd  llect vely these studi do provide trong
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and & t widence Indi ating the x! tence of a fesdhack cuatrol
vechanisn whi h gecses changes in &4 £low dapendent {gnsl t the
Jevel of th wa Iy 41 tal tub 1 and which in respooy  adiu ts
the glamerul o ptllary hydeoatatio pr s re

The qua tios of how chaage 1in delivery of tubul r £1 {2 {nto the
arly 3 t 1 supnl 1 sansed and conve ted to an  ffsctor ¢
pons  rwmaln A satver of pur pecul tiom

Evideace han segiestad flrstly that arensepitheltal tramsf of
Lewts lyter ackce the weculu dems my ke A € g
mce) pecomdly SR the Taabeorpiive b f this iwbular sup-
et 12 directly flevdepsndent Beceatly stedie em emi Yeissse
I8 YiSKg (Frederis sa laysesc dsd Skinne  197H) Bawsbach Ley~
Are mad Kxlws 19781 kave Smdic ted that the rweis comtalutes
LI rRIar Tells sy Terpond § swall camot! challympt with
v lvw chanpe in 1 relx se function of 11 wolowe
wude thel in_ Rrp weeditiona Massd om 1he hyPothetionl A% sew~
tio0s LTS 1y Uit the tabuli-yiosrula  faedatk & wadl ted by
the SRS Easiotynaln Ayvtew) Raevedly the Thae pansive oell
Yolws-depioden  FALA  leaws cbaetved | TIL[Q wAY b f phY-
1041 | ieportasce S e Lon € ba oal el cwle we iy
JEYE thees { oding megee ted 10 the WAGT  wnliyieg Wypo-
Vharls AcTerd M tRI8 Mypetiesd o des aBoRg Bave 1 PO IND
180 JERLAqLoTMslAT eell (JO-cwlls cowld fwac  om et
m—te Wi} Uht By Lime CHlL YOlumesec  Lem CoMpling
TONLA amdt 118 2eIH the DACCKOUEPLIr TW FLAROTCRILOT OOROTSLR
of waln tel abe (Cf Taview Ny Davi amd reemrs P74} and

aceomx ¢ Lesdoaen 1+ pomsa Thwe th  hpprtbeai predices

Uart am Lacsv ted T € s34 Om aad £Mlo &4 resbearpiies by bBa

macul deny f (1ol g imc ased delvery [0l 14 tawh

tibula tapme  would Anc ease Uhe lee 1 Be GG L L 4o

wolall 7 Th  hyperioa 7 A wrm would cewse eell siakage

43w vhy s 22 i

urea 4 » € fige 1 3 amd 3y

1V It h bes Wl Nd b Uh pooximal &b TRt ve pacity

L pimay asl tepe o £orR (tn filt ed joad
fir ) 41 lwr 4 anet I h e g

provd 8 ne & PN thi regh m o dw t
a3t FERE IR N

T 1 e 1 tovwopoax t

ub 3 v owpims siy g 1 4
s 3 LI £33 Loe b g

Tt d b
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tates It ham been di proved that th proximal lomin 1 pre ure is
cnstant parzmeter
3) I b bes sbown indirestly  well as directly that the pres
eur drop ocross th glomerular semhran  — th t ultr filtrati n
driving £ roe frective filtration pressurs - is low in the
order P 10 1% mm Hg or 1 Henos ssall changes in proximal intra—
tubnlar pra ur all th fact rw baing equal will ca se large
bang  in GTR.
4) a tobulo—glomarular feedhack mechanism which respands to changs
in di tal fluid flow d 1 very with hange in th filtration pre
ure b besn dewonstr t d directly
5) It has bes howm and 1 tar ve ified with diff reat direst
tachn gue th t angl tensin II has  presmmbly direct tobular
sotion whi h inhib ta th proximal resbsorpt va c pacity of isoe
moti flu d
€) b rect evidenc h been provided indi ating that the vascular
ffect of apdogency angl tensin I p edominantly an ffect o tha
off rant rterl 1 j amd th t the esistance of thi arteriol 1
contr 1led § vivo by th local tivity of mgi ten in IT
Thu  the tw intrare al ff ot of anglotensin ot io the ane
dir otiom on the proximal intratub lar pres or
It would seem, th ref re that th fundamental as umption f the
pre ent working hypotbesi as well lts impli tions h ve bee
werif d and tablished Furthermore ach link in the chain of
ve ta in the hypothesi has besn confirmed by rasults obtainad
in seversl laboratort end by utiliz tien of var cus tachnique
On thi background th term workl g hypoths 1  may now be di
ml sed in my opinion; raths + =hoald be Tey dad as  new
theory replacing the disproved and morw row las ical theory
Th nev theory i 1 complet barmooy both with the an tomi 1
trocturs of the naphron and with the spsci 1 local tion of
the re in ystem I addition it ff re impl explanation f
th larg davelopment f th proximal tubular segment 1 masmal
Momolthermi  as mamma) are with high bleod pressure and
ascular system with art 1ol which resct to moy timuli mn
rel ted to the salt and wat balance thei filt tion pre ur
will be rel tively un tabl arying ove ange f save al mm Hg
Accordi § to the thaory th proximal tubular segme t of the nephroe
and th re 1 syat m functions 1 part t 1 ast by means of
feedback Pechanism b ff sy tem wvhich an apidly tabilire



th  intr tobulax pre or in pite of  va {abla propulsive pr

1n thi Cashjon 2 table delivery of tubola fluid both to
the loop of Benls and to w0 distal tubolar segments 1 1 rwdy
and 1t 1 ba asily ondarstood th ¢ largs pre ur changs can
ba compeny ted £ with | rger proximal  sbsorptive  pacity and
variability of the f{ ront t ricl r ve ! tance
A tabilized fiwid flow to the segwnt d1 tal to the proxiwal
tubal 4 da & tve neca ity if 1t ad VW b rb lasc is to
be raintained partly bec ns the optimal functiom of th conce
By tisg sech higm | the loop £ Beale d pands upont th Wk intenance
£ tubul  flow  tem within 1 tively marrow ang § and partly
becs e th  absorptive o paciti  of di tal tubal and ooll  ting
duot by which the xcrwtion of 1t 4 finally r g lated o
ad  lowly adjustabl { § by miner loco tlcoids)

Thus withl the £ mmework ! M1 theosy th  renin sy tem and th

p oximal tutmi Segwe t play & central 4! f r the coep hension

©f th mal tensnoe f xdy walt and wate balanc  and hence of
mal bload p sure B t it should ba t ngly emphaxized that

quit ldeatly ve do noOt k o but & faw of the p cbably many

fact thcinding 3 t & en 1 facto  whi h May po  1bly Tegul t
1t xc wtions and th  igaificance { othe fact r» in pact

wnk own perh ps  waich may influence and lLAmit the proximsl re~

ab rptive pacity onde  arions the ondition alsoc  mains

undefined Sux the ba ix for £ th rpogr  in thi {4 1 may

be iFp oved 1 hope b 5ously the naw theOry his a bea thy 1 o

upon pathophy i logt 1 tat Ropef 1ly Lt may influe cw futur

f®  roh oo the pathogene L of hypert 100 and dise se wch

ac t renal £ i1 1 posttive 41 crion

mall
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INTROOQUCTION

The prassnt study is an attampt to relate ths histochsmical
profllss and blochemical cheractsristins of human skeletal musole
to its machanical properties

The spead of muscle shortening is known to be inversely r=
latad to the load against which it shortens This basic finding
in muscle mechanice was first made by Fenn and Marsh (1935) and
formulated {n mathamatlosl terms by Hill (1838) This force velocity
relationship appliss to both smooth and striated muscle (for refs
sss Sonnenblick 1862) aeven human albow flexers during voluntary
co tractions (Hill 1840 Wilkie 1050 Asrussen st al 1865 Komi
1873) 1In thess studiss sither resistance or valoclty was kept
conmstant A new method has bsen de igned bassd on Perrine s work
(Perrl a 1868) { which different constant velocity levals ars
easily achieved The force output of diffarent muecle groups during
ma {mal contracticns can then be canveniently studied at different
suscle shortening velocitiss

More than a ce tury ago Ranvier (1873) obssrved differences
in the forco velocity propsrties of rabbit skeletal muscles of
diffaring gross morphology L1 Fe betwswn ths co tractils propertiss
of a ruscls a d {ts ratabolic and rorphalogical characteristics
{ terms of the distribution of distinct ruscle flbre type wers
firmly establisehed 8 beeg & tly {sse Closs 1372 and DBurte at al
19731 € perirents inltially involving histochenical analyses of
whole muscles with fast or slo contraction tiras and 1leter direct
t dies of ai gle rotor units led to the conclusion that mator uynits
cs be cla sified into two maln types fast twitch (FT) & d slow
twitch (ST) l(other omancl tures are also used; see Close 1372)
The ~uscle fibros belo gl ¢ to sach type of rotor unit have bes
th w to be ho~oge o s (Edstrln a d Rugelberp 1968 B rke at al
1973} a 9 can ba co ve lantly {de tified by hintocherical reans
{s F th dological Aspects) PFa {ral tetan{c ts sfon appears to ba
bigher f r FT rotor nits than for oT nits ave when the t nalg
is 1 tdto it cro a sectio al arta (see Burke 2 d Teairis 1573
Bar y a4 o Llaepr 1973} C & to rothodological difflculttc this
1 tter aifferc ce i3 ) s well est blishad (cf Close 1972) The
r oot fta claplay a Mgh r e captibility to fatigy upon~




ropeated electricsl stimulation than ST upite (Edstrém and

Kugelberg 1988 Burke at al 1973) However ths fatiguability
within the FT motor unit pool varies and appsars to bs Inverssly
relatad to tha oxidative capacity of the fibres These differences

lad to a subdivision of FT fibres into two typss one which s
camparably resistant to fatigus and another whisch fatigues
rapidly (Barnard et al 1871 Burke st al 1973) BHoth typas
poeseas & high glyoalytlo potential in contrast ta ST fibres which
have & low glyocclytic and high oxidative ocapaoity

For obviocus reasona much less detailed informstion 1w available

sbout motor units in humen muacle than in animals However autopsy
(e g Jchnaon st al 1873 Edgerton et al 1975) and blopsy

{s g Engel 1862 Gollnick et al 1972) studiss have shown that
moat human skelatal musnle coneists of a mixture of muscle fibre
typee histoohemically claseifiable as ST (type I) or FT (typm II)
fibros Metabolic studies of human akelstal muscles using both
mixed mumole homogenates and single muscle fibras havs ssaentially
confirmed the findings from animal muscles (e g Schmalbruch and
Kamianleck 1874 Easén et al 1975) One striking featurs of
human akaletal muscle {s the inter individual varistion in the
. —ppartio s of FT and ST fibrea within any given muascle Data on
Vhh contractils propertiss of human skelstal muscle are limited
f“m types of motor unite were postulated on the hesis of ths twitch
oontraction times recorded for singls motor units {Sica and

Mc Comas 19871); a slower contraction velooity has baen reported

for fibra bundlea containing & high percentage muscle fibrus rich
in mitochandria (presumably ST} (Buchthal and Schmalbruch 1970}

Co tractile activity in muscle Is controlled by rsgulstion

of the ng stimulated ATPa @ {adenosins triphosphatame) of tha
sctomyosin of thw myatibrils (Parry 1874) The valldity of mg?
activated actomyosl ATPass in this respect is supported by mast

In vitro studlies (see Barany 1967) A high corrmlation sxists
betwesn the apmed of contraction and eativity of ng activated
ATPasa 1n both myosi and actomyoein (Barany 1987 Barany and

Closs 4971) The activity of this enzyme may thersfore be one aof
the controlling factors in ontraction velooity At present it

1s not known whether or not this anzyme is rslsted also to muscle

tension = g by controlling tha numder of activated orows bridges



The fast ATP hydrolysis during vigorous muscle centractio s
calls for rapld resynthesis of ATP  This can be sccorplishad from
local stores of areatine phosphete vis the resction catalyzed by
craatine phosphokinase (CPF} (for refs see Ksrlsaon 1974) A
hi{ghar leval of activity of this anzyma in FT muscle fibres than
{n ST fibres has bean roported for rabbit and humen skeletsl ruscle
(ses Patts and B8Gcher 1963 Sharwin ot al 1363) The wyokinass
(MK} pescticn transforming 2 ADP to ATP end AMP can also provide
this rapid ATP reple {strant (Cain and Davies 1962) However tha
1ink betwaen the actlvity of this anzyre and ruscle contractien
tos bean lass firmly sstatl{shed (tods 1873} Ths charactaristice
of the ®f rsaction are likaly to ba of ralevance in the ragulation
of the rate of plycolysis since ths ATP;ADP3AMP ratlo is hnown to
regulate the activity of the key snzyrss glycogen phosphorylass end
phosphofruktokiness {saa Atkinsan 1568)

More detailad Informatlon about the action of an snzyme can be
obtatned {f a analysis of {anzyme giatribution is combined with
dotarminatians of totpl wnzyrme activity Isczymes aof sovaral enzymas
fneludlag CP¥ and MK ha w besn demanstrated {n human musels
{for rofs ses Watts 1373 Uods 1573 and Marksrt 1975) Thasa
multiple arteties of an anzyeg cat lyzing the sama ramction

t {oy ly seded to enable the cell to cope with
conaitions Thes

tiasue

are
arious metaballe
conditicns mey occur at different sltex within
tho as=a call or in diffurent cells ® ¢ FY and ST muscle flbres
A gaod & arpla of this hes rece tly boen deronatrated for lactate
1 ydroga xs in human sieletel ruscle (L §8din 1976}

Puncla fibre
wee {60 fty CPt {wozyre alstrib tip

has bosn indicatad far
£ » e} tel moacle [ h rwi ot al 1957} PK has nat tesn
-1 ¢4 trl respect
o witility of { terco oraion of F1 & d
Ly © ysl el 81 ~ 3« ch ay traint g
te t t o ire tal ry ip latio s
1 1= iatie & d te ot ~ ca
T roprt s of ¥

T ruaclo fibros
(s c rrently the sub)ect
sy b a3 cross {n rvation

1 st to changes n co

t a dslgwruscles and co comitant alteara

t st = 1 { ee Closo 197 (owl at al 1974)

Howevor
£ y ET 4 %+ Dt yrt pae

*ho A to affact the fspzyre
@ =y fitriliar AT¢ 3¢ for-ing the basle for the clased



fication of FT and 8T muscie fibres {for refs swe Burke and
Edgerton 1875) There is much wvidsnce in support of the view
that the distribution of the two mein fibre types is largely
governed by genetlo factors {of Keml et al 1878) The predaminence
of ane fibra type {n & given oategory of athletes e g ST fibrea
in sndurance athletss (Gallnick et al 1872) would then be the
consequenos of swlaction Howsver long term effects for systema
tic training can not be ruled but complataly at this stage
The matabolic propertiss of a muscls can ha sltsred by physicel
treining Endurance training has been shown to causs substantial
inoreasaes in tha oxidative potential of hoth animal and human
akoletal muscle (for refa mes Holloszy 1973 Saltin 1878) Thess
oxidativa changes appear to be confined mastly to the ST fibre
type and e selective hypertrophy of this fibre type has baen ob
sewved with endurance training (Gollnick =t al 1873) Evidenas for
an inereass in the oxlidative omspacity of FT fibres has aleo basn
noted (e g Barnard 1870] Changes in the isczyms patt rn of lactats
dehydrogenese after endurange training have baen found for both
fibre typee {5)8din ot al 1878) No information is aveilablse on
corrasponding muscular adaptations in responss to strength training
The main objsot of the present asries of axp riments was to
inveatigate the relationship in human akeletal musnls between con
. tile properties wuoh ss force veloclty and fatiguability on
\hl ona hand and the quality of the ruscle &n terms of its
s3istribution of FT and ST muscle fibres and the ralated activities
and imozyma patterns of ng stimulatad ATPase CPK and MK on the
othar hand plus the adaptation of thess muscle propertiss to

strength training



METHOOOLOGICAL ASPECTS
Subjects

Subjects in studies I and II1 V1 were recruiisd msmong healthy
hadftually active man mostly studants of physical educstion In
ons study (II} Swadish elite athletes in various sport avents parti
cipated alang with a group of ssgentary subjacts with no expsrisnce
ot systamatic physical trainlng In &1l casas the subjects agrewd
to particlpsts attar bsing informed about all mspscts of the expari
ronts  Moat of the sub)ects were between 20 and 30 ysars of age
(total rangs 17 33 Table 1) Although muscular strength is known ta
vary with age tha ags varisticn {n thes presant materisl was so
small that it was considered to be of no significance to the rasults
Some anthropometrical dats for the groups of subjacts @ amined are
prasented in Table I Puscle strengih was mainly messuresd as tarque
(ame below) which is theoretically proportionsl to L] [N 1linear
dimana{on)} To circurvent the {nfluence of body dimansions on ths
strangth maasursrants the ruscle strength w ¢ expressed per kg of
tody walght lalao proportic al to L or in relative teren o 3

as a parce t of na iral iso-mtric atrength (for refa on age and
dimanaio s owe Astrand and Rodahl 1970}

Statistics

Co ve ti al statistical rothods were srployed to cslculate staendard

deviatio s ! @) wtandsrd rror of the rmaa » (SE)

and linoer corre
latic coefficia te {r)

Dater—i ation of linear regresaion was
perforrmd { g th rethod of lesst sguar e
alffer a4 3 differn €3 botwen
sig {flca & (¢ depe 3

Intrai dividual

= an valurs » ro tested for
t ad i dpeFont Student 8 t tosts
r pe dvey The lo #) of sl 1Ffica ¢ | d noted with

0 v lues
Al moth 1 r ar a8 dafl ¢d as t o O F r sl gl

¢ parirent
cel ul 831 ro~m d uble et r{ atio 3 cc rding to the follewing

t
N Vﬁa a) / 1

[ R 3 4 twdléfrec tot 029 1 al o3 o
" fr 3 moroof 4 termi t{ s

the me n



In the text the method error will ba axprosaed as coaffioient of

variance (C V)

i

ED/x

x 100

whare x

the mean

Table It Charmoteristics of subject groups in studies I 111 ang
VI Mamn valuse and rangss ars givan

Study n
I 25
II 8

8

7
R 7

“;E }

10
II1 10
VI 14

Age
yrs
24
17 37
24
19 34
21
19 25
27
17 36
25
22 29
26
22 28
30
25 39
24
19 3

Helght
om

178
1685 181
187
181 1684
178
174 181
178

175 187

181
174 185

184
170 190
180
185 185
179
188 186

wWalght
kg

70 8

517 950

77 8

73 0 660

68 4

67 075 0Q

64 5

610 67 0

68 5

63 5745

75 1

69 S

62 577 ¢

74 2
59 6 839

Catesgory

habitually activa man

Jumpers and sprinters

dawnhill skisrs

oorpetition walkers

orienteers (cross cou try

runners)

sadantary men

habitually active men

habitually active men



Stranpth ressuryments (1 1I7)

Maxirel muscle strength in the lsft knso extersor muscles was
recorded as torgue putput during waximal waluntary knes axtensions
with constant apguler veloclty The sublsct wse sitting in sn expard
mantal chalr and the lowsr lag wmoved the Isvar arm of the Isckinatic
dynsromater (Cypex II Lumax Inc  Hew York) The plvat paint of the
1ever arm was slignad with tha wnes Joint The anguler valoolity was
controllmd at the pre set level by an internal resistance which
sceormodates to the muscular forca appliad (sse Parrine 13653 Hislop
and Parrine 1957 Thistls st al 43673 Ths axperimentsl setyp fa
1llustrated in Fig 1 and the different components are desgribsd
The range of motion wncompars d khes sngles from 50 to O dqﬂn”
Isomatric strength wes myssured st salsctad hnes anglas wharsas
concentrin strength was racorded o wr the whole range of motion
Angular velocitisme could be selectsad betwasn O and 180 dqren/-zj
Two atterpts were allowsd at sach hose angle end velocity and ths
highest &luss wars noted

A r preasntatl e recordl g of torgue uutnut”
imokf tic o tra tion {s shown t Fig 2 Pask torqus 1iv identifled
a ¢ will be th ari ciple ressureme t Lvaed for corparative anslysenm

of mu le stre gth One sdvantage of assess! g mussle strength by
m v 9f torg s o tp t

durlag a maximal

additi n ta its fu ctiansl coangctis
is the § rale a af the 1o stis on the b dy

segre ¢ at which
-~ T ~o ts re take

The length of the le er arm wes tharefore
kept ¢ mts t L the prese t sorie
S gr e s 1 the x » ol t could

of sxperiro ts Howaver the
L
t g 4d | aifér {
1

ot bs ccounted for
this or other a
tt fteptillart do

rtoaill y 3 v ligity f the Is kinatic dy s~omoter haw
€ rieg Lo high {Moffr {ia st sl 1363)

Nor wers
tomical pararoters o g
id reg

Torgue  aluss dis

I r oress d 1 3 gr % (30 ¢ greas 05 T
1 € liy « de¢ hop joi 1 £ reatanst

.
Tfr : } Lty 1 ref rrad to ! dogr s/ {160 degprean/s

< it th te t= $ = 9 81 kgm
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playsd a 1in ar inorsase in responss to 1 creasing weights attached
to the lever arm for calibration Tha test retest relisbility oo
efficlent for rep ated pplic tions of various loads was r a 9385
(n 70} M ffroid et al al o rsported high values for tha con

st noy of velooity (r 0 885 n 34) whioh was confirmed in the
pross t study for the greatar part of ths ro of mation At onsst
of wmation thers 1  an unavoid bla time lag besfors the pre set
comstant valacity is rasched Thim time lsag ( 0 05 ») was largs ¢
at th bhigh t veloslty (180 degr es/a)

Tha reliabllity of subject ability to produce maximal torgue
at oach velocity and kn ngle wes investigated in 3 diff rent
altuations a) in conssoutive attempts b) in randomiz d fF rt
interrupt d by oontr oti n at ath r velocitise o) am in 1 tut
on two ssparete d ya These investigations produced thas following
ovar-all cosfficlents of verisno (C ¥V ) Jor the whol torgus ourve
i 8 fram 7 knee angles in th arc of motlon and at B diffarent
velocities 8 4% ( n 8) B85t (b n ) d13 7% (o n 8)
rasp otively The C V for peak torqu prad ced a rding to a)
ranged from 3 2 4% in & total f 38 ubjle ts Th T 1ts were
& pplemsnted by at dy £ 25 h bltually aotive heslthy me (g d
17 27 yra) whe oompleted the t t programma according to o)

Thae € V for p ak torg @ (the highest val ss re ord d on two @ p rate
d ys) in thi group re ged from 4 1 B 5%

d f r subseq ant
pe k 1l as the same ion 21 4 7%

No sy tematic
diff renoss betw th two testing s w lon 1

the program ( b ro) wers fo d

Th 1 flus os of fatig aused by the testi g pr ced re was
h ked by repsating th { {tial t t p ad
th  entirs progremme 40 % bis t

irraapsctiv  of

ft r the completion of

Ho sy tematic diffsrs ce was

f d b twe thes d t rminati n Th th @ff ct of fatigue 1
naid red sgligibl with th present test battery in 1 di g up

t 22 ma imal oo tr ctio s t vario s

pesds i tearrupt d by rest
interv 1 of 30 45 o

Mu lar fatig o w o sessed 1 perime t with repsated
ma im 1 contr otions parformad n the 1 okinetic dy amomst r Angular
v 1 ity was s t at 180 degrs u/s Th eubj cts were instructed to
perform repe t d o« t sions with maximal effort and to resuvma the
tarting positic pas tvely b twes

ach oontreotion Every con
tr otion lasted D S s

nd the pasaive ph = epproximately 0 7 »
i & an sversge of abo t S0 ¢ tractions was performed per min



All subjocts wars testaed on two separats days one day parforming
50 and ths othsr 100 knea axtansions Tha sveraged psak torqus
for the 48 50th contraction in percent of the corrsapondling value
for the initlal 3 contractions was taken as the fatigus index
The C V for this measurs was calcylated at 3 2% [(n  10)

The maximsl knes extenslan velocity was satimated from the
tira intsrval betwesn microswitche= at 75 and 15 degrees knes
sngle during knew axtension sgainst no extarnal load The bast of
5 atterpts was usad Day to day variation for this measureant
emountad to 5 2% (C V ]

Strangth treining (VI)

The training prograrrs consisted of expercisss used by sthlatics to
achisve optimel irprovemsnts in  maximal strangth The programma
tacluded mainly ms irmal ar close to caxirsl exsrcises {3 sets of 6
repeatitions) for the leg axtensor muscles carriaed out in the form
of sguats 1 & knae bends and wxtensions with w ights on the
shouldera The load was progressively increaseg over & training
poriod leating 8 weeks {3 sgssions of abo t 1 h per we +) The
progra~—e alsc Iincluded various Jurping regirans = g vertical
fumpa  The effacts of this prograrme was testad by a v riety of

- ans P rforrunce tasts corprised one repstition ma imym in squats
sf~tical Jurp wtandi g troad Jump and deterrination of ma iral
i1so~wtric forcs during two leg sxtension (rarlzsa end Ollandsr
1972) The isoki wtic devi e was not usad in this study

Muscle saroll g (I VI)

Skelatal ruscle sarples ware obtained from resting vastus letsralle
mustle using the aedle biopsy technique & described dy Sergatrds
(1962) The vastus lateralis wess choss bucauss it a 2 major con
ributor to tha force ge areted duri g knes s te sic (cf Fig 2)
snd ix also located at a ajte co venis t for ruscle biopay aerpll g
The other muscles e gaged in the ga aration of msasured totsl kne
axtansor atrength were ot tiopaied In ons of the studiss (IV)
surgical biopsies ware chtained from tu—a papillary and solsus
~uncla for co-parisc  of i{sozyms patterns (ses below)



Histochamical methods [I VI VI)

Muscle sp cimsns for muscle fibra typing and ersa determination
wers trimmed of fat and connsctive tlssus mountsd in histoclad
and frozan in isopantane cooled with liquid nitrogen When not
analyz d imrmediately samples ware storsd in a freezar t 80°¢c
Cross section § pm thick were cut in a cryostat and applied onto
mioroscopic cover glass slips auhasquantly incubated in ap oific
staining olutions

The myofibrillar ATPass method (Padykula and Herman 1855)
modified by Guth and Samaha {1969) was used for muscle fibre clesel
fioation The resctions were carrled aut at pH 9 4 following alkaline
pre incubatian (pH 10 3)

as

Using thir procedurs two distinct fibre
typ » can be distinguished aone stalning dark and the other with
8 light ateining intensity 1In the prasent study these two main
fibre typ ars referred to as fast twitoh {FT) and slow twitch
[8T) muscles fibre typss respaotiv ly (cf Gollnick t al 1872)
The number of fibres of each typs w s co nted from photomiorograph
of th otain d crose sectic and the relative distribution £ FT
and §T fibres was determined A sample was discarded whensver the
nunber f flbrw falled to w ce d 200 DOwterminations of ths parcent
of FT flbre 4 d plicat biopaies from the sama muscle yilslded
aCV af 10% (n 10) The blop les w rs obteined at a d pth of

3 4 om 1 to tha nuscle belly This standardization of sampling
depth was not sspeolally important sines the distrib ti of FT

and 87 fibree appears homogensous throughout the dupth of ths musale
(Edgurto et al 1875)

Fibrs ress wers detsrmined from erisl orces s ctions of sach
blopsy tained for NADH dlaphorase {Novikoff et 1 18B1) This
histochemical procedurs was used to svoid fibre hrink ge du to
dehydr tion 10 fibres of ach type {{dentified with th ATPass

tel ing) ware aslescted from an rwa of ths photomi rogr ph  where
the ross ssction sppeared psrpendi ular to the fibre orie tatio

Pla imetry was wed to caloulat the
I adVI (of Gollniok at al 1§72)
wasw sed in which the prints of the
top ther & d w ighed By waighlng of
en averagad arsa could b calpoulated

mean FT and §T rmas in study
In atudy II & simpler mathod
fibree wers cut o t poolsd
photopaper with k own arsas
for sach fibra type Closs

agreame t was found betwssn th  two methods and the mathod logiosl
arro  was calculated at 4% (C V)



Fibra area detseminatians on biopsiams obtained from ths
same mumals on two different occasions reveslad a C V of 16 17%
for the absolute arsss of FT and ST fibres respectively Whan
the F1/ST area ratio was considersd the correspanding figurs was
9% The great variation in absolute valuss might have basn dus to
& differance in degres of contrastion caused by the sampling
procsdurs The FT/ST arem ratio was concludad to bs a mors re
lisble maasura of muscle fibrs arsa ralationshipa This quotient
1s alao inoluded along with the relstive number of fibrea in
the cumputation of relative muscle fibre area (Gollnick st al
1972)

8iochemical wathods (IV VI]

Musole specimene for enzyme sotivity analysss were trimmed quickly
froze 1in liguid nitrogen snd storsd in a fraezer st B80°C On
the day of analysis the muscle asmples ware waighed in s oryostat
(Karlason 1971) and homogenizad by smanication in O M KC1 The
homoganate was furthar diluted in buffer before 20 ul sliquots
were addad to 1 ml of tast madium
The anxyms activity determinationsa were parformed with

#*luoromatric tschniguse using a Farrand ratlio flugrometer-2

rrand Optical Co Naw York) The resctions catalyred by ths
afizymas under investigation were coupled to NAD/NADP linked reac
tions and tha changes in HACH ar NAOPFH wers wonitorsd accarding
to principles outlinad by Lowry (Lowry and Passonneau 1972} The
initisl rats of thess changes was takan as the measure of anzywe
aotivity The tmassurements were made undar V. conditions 1
with an sxceas of substrate(s) By running standard curves with
known amounts pf fluorssoence the axparimentel readings could
be guantifisd The thres major anzymes investigated in the preasant
study wern ng stimulated ATPaas (E C 3 6 1 4 ) crestine phaspho
kinsag (CPK E C 27 3 2 ) and myokinase (MK EC 27 4 3} Thess
thres enzymes wlll henceforth ba refsrrad to as contractility
anzysss The composition of tha test media and the methodological
orrors sstimated from duplicats determinations made vaing the same
homogenate ers 1isted in Tablae I
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RESULTS AND COMMENTS
Forco-velocity relationahips {n the hnse sxtansor ruaclies (I IX 111D

The isokinatic muscle strength reasursrents rade pcasible a
corparison of maximal muscle forcs output both with respact to the
positian in the arc of rotion and to differsnt velocitiss of rove
™ent
With few excaptions individual peak torque values cccurred et
kneo anglas batwsen SO and 70 dagrees (cf Fig ™) This knes
angle tended to be smaller with incrcasing angular velacity due
at least in part to the dasign of the apparatus (see HMethodolaplical
aspects) The position for peak torqua output was in close agrue
mant witt valuma previocualy reported for knae sxtension (Willla~s
and Stut~man 1853 Moffrold et al 1269) and reflects optimal
relationahips batwesn muscle length and leverags at the knes Joint
At wach of the salected knas anglas tha torgQua produced was
higher for {sometric than for dynamic contractions with {ncreasing
angular velocities the torqus prod ced decrsased This was trus
throughout the range of motion although 1 pronau ced at the
amall knea angloa
For comparativa analyses the paak torque aluas at sach velo
“ )y wern sglectod resulting in torque veloclty curves with the
_aenaral shape of those in Fig 3 The pash {somatric torque out
put rangec from S 4 6 Nm/hg bw {0 a material corprising S
physlcal education styganta The group rean of 3 45 KRm/kg bw wan
somewhat highar (n & ) than the valus obtainad for an age matched
[roup of asdontary ren (maan ) Km/kg w0 10 ) Among the elite
athlotaes the total rangs in peak {sormtric torqus s=o nted to
7 5 10 Fa/kg bw  The valuss obtaingd by downhill skiers and
aprintsrs/jurpars (3 3 and 3 8 Kr/kp bw) wore significantly
{p 0 05) highar than the averages of 3 1 achieoved by tho orier e
sra (cross country runmers) Corpetition walhers did not differ
significantly from o y of the other categories with respoct to
peak isoretric torque (mas 3 & N/hg bwl  The prose t valuts
are in accordance with valuss of about 3 0 M/hg tw reported for
collegs wen by Williavs and Stut-man (1959)




At the highsat motion velocity studisd { & 163 degreds/s
the puat torqus output renged from {1 13 to 3 20 Hn/kg be (n 74)
The mean valus cbtalnad in the group of sprinters end jumpers
(2 73 Mm/kg bw) was significantly (p < 0 01) highar than in any
other group of subjects wharsas the wmaan values for andurancs
sthletas and phyeical sducatlon studsnts did not differ signifil
cantly from the 1 8 Mn/kg bw velus for sedentsry man

An average of sbout 55% aof the maximal lsometric torgue re
mained st 180 degreas/m Conssguantly the highest angular valocity
offured by the apparatus was far frum tha maxinel motion velonity
which is dafined as ths maximal w d that can be achioved with 0
load (sss H111 1838} Tha eatimated meximal knse extension veloaity
rangsd 600 B25 degross/s (n 48} Thua the highest spplisd iso
kinstic veloolty ocorrsspanded to less than 30% of maximal motion
velogity (Fig 3) Extrapolation of the torgus valoocity ourve to
the wpproximated maximel valocity valuss resulted in curves

(Fig 3) similar to thoss previcusly rwparted by & g Wilkie (1850)
and Agmus en et al  (1885)

Fore wvelocity relationships and muscl  fibra composition (I II III)
As indicsted by the larg rsenges in the torgue produced at tha

diff rent valocities thare w ra intar individusl diffarsnoms in
torq el olty curves The valuss shown in Fig 3 suggast that
muscle flbre o mposition might b o » fector determining the {ndi
idual shape of the torqus velocity o rva Although the groups of

2 bleots lnvestigated were small the figurs illustrates acme ote
worthy tenden ifes Thus at 0 velo ity 1 a {womatric o ntrastion
no diffars ¢ ocould ba obtelned between individuals with high and
low perce tages of FT fibres Thia lack of sarrslation betwsan
fibre compo itian and maximel voluntsry isomatric atre tth also
Ppersisted 1 the total numbar of wubj ots
isomatric strungth was considersd (VI)
that both FT nd ST mator units
davslopment

o wall as whan twn lsg
This #1 ding indioatea
rs {nvolved {n 1 cmatric force
e & ggestad by & g Gydikov a d Ko arov (4973) a d/or
that tha fsometric foroe produced is »q a8l for both fibre types

{cf Clowe 1372] Thus the g  tity of musole {n t weas red h ra)

and not the qu lity of owecle {n terms of muscls fibrs relatad
properties could ba ¢ oisive to maximal shartlasti g tsametric
strangth performance (of Ikei and Fuk naga 1958)
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Conaldering the other sxtrems point of the concentric foros
velooity curva 1 & maximal veleocity e differance dus to fauscle
fibra composition was indioatsd (Fig 3) Highsr velopltles wars
attained by individuals with a high percentage of FT fibres Ths
vorrelotion found butweasn the psroent of FT and waximal valooity
wae subsequently supported in sim{lar analysos using ths selepot
aquipment (8slspot Sulcom AR Mdlndal SGwedan} (unpubl rTesults
from thie dspartment) These results ars in socordance with findings
in animels (sne Burke snd Edgerton 1875) and ssrlisr indirsct
wvidence from humen sk letal muscle (Buchthal and Schmalbrusch 1970)

The ocurves in Flg 3 also point to a differsnce in pesk torque
sutput during dynamic contrections depunding an musole fibrs pompo
sition Howsvar this diff rence was lsss popsistont Pesk torgus
output could only be related to fibre composition st ths bighest
veloalty applied (180 degress/a) Thus in & fairly homoganous
waterial comprising 10 habitu lly active suhiscts a positive
correlation (r 073 p < 0 05) wes damo strated between poak
torgus at 180 degreus/s and the p roant of FT fibhrss (Fig 5)
Tendencie towa similar rel tion hips worw also present in the
sare hetarogena s gro ps perticip ting {n studieos I and I1

Howev r when pa k torque o tput at the highe t velocity was

e press d in ralation to ths maximal { ometric strength (MIL) of
wach subject

aignifi ant pomitive correlation was chtainad be
tuse this valu a d tha proportlo of FT muscle fibres (Fig 4)
This relatio ahip w » also & pported by ths axparimants o tha
different groups of athletes (Fig 4) Although the linear corra
lation o efficients wers relatively low the aggregats reaults
undarlineg the imports om of s high proportio
to force output at fast motian sp d Th »
of FT fibrms {n tre elite athlate

of FT mu cla fibres
the high relative arsa
of sprinting and jumpl g
would be adve tegwous for their specific psrformanca with respect
to force output



fig re S Thres dimensi 1l gram howing 1 t rrel ti nahips
b twesn th pern t g £ F t twitch #bre (L FT) th pre t g
ga 1l 4 o ktorguw ftr%0 wp tdoem {mml  tra tle  t
160 degra / (f tig 1 oe ) d pmak torg v 1 M p kg of body
1ght tMm/kg be) produced 1§ gl ont e tlm t 180 d grs /
for 10 hatit lly  tive me

N
nligulbility and muscle fibre composition (III}

Animal axperimants have shown that repetitive stimulation of
musoles oontaining mainly FT fibras causes a rapid decline in
foros produced In the ST co ntarparts on the othsr hand tension
output ia maintained over long periods of time Thie has bsan shown
ta spply to hoth mf{ogle twitohes and belef tetani (for refs sea
Burke 1873}

Fram the ahove tt ecems rassonsble to amsums that FT motor
units ars rseponsible for tha major part of muscle force production
during fast volyntary maximal contractions Rapetitions of this
wind of contraction could conssguently provide some indication as
to the interrslationship bwtwssn fatiguebility and musole fibre
typas in human sksletal muscle
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Thus experimantes wers parformad on 10 habitually active men
Their pesk torque valuss displeyed s gradual dacline from about
the 5th to the 45th contraction; values thereaftar then reached
s fairly atable platesu even up to 100 contractions Howavar the
ragn tude of the deoreswe in peak torgue varised betwean individuals
The dacline after 50 rspetitions called the fatigus index
stroted a positive correlation (r 0 86 p <0 01) with the por-
centage of FT fiorws (Fig S) Thus & high proportion of FT fibres
in the ouscle sppears to 1imit the ability to meintain maximal
foros at a high spesd of motion This could be a factor to consider
when avaluating the range {n fibre compositicns found amang the
elite athletas in sprinting and Jumping events (I1)

demon

Contractility snzymas and muscle fibre typss (V. VI)

Dur approsch in the etudy of ths contrsctila machaniams in human
my ole was to sxamine the ng timulated ATPase aotivity of tha

myscls A corralation batwesn high activity for Mg stimulated
ATFase and & high parcentag of FT fibres ip the investigstsd
mugcle

biopay homogenates of 14 sublects was not found until after

8 weak periad of strangth training The explanstion for this
finding is not known at presant

a

In sxperiments on ponled
muacle fibres s highsr activity of Mg
in FT fibra (Fig 6)

single
stimulated ATPase wss found
The FT/87 ratlo was pproximately 3 1 In
imal sksletal muscle thers is » higher antl ity for sctomyocein
ATP ss 4 FT fibres (s g Barnard at al 1871 Guth and Semah
1989) and a similar relationship axists {n humen skalstal musols
for the ATPase activity of purifisd myssin (Taylor st al 1574)

Th  activitie of CPK o MK were determinad to assess tha

cepatity of the mus 1s 18 replenisgh ATP rapidly Mo porrelation
was faund batwes CPK activity

nd fibre compositio in nmixsd muscls
horoganates Thi wes L cont roity with pravious 1 dings far
human skalet )} muscle (Gollnick st al

1874) & t contrested with
tha reports of Sherwi et al

(1887 and 18968) ¢ guinaa ply and
huma  sheletel musole {ndicating s signifi s tly higher CPK

activity { FT than in BT omuscles Reprog aing the CPX activity
d termi stions o pool d FT and 5T muscls fibres disclosed a 3Dy



greater sotivity in FT fibres a differance which could escape
dotection in ths enalysis of muscls homogenates with only a
Tather limitad range of musols fibre compositions

On the other hand a musole fibre dapsndenoy could ba
obasrvad for MK activity both by sxamination of mixed muscla homo
genates and pooled single musole fibres showing higher valuas in
FT ruscle fibres This finding has eubsaguently been confirmed by
rasylts on biopeiss ohteinwd using a larger number of subjects
{Thorstensson to be publimhed)

ENZYME ACTMTY relunts e
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Flp ;o 8 € zyme tiitien Mg’ tieul £ o ATP b1
phosphoRa (CPK)  d my Ki (MK} 4 po led 1 gl FT nd

ST mu la fibrs  df & t d out from fre za d fed bl pay met ri 1
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Isozymes of contractility enzymas and muscle fibrs types (v v)

The classificstion of human skelstal muscle fibres es FT or ST
1a based upon diffsrencences in pH lability bstwaean different forma
of myofibrillar ATPame Several investigators heve attributed thusm
differences tg tha ocourrance of two differunt {aozywes of the
wmyofibrillar ATPass (ocf s g Traysr and Parry 1965 SErster st al
1968 Lowey and Risby 1871) Howsv r the technigues of protein
ssparation used in ths prassnt study did not permit the conclusive
deronatration of this differsnos in my fibrillar ATP ae isozymas in
human muscle fibre types

Two bands could be d monatratad that possessed CPK activity
afisr isoslectric foousing of oruds muscls homogenates  the pl
valus averaged 7 2 and 6 8 respectively Comparison of imazyms
staining de sity disoclo d no difference in lsozyme pattern b twsaen
muscle samplas from heart solsus or vestus latsreli muscle The
most alkall ¢ ba d lways predominated constit ti g about 70% of
total stain dansity Also whaen ® amination of vastus lat ralis
biopsy sp ime ¥ diff re t fibre oompoaitions was perf rmed no
indications of a y fibr apecificity in CP¥ lsp yms p ttern wera
presant Thase obsarvations were o firmed by similar & perim nts
o poolsd wingle FT a d 87 muscle fibres The results w re aon
latw t with the f1 di g of two CPK isozyma t ntatively ide t1
fiad a th MM nd M3 forws 4in huma heart & d skeletal muscls
(Dawso and F1 @ 1967 Somer and Konttinen 1972) Howe er othar
authore (@ g fAoberta et 1 1874) hav reparted th a {ntsnce of
a ly o « CPK | ozyma form (th MM form) In h man akelet 1 mus 1w
Methodolagic 1 diff re ces might ascco nt for thess disorepanci s
The muscle fibre spaclficity in CPK i{sazyme pattern #o nd for
rabbit sk lgtal m scle (Sherwin et 1
the pra @ t re 1lts from human muscl

I the o f M

1967) was not confirmad by

two {sozyme b nds co 1d be demonstrated
after isoslectric foo 1ing Both weres in the alk 1i w

ragion of
the gel pI 1 es averag d 9 6 (MK 1) and 8 § (M 2) respectively
MK 1 w s the predomi ats { zymm irrsapecti m of the source of

ouscl sampli g Th relative portio of MK 2 varied hows - and



attained highar valuss in the vastus lataralis than in solsus and
hsart muacle Thase findings are in close agresment with those
obtained by Ruseel et al (1374) for human tlssues using similar
teohniquaes They even suggested a heart and a ekeletal muscle
specific MK isozyme When the relative proportion of MK 2 in
vastus lataralia muscle samples was related to ths actual variation
in musole fibre compomition a positive correlation was abmervad
with respect to the perceantage of FT fibras {Fig 7) Ths indicated
fibre eapsoificity in MK Isozyme pattern was substantiated in wxperi
mants on pooled single FT and ST muscla fibres (Fig 7) The iso
zyms MK 2 made up 27% of total stein density in the FT fibraes and
13% in the ST fibrea respectively

MK 2 In % of total stain donoky

% -]
20 .

[ )
10 % FT

[ 20 40 € -9 100

Fig re 7 Th  tal demity f wy kinsa 2 (MK 2) rel tiwe t
total st d  ty v8 th perc t ga of FT flores 1 33 {noi
idualbop i 1 ludd rethe 1 btal o f peol d
1 gl FT(O) d57 (@) me 1 flores ol td tfrom
fre diedb pay sat 11
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Effects of mtrangth tralning (II VI)

The & wesk pericd of systematic progrsasive strength training

sused significant (p < D 01) isxprovements in isometric nd

dynamic strength The relative inocreases in the varicus performance
tests ranged from 13 87%

The parcentage distribution of FT and ST muscle fibres was not
altarsd by 8 we ke of strangth treining This is in accordance
with other training studies on animals (for refs ses Edgerton 197B)
and human beings (Gollnick et al 1973 aaeo also Prince st al 1976)
The results suppart the view that fibre distribution based on myo
fibrillar ATPa 1 gov rned by largely ganetic factors {(Komi st
1 1978)

Howsvar tha rslative volums of flbre types in a mumcle oan
still he 1terad by a ohange in the FT/ST area ratios This ratio
was inoremssd by strength training (Fig B8) indic ting mpecifio
hypertrophy of FT fibres dus to the tr ining stimull Similar re
sulte wars obtainmed aft r an &t mpt with etrength treining of
primates (Edg rton 1978) Thu the high FT/ST area ratios found in
aprinters nd jump rs (Fig B) may bw the result of a le gthy period
f strength training Similar res 1lts ware obtained in weight
1iftars (EdatrBm nd Ekblom 1872 Pri ca et al 1878)

The affect of strength training o th activity of the salected

zymes w 8 insignificant & cept in the case af MX for which a
amall i oresse was obs rved In a latsr study involving the
type of stre gth traini g

ame
o significant changes in the activities
of any of ths oo tr otility s zymes wara obt insd (Thorstensaan
»t a1l 1876) How wvar tha cha ged Vm f the enzymeas doss not
exolude ths possibllity of ch ges in the kinetic propsrties or
isozyms patterns Studies ars ow in progress to svaluat this
possibility The @ aot nature of the stra gth trai 1 g progr mme
also appe rs t 1 1 thu aff ot on the zyme a tivities
Tnis wes indl ted by the {ncreasud activity ab srved for CPK and
MK after a strength trainl ¢ programme carried cut s eprint
training (Th rate waon et al 1875) It is 1ik ly that higher
dema ds rs placed n r pld ATP ynthesis u der co ditions { which
fast ma imal oo tractione are repeated 5 8 times with brisf rest
1 tervals as | sprint tral i g



attainad highar values in tha vastus lateralis than in aoleus and
heart muscle These findings are in closs agresment with thoss
obtained by Russel et al (1974} for human tisesusa using similar
techniques They sven suggestsd a heart and a skeletal muscle
specific MK isozyma When the rslative proportion of MX 2 in
vastus lateralis muscle samples was rslated to ths actual variation
in musole fibre composition a positive correlation was observed
with respect to the percentsge of FT fibres (Fig 7) The indicated
fibre epecificity in MK lsczyma pettern was substantiated in experi
mants on pooled single FT and ST muscle fibres (Fig 7] The iae
zyma MK 2 made up 27% of totsl stain density in ths FT fibres and
13% i{n the 8T fibras rospectively

MK 2 in % of wial siain darody

y 0®x B .

r Q87
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{gl FT(O) nd 8T (®) wu 1 {ibres of ect d t from
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GENERAL DISCUSSIOR

The prasent study hes shown that faros output and fatigus in
voluntary contractipns can be correlsted to the proportion of
FT muscle fibras on the one hand and that differances exist
batween FT and ST muscle fibrem with respsct to contractility
nzymes end th ir tsozymes on the other hand

The fact that high propartio of FT fibrsa ias ass ntial to
a high foroe output during fast muscle cantractions may be d 8 to
savaral diff rent circumstences The mo t likely caum 1is the ahort
contraction time of FT fibres whi h is relataed to bigher intrinaic
spesd of whort ning a well a & higher rate of rise in tension in
a tetanu (Clows 1984) A higher rate of tensic d velopment should
ylald higher foroc o tput at the optimal engle in th arc of
motic In the prenent sxperiment Furth rmore & high r intrinsic
spesd ¥ gshortani g in FT fibres hould 1f ths shape of thes forc
vel city o rves sare ro ghly similar 1lsad to a divargence of the
curves # r FT  d ST fibre a d higher foro output for FT fibres
t high co tr otion velo 1ti v  if thera { o differenge in
maximal is metric foro b tw n fibre typm (cf Fig 3)

It 13 co wivapl that ths ret of hydrolysis of ATP at the
cross bridg b tw n ctl & d myo in in the musols is o ® of the
mal factors trolling th ped ¥ hortnlgand thus wsven
the ta 1o produ d at high ontr tion looiti » Thi ATP
bydrolysis 1 bro ght bout by th @ zymatio acti ity f oto
myosl ATP e Th thigher a tivity  this e zyms f und in FT
fibre w uld therefore pro ide basis f r the diff ro 0 » obtainad
i o ntractile properties 0 r i oreased k owledg ab t the
merph logy d bic hemistry of m 8 le sxcit tion ontrmctio
c pligh 1 dl at doth rt p ible its of control

uh s
the relesse nd uptak £ tr esmitter s bsta ce 1in the ro
muse 1 ¢ J tia a wull s of La igne b tween tha rcoplasmi
reticylum d the co trsotil app rat Differs s betw n FT
nd ST mot r 1t 1 th re p ct hav al bs d ronstrat d

(far ref B rk o Edgert  1975)



The potential of a fester hydrolysia of ATP in FT musole
fibras was matched by higher activity for the snzymas CPK and MK
both ssrving to catalyze rsastions providing rapid resynthasis of
ATF  The fact that both theas pathways ara opan has bean demon
strated during single sontractions of frog musole (Cain and Davies
1982) The extent to which they are decteiva to the spesd and
farce of oontraction ls unknown at prassnt The presenca of isc
zymes of both CPK and MK in the human muecle cell {s interssting
in this context Thus the MM form of CPK ham bsen shown to bind
specifically to the M band of the oontractile apparatus (Turnsr
at sl 1973) Similar relationships for the MK isozymws have not
bean investigated although the lsst traces of MK have hesn very
diffioult to remove in preparations of myosin (Nods 1373}

The differsnce in MK activity hetween fibre typas is also
likaly to be of significance in the regulation of the overall mata
bolism of the two kinds of musols ocells Ths retio batween the
sdenylate nuoleotides involved in the Mr reaction regulates the
activity of savaral key enzymas in the snergy yislding procassss
(cf Atkinson 1888) The sffects of AMP on the glycolytic regula
tory anzyme pheephofruktokinase has bean emphasizad in this respect
(Newsholma 1871) The highar activity of MK in tuman FT muscle
fibres also coincides with a higher anaarobic capacity of this

hra typs (e g FEszadn et al 19875 S5338din 1976) Extendsd etudies
vy Fhe kinetios and localization of Mr and its isczymes are re
\imd in ordsr to olarify their role in co nection with musole
cantraotion

Thae snasrobic metabolic profile of FT muecle fibrsa may sxplain
for the greatar fatiguability of this fibre type Rapeatad anti
vation of FT motor units are likely to orsate local conditions
{n the FT musola fibras such an a8 decrease in pH or available
substratas detrimental to continued usage Oiffersnces in oxidativa
potential within tha FT motor unit peol might affect the resistance
ta fatigue Thiam appears to be ths case in animsl muscle in which
two FT motor unit typss cen bs identifisd The ona with a high
oxidative capacity 1s oomparatively resistant to fatigus wharsas
ths other displays a low oxidative patsntial and is essily fatigued
(sge Burks and Edgerto 1975) Tha extent to which s bgroups of
human FT muscle fibras charscterized by histochsmical means
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(cf Drooka and Kal sr 1870 Edgerton et al 1875 Esebn et al
1975} ere affecting the nusceptibility to fatigus and other
contractile propsrtiaes is at present unolear The posmihility of
a differsnce in fatiguabllity confinad to other parts of ths nsuro
muscular aystem u h as the proparties of the axons or the nsurc
muscylar junction ocannot bs excluded completely (sew Burke 1873}
Support for the lattsr possibility has hesn presented by Stephsna
and Taylor (1872) They conoludsd that nsurcmuacular junction
fatigus w @ mo t {mportant durlng the fnitial ph @ (about 1 min)

of maintein d ma imal pontractione whermas the fatigus oonfi ed to
the contr otils

leme ta inor ased with 1 ng r contra tian times
The metabolic marphologic nd contraotile propsrties of motor
unite app ar to be 1 timately rrulatad with the p ttern of motor
it recruitme t during diffesrent movements It 1 gen rally acoept d
thet mot r unit under most oo ditions are activated o arding io
sire i @ mall motapeurons prior to lsrge ane This 1ze
principl w Firet p stul t d by H pneman t al (1865) { ds
srubrated oats & d has inc be n wupp rted In studis
animals inoluding men ( g Milner-Brow t al 1873)
investigatio

on various
Theaa
w re parfaorm d m inly using isometric contraotions
with rel tiv ly low te {ons or dynaml co tractions with a slow
inorea ¢ in te 8i n o tp t How ver an in r asing emo nt ¢

ids ce demonstrates th t the rd r of wotor unit recruitmant ie
not & tirely fixed ( & review by Burks and Edg rton 1875) The
cu tral rvou syst m appears t be abl to adju t th & Gu noa

f motor nit re ruitment to ssl ctively involva largs unita
(prasumably FT) when vary forssful

nd/ r r pid mavers ts arm
regq ired (of Grimby and H 1

1968 Warmolts ang Engel 1972)
Th fa t ma imal is kI t1 co tra tlo s usad in the Pre gnt  tudy
ppsar to be good exampl of h mo ama ts F rtharmare 1 1t
e eccepted th t th grest t hypertrophy oo urs in muscl ¢inr
with the gro ¢ st 1 re 1 sage the th press t results
comprising an 1 re e 1 th FT/58T ars ratio with atrength

tral 1 g s well o high FT/ST arla ratio v lus 1n athletas 1
explosiva @t wo 1d 1 o uPpPArt to the view that relati e
fovol ema t of d1ff re t motor nlt types ¢ nbe changed ¢ rd g
movemant 111 g for b th great farce and apegg



SUMMARY

Forse velocity relationships were idantiffed by studying imo
kinotic contractions of the knes extensor muscles of healthy
mals individuales of varying proficiency and varying degrass of
atrength training

Mo porrelation was found batwsan foroe cutput and muscle
fibre composition wxcept at the highset angular velocity applied
A positive corralation between psak forcs and ths peruentags of
tast twitch musols fibres was noted at this v locity

The suscaptibllity to fatigue during repeated fast maximal
voluntary cantractions wam atown to be related to mussle fibre
compositiony high fetiguability coincided with a high percsntagae
of fast twitch fibras

Examination of alits athletss in explosive atrength avents
disolosed a wide varistion in the perc nt of fast twitch fibres
but a significantly higher fast to slow twitch fibre arsa ratia
than in sedantary aubjects and endurance athletes

The fast to elow twitoh fibre ares ratio inoreased after a
pariod of systematic atre gth training indicating a apecific wffect
-ﬁf"' ths heavy treining loads on the fast twitoh muscle fibres

ever the training effect on selectsd snzyme activities was

K ght irrespective of any largs gains in strength performance

. A alysis of ml ad muscle homogenates i dicated highar activity
for ng stimulateq ATPase nd myokl ase in faet than in elow twitch
muscle fibres Thia indicated fibre sp cificity was co filrmed for
both snzymes in & alyals of pooled weingle frosze dried mus 1
fibrea

The distrib tio of isczymas of myokinase ssparated by is
alectric focusing was shown to be related to fibre typs distrl
bution im muscle homogenates Similar results were obtained when
epplying this procadurs to pooled single freeze dried muscle
fibres A correspe ding fibre dapendency could not bs found for
the distribution of isozymas of crastine phaspfakinase
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SUMMARY

Force velooity relationships were identified by studying imo
kinetlic contractions of the knes sxtansor muacles of healthy
male individuale of varying proficiency and varying degress of
strength tralning

o correlation was found between foroe output and muscls
fibre composition axcept at the higheet angular veloclity applied
A positive correlation bstwesn peak force and the percentags of
fast twitch muscle fibres was notad st thias velooity

The susoeptibility to fatigue during repeatsd fast maximal
voluntary contractiona was shown to be related to m sole fibre
composition) high fatiguability ocoingided with & high parcentage
of fast twitch fibres

Examination of alits athlates in sxplosive strangth evants
disclosed & wide variation in the pargent of fast twitch fibrea
but a aignificantly highar fast to alow twitch fibre aras ratio
then in sedentary subjects and endurance athletea

The fast to slow twitch fibre araa ratio incrsased aftar a
period of systematic stre gth trainl g ingicating a specific effect
for the heavy training loads on the fast twitch muscle fibres

over ths training sffect on selected enzyme activities was
ight irrespective of any large gains in etrength psrformance

Analysis of mi wd muscla homogsnatas indicated higher scti ity
for sz etimylated ATPese and myokl as in fast than in slow twitch
muecle fibres Thia i dicated fibre spg ificity waa confirmed for
both & zymes in a alysis of pool O i gle fruweze dried muscle
fibres

The distrib tion of isozymes of myoki se separated by iso
clectric focuning was shown to be ralated to fibre typs distri
bution in musclae homogenstes Similar rasults were cbtained when
applying this proc dure to pooled wingls frasze dried muscle
fibres A corrsepo di g fibre deps denoy could not bs fou d for
the distribution of isozymas of orsatine phosphokinsse
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INTRODUCT 10N

Verney s clamsical experiments (1347} in unanwsthetized dogs
form the hasis for the theory of an cwwomatric vegulation of
the antidiuretic hormone {ADE) release He found that infusions
of hypsrtonic solutions of sodium salts or spcrose into the
carotid artery caused antidiuresia in hydrated doga whereas
hypertonic urex was insffective Verney postatated that there
ars ommoreceptors in the brain probably in the antarfor hypo-
thalamus which regulate the release of ADE (Verney 1547 Je—
well and Vexrnsey 1957} He inferred that the adequate stimulum
for the osmorsceptors is not a rise in blood tonicity as such
but rather changes in the cooposition of the extracellolar
fluid {ECF} which by dehydration reduge the volume of the
roceptors This would explain why an elevation of MCP osmolali-
ty induced by 8 highly diffusible substance 1ike urea did not
stimulate the ADH relsase ADE relesss and drinking serve a
common purposs i & they maintain the water balance When An
darason (19%3) found that injections of mmall amcunts of hypex~
tonic MaCl solution into the anteric-wedial bypothalawus elicw
ited drinking in the goat he postulated that cershral osmore-
ceptors also participate in the regulation of water intake

The possible influence of hrain barrisr aystems was not
taken into consideration in thess original investigations Lat-
er stuwdies in the consclous goat suggest that changes in cere—
brospinal fluld {CEF) sodium concentration are much more affec~-
tive in influencing tha central control of fluid balance than
are changes in CAF osmolality Therefors a posaible alterna
tive to csmOrecaptors in Vearney s ssnss would be sodius sensi-~
tive receptors near the third osrebral ventricls (of Andarason
1271} Eera the conoapt of apecific cerebral :odj; senmwitivi~

Ly will be discussed i relation o the resulta of the present
waxparisental stodies

The phyaiclogical importance of the renin angiotensin systes
had originally been relatad only to the peripheral e«ffects of
angiotensin II (vasoconstriction

stimulation of aldosterone
secration) Bowerer

in 1961 Lickerton and woklisy demonstrated
that angictansin IT can prodoce & centrally medisted riss in



blood pressura Pravious to this Linazasoro and co-workars
(1954) had observed that injections of kidney extracts elicit
drinking in rats The association betwesn tha ronin-anglotensin
system and the thirst mechaniem has been further studied by
ritzsimons and co-workers (cf Fitssimons 1972) Thae effects of
systemically administered anglotensin II and hypertonic MaCl
solution are additive in the rat (Fitrsimons and Simons 1969)
The dipscgenic effect of angiotensin ie centrally mediated A4
ministration of intravencusly inactive amounts of this peptide
into the anterior hypothalamus in rats (Epstein Fltrsimons and
Simons 1969) or into the third ventricle in goats (Andersson and
Westbye 1570) alicite drinking Furthermore anglotensin I
stimulates the release of ADH from the neurchypophysis (Severs
et al 1570 Bonjour and Malvin 1570) FEven this effsct is doe
to an action of the octapeptide at the hypothalamic level of
the brain {Andersson and Westbye 1970)

Studies on the centrally mediated effects of anglotensin
have given intaresting results in recent years (for review see
Severs and Daniels-Severs 1973) Particularly the discovery of
an intrinsic renin-angiotensin system in the brain (Ganten et
1971 Fischer-Ferraro et al 1971} supports the contention that
angiotensin II may be physiologically important within the cen-
tral nervous wystem (CNSB)

Electrical stisulation of different brain loci and intra-
cerebroventricular (ICV) perfusion with low [ma’] csr in tarn
have furnished evidence that the CMS participates in the contrel
of renin release from the kidney (for review see Davis and
Freeman 1976) Davis and Freeman (1976) divide the mechaniszme
controlling renin releass into following groupa:; the intrarenal
recaptors the synpathetic nerves and humoral agents Humoral
regqulators include sodiom and potassium ions anglotensin II and
ADH Angiotensin and ADE inhibit the secretion of renin proba
bly by a direct action on the juxtaglomerular calls (see Davis
and Freeman 1376) In addition to this short-loop negative foed-
back angiotensin II has been postulated to suppresa the ranal
renin release by raising the blood pressure in part via cantral
pervous action (Oparil and Haber 1574)



THE PURPOSE OF THE STUDY

"he principal aims of the axperimental work in this thesis
rere to study in conscious goats:

- the role of CSF sodinm concentration in the control of
fluid balance (pspers II III and IV)

- the influence of ICV infusions of angiotensin II and of
its fragments dnl-nnglcrtuuln II and d"l 2~anq£utm1n
II on fluid balance {(papers I IV and V)

- the importance of CET sodium concentration for centrally
mediated responses to angiotensin IT {(paper I)



blood pressure Previous to this Linazasoro and co-workers
{1954) had obmerved thet injections of kidney extracts slicit
drinking in rats The assoctiation betwesn the resin-angiotensis
system and the thirst mechanism has besn further studied by
Pitzsimons and co-workers (cf Fitzsimons 1572) The effects of
systeaically administared angiotensin IX and hypartonic MaCl
solution are additive in the rat (Fitzstsons and Sinons 19§%)
Tha dipsogenic effect of angiotensin is ceantrally medisted ad-
ministration of intravenously inactive amonnts of this peptide
into the antertor hypothalamma in rats (fpstein Fitysieons and
8imona 1969) or into the third ventricle in qosats (Andersson and
Mestbye 1970} slicits drinking Purthermore angiotensis I7
stixulates the release of ADH from the neurchypophysis (Severs
et al 1970 Bonjour and Malvin 1970) Even this effect is due
to an action of the octapeptide at the hypothslamic level of
the brain (Andersson and Wasthye 1970)

Studies on tha centrally mediated effects of apgiotmsin
have given interesting resulta in recant years (for reviev ses
Severs and baniels-Severs 1973) Particularly the discovery of
an intrinsic renin-anglotensin system in the braln (Ganten et al
1971 Fischar-Ferrarc st al 1971) aupports the contention that

vithin the Ger
angictenain IT may be physiologically important
tral nervous system (CN8)

Electrical stinulation of differsnt brain loct amd intid
cerebroventricular (ICV) parfusion with low |[Wa’) CST le terd
have furnished evidence that the CNS participates in the con

©of reniy reissse from the kidnay {for review sse avly l::,
Davis and Freeman (1976} divida the pechan

Freeman 1976) e I

controlling renin releass into following grow oral
receptora the sympathetic nerves and humoral agsnts gt
regulators include sodium and potassium lons lugiou: i
ADS Angiotensin and ADR imhibit the ascretion of ”?.:Q b
bly by & direct action on the juxtaglomsrular cells e esd
and Freeman 1976} In addition to this short loop Mtb' e
bagk anglotensin II has besn postulsted to tnppru: i
renln releass by raising the plood pressure in part V22

nervous action (Oparil and Haber 1974)



wwessure transducer The mean and systolic/diastolic blood
ressure and the heart rate were recorded on an ink-writing
swolygraph Entry of blood into the catheter and blood clotting
luring testing was prevented by infusing isotonic MaCl solution
lowly (0 1 ml/min) into the catheter system

tadioimmunca say of PRA and plamma angiotensin IT concentration
31ood sarples were taken via a Braurule ocannola from the
jugnlar vein into prechilled centrifuge tubes with 0 3 M EDTA
rolution as an anticoagulant iomediately cooled and centri-
uged at +4%C The plasma was stored at -20%¢ until radio-
Lrmynoassayed

Radioimsmnoassay of PRA ({Fyhryuist et al 1976} was modi-
fied for the assay of goat PRA The optimal pH for angiotensin
[ goneration in goat plasma was found to be € 2 Thersfore
mazples were incubated at pE 6 2 in the presance of OH—quino-
line 3 5 mH and Wa -EDTA 13 mK Thare wvas no change of pA
during the 2 hour incubaticn at +37°C

Radioimmuncassay of plassa angiotensin II concentration
wa made according to Fyhrquist et al (1972)

Special reagents

The angiotensin anal s usod ware:

~ angiotensin II (val -angiotensin II-asp-s amide Byp.rtln.ll.n‘
Ciba )

- angiotensin III (dnl-ums-u:qlot.uln II  Schwarz-Mann )

- dnl z—ilm ~angiotensin II ( Schwary-Mann )

-



RESULTS AND COMMENTS

1 Centrally mediated effects of anqiotensin II and sodiom on
f£luid balance and blood pressura {paper I}
-1 -1
#hen anglotensin II (0 8 or 0 4 ng kg © min ) vas infused in
hypertonic MaCl (0 25 or 0 33 M) solution into the third cere-
bral ventricle of hydrated goats for one hour conspicuous dip—
soganic antidiuretic hypertensive and natriuretic responses
were obtained If the CSF n‘] was simultanecusly lowered by
infusing angiotensin dissolved in isotonic d-glucose the ef-
fects Of the octapeptide were markedly reduced Angiotensin in
0 14 M NMaCl solution or merely the hypertonic HaCl gave moder
ate responses In the following sections the different effects
of the infusions are considered separatsly
water intake
In order to avoid over-hydration hydratsd goats ware hot allowed
nrd more than 500 ml During the combined infusion of angio-
n and hypertonic MaCl all goats drank the total amount of
,ror available Tha latency tima for drinking was short and
thirst cutlasted the infusion period by up to 30 min Infusion
of anglotensin in 0 14 M MaCl or of hypertonic MaCl alone indoced
drinking in post cases but the latency time was longer and drink
ing stopped within 10 min after the infusion Kone of the goats
drank doring the infusjon of angiotensin in isotonic glucose but
soms goxts sippod water after terminstion of the infusjon In non-
hydrated goats it is not necessary to withhold water In such
animals sipultanecus infusion of anglotensin and hypertonic
MaCl results in a marked potentiation of the dipsogenic effect
(Andersson and Hestbye 1370) Andersson and co~workera (Anders
son Leksell and Rundgren 197%) have recently shown that such
potentiation also may be obtains! when the infusion of anglo~
tensin and hypertonic MaCl are not concurrent Anglotensin dis
solved in 0 3 M glucose failed to elicit drinking but it mark=
edly accentuated the dipsogenic and ontidiuretic effects of the
subsequent infusion of hypartonic NaCl This dolayed affect of
angiotensin would suggeat the possibility that angiotensin re
mains at poriventricular receptor sites and continu to inter
act with ra® thereby eliciting thirst and ADH rel

10



nalf an hour Apother posaibility is that a sustaiped anglo~
tensin-induced receptor activation im isplicated In the rat
injections of angiotsnsin IT disyolved in solutions with vari-
tonto composition directly into the saptal and precptic
arsas of tha brain have given partially divergant responses
{Swvanwon Sharpe and Griffin 1573) Rypertonic MaCl mixed with
threshold dases of sngictensin was found to potentimte drink-
i On the othar hand thers was no decroass in the dipsoganic
affect when angiotensin was injscted in Ma’-fres solutien
“n bypertopic XClL was infused with angictensin a sarFed ra-
duction of vater intake wak seen
Inhibition of water diutesis
A atrong and long leating antidiuretic effsct was cbiained by
the infusion of angiotensin 11 in hypertonia MaCl The antidi-
uresis sean in responae to tha infusion of angiotensin in 0 14
RaCl was of shorter duration o antidiuratic responss or
only & weak one was observed during the ICV infusion of angio-
tensin in isotonic glocose Howsver a distinct post-infosion
inhibition of the water diuresis wasz ssen aftear the infusion
ds delaysd response may indicats that the recaptors activated
by anglotensin resain in tha activated utate which ix umcasked
wvhen glucose no longer reduces the CNF
Evidenca that the inhibition of the vater digresis elic—
ited Yy thase atimmll is actuslly Som to releasa of ADS was
first chtainad indirectly It was shown that the ICV infusisa
of hypertonic WaCl (Andarsscn Dallman and Olsson 1969) and
angiotansin I1 (papar I} no longer caused an antidiuoresia when
the hypothal urohypophyseal tions were interrupted
by radiofrequency lasions in the wedian ominence Recently
Lishajko and Mderason (1975) hava bicassayed the ADH in urins
following the infusion of anglotansin I and hypartonic MaCl
into the ventricular system of the hydrated goat Plasma ssm-
ples abtained during infusions in the later stodies {papers IV
and V) weare atalyzed for ADE with & sansitive Alrect radio-
immuncasery method (Fyhrquiat Eriksson and ®xllenlus 1376)
Plagsa ADN eomcentrations rapidly rose during infusions of
anqioctensin Il and hypertonic MacCl
Ohm and Folmodin (1974) have furthar studied the angio~
tensin-¥a® synerqisa by giving these stimaly yia different

=11



routes Infusions of angiotensin IX intc the lateral cerebral
ventricla in amounts which had negligible antidiuretic and no
dipmoganic activity on their own potentiated the antidiuretic
and dipsoganic effect of simrmltanecus intracarotid infusions of
hypertonic HaCl in hydrated goats
Rypertansive and natriuretic affects
buring the ICV infusion of anglotensin II in hypertonlc MaCl
the blood pressure began to rise within 5 min reaching its
maximom inorement (23-45 mmfig} within 20 min and remained ele-
vated 50 to 90 min after cessation of the infusion Also with
angiotensin in 0 14 H WaCl the rise of blood prossurs was
rapid (maximum increment 15-35 mmHg) but the pressurs started
to decline with the emaller doses before the infusion was coo~
pleted The blood preasurs rose slowly during the infusion of
hypertonic MaCl alone reaching the highest increment (15-3¢
moRg) at the end of the infusion pericd Infusion of angiotensin
) in isotonic glucose had no noticeabls effect on the blood pres-

ure These experimants strongly suggest that an anglotensin-
Nl‘ sansitive raceptor system may contribute to the central
regulation of the artsrial hlood prassure

Bargmann et al (1971) have postulated that ¥a® may form &
complax with angiotensin and thus a biologically more active
rolecule This could axplain the Ma*-~angiotensin synergism ob—
served in the goat To resxanine thim possibility angiotensin
II wax pre-incubated in saline before it was infused with glu-
cOse (papsr I) The offsot was not snhanced Furthermore the
intravencus injection of angiotenain II in glucose caused the
saps rise in carotid blood pressure as when it was injected in
isotonic Mall

Although great variations wers seen betwean animals tho
magnitode and the duration of the natriuretic response to the
different infunions were geanerally correlsted to the rise in
blood pressure It has previously been shown that the natriore~
s1s induced by hypertonic HaCl applied into CS¥ is accompanied
by an increase in tha glomerular filtration rate (Andersson
Dallman and Olkson 196%) The correlation betwsen the hyperten
sive and natriuretic effect in the present study also indicates
that changes in renal hanodynanics may have contributed to the
natrioretic response

12



1n the pressnat atody it was found that the local wat eon
centration determines the degree to which angiotensin IT  ap~
plied in the third ventricle affsats tha fluld balence and
slevatss the blood pressure It is therefors suggested that
angio*enain II may act yisz a la*-lmittn YeCEptor aystem near
the third ventricls Angintwnsin I may sithsr wake tha recep-
tors more sansitive to the euvi 1wt
facilitate the entry of w* 1o the recsptor sites

Recordings of action potentials in different braim loci
have shown that angiotensin IT has a direct sffsct on many cen—
tral neurons (Wicoll and Barker 1971 Wayner Ong &nd Wolley
1973 and ralix and Akert 1974) TFurthermors Wayner st al
(1973} havs found that sowe of the Ma'-sensitive neurons which
all were sensitive to angiotsnsin 1Y displayed a promoanced
potentiation of discharge frequencies when both stimuli wers
applisd simultanecnaly Thay wiggest that sngictensin facili-
tates sesbrane Mo’ permeability Anglotanain IT is known to
affaot toad bladder eodium flux (McAfes and Locks 1367) and
intestinal electrolyte transport (s § ODavies Handey and Par~
sons 1970) The study of Outman st al (1972) givas good evi-
dence that arnglatansin stimalstes wt trangport in the tlesues
where it is aoting They found that wngiotenain II inarsases
microsowal (a*-x')-ATPass activity in the hypothalsmas the
mycoss of colon and the sdrensl cortex

ion or

3 Ftfects of lowered CEP w?t conosantration on the central
control of fluld belance (papsrs 1T apd I1I)

Vater divrasis

The concemtration of C8P {"‘1 was artificially lowered hy in-
fusing isotonic or hypsrionic non-slectrolyts solotions into
the cershral ventrioular systes of gosts in normal water bal
ance  Elther the third ventziole wvas infused for 4D min at 10
or 20 pl/min or the lataral ventricle was infused for one hour
at 20 pl/min Al isotonde not-electrolyte solutions caused
water diuresia and o 4id hypertonic (0 45 or 0 6 M} solutions
of carbohydrates Hence the inoreass in remal) 2ree water clear-
ance (Cpyg} was not cavsed by reduced osmolality of Csp

WY .



more likely by dilntion of the CEF [Nnﬂ These infusionz obvi-
ously inhibit the releass of ADH nornally occuring in the non-
hydrated anizal In the first place there waz no increase in
renal osmotic clearance 5econdly intravenous injection of 5 mU
of ADH interrupted this water diuresis

The infusions of pon-electrolyte solutions into the ven-
tricular systen also redoced the relative concentrations of
other ions in the CSF to the same degree as the Ha* concentra-
tion Therefora it could be argued that the divretic effect of
these infusions may have been due to a reduced concentration of
some ion or solute other than ma® Control infusions however
and previcus stuodlies in the sams species seen to rule out this
possibility Infusions of isotonic saline alone or saccharides
in isotonic saline which saintain the CSF ru*] but reduoce the
concentrations of othar ions did not produce water diuresis
Mowever after the combined infusions soms increase in Cﬂzo was
often seen Osmotically these hypertonic solutions may have
dravn water into the CSF thereby reducing the Hl‘ concentration
and waking a postinfusion reduction of the ADH raleass apparent
On the basis of earlier studies in the goat {Andersson et al
1967) 1t is unlikely that reduced CSF Cl~ concentration was of
crucial irsportance

In order to reduce the CSP [ru*] withoot reducing the por-
Al concentration of other cations 1isotonic saccharides with
(3 mmol/1) ca? (1 3 mo1/1) and Mg?t (2 meol/1) were fo-
fosed into tha ventricular system {paper III) These intusions
cauged watar diuresism on most occasions MNowever when the cat
ions ware infused together with d-glucose the renal Cp,o 3006~
times failed to torn positive It was found that glucose with
@?* and #g?* consistently induced water diuresis while glucose
with K d14 ot always do o This latter result with X' and
glucose doer not disprove the crucial role of Ha® It is possible
that glucose with ' in some way activated the na* transport in
pariventricular tissues and choroid plexuses Bremdated (1970)
has studied the transport of various eugars fram CSP e found
a carrier-nedisted transport of glucose which seecs to be con~
neqted with the active transport of na® and X' The net fluxes
of ma* ama r* showed that 1if one wolecule of K’ pazses froa the
perfusate into surrounding tissues 3-1C molecules of Ma* would

14



pass in the opposite direction Recent studies in goats have
givan additiona) information concerning the periventricular
sodioe receptors (Olsson 1976 Leksell Lishaiko and Rundgren
1976) ICVY infusions of isotonic MacCl dissolved in hesvy water
(D;0) alicit 1in spite of initislly sufficient CSF [Ma [
pronounced water diuresis in the non-hydrated qoat‘(x,:)u-ll (13
al 1976) Deutarated water is an inhibitor of (Ma -K')-ATPaze
(Almed and Foster 1374) It appears possible that ICV infusions
of deutarated water inhibit the release of ADH by affacting the
mat transporting entyme systes and so reduging the ¥a* senmi-
tivity of the pariventricular receptors Substances which stim-
ulate this entyne system could thus increAss the ¥a® sensitivi-
ty This may bo the situation with glucose together with X'

In wost of thes studies reported parfusion of the cere-
bral ventricular syates with artifioial CSP low in Ma* has a
diuretio affect In chloralose—anesthetised d0gs w brisk water
diuresis ensues (Leusen and Lacroix 1%61) In conscious sheep
urine flow rate shows a tendency to inoroass sometimes marked-
1y {Mouw et al 1374) Op the other hand pentobarbital~anas-
thetizxed dogs bave a high initlal plagma ADH concentration
which does pot show mny consistent changs during low |Wa csr
parfusion (Mouw and Vander 1971) It is known that sevsaral an-
eathetics incresne the secretion of the ADH (of Walker 1957)
Renal wt sxcretion
Artificial lowering of CfF [M’l axerts varying offegcts on the
remal slectrolyte excrstion In pentobarbital-snesthetized dogs
(Mourw and Vander 1970) and in consgiocus shesp (Mouw at al 1974)
urine ' excration decreassd during ventricular perfusion with
low |wa'| CSF Rovever whan a wvater diuresis developed as in
the pressnt study in chlorulose-apasthetized dogs (Lensen and
Lacroix 1961) and occasionally in the shesp (Mouw et al 1574)
there was no consistent antinatriuresis This dissimilsrity of
Tasponaes rainss the question of a possible interrelationship
batwesn the renal sodium and the renal vater excretion In order
to keap urine flow stable while lowering the CAT |wa 1sctonic
fructoss was also infused into the CSF in hydrated goats Ipsper
IV] Fa ' excretion did not decyoase Thus an inCrease in urine
flow could pot explain the lack of antinstriuretia TespoOnEe to
the ICV fruotose infusion I{n non-hydrated goats On the uther/



hand thers was some decrease in the renal X' excretion

3 =ffect on PRA of ICV infusions of anqlotensin II and
altered CSF Fa' concentration (paper IV}

Angiotensin IT
Infusion of angiotensin IXI dissolved in 0 15 H HaCl in domes
from 0 5 to 1 py into the lateral carebral ventricle caused a
marked decrease of PRA The direct inhibitory effeot of angio-
tensin on the renal renin releass {cf Davis and Freeman 1576)
was excluded in these expsriments since the plasaa anglotensin
II concentration did not riss after the infusions Howavar the
infusions also raised arterial blood pressure (25-30 mmHq) re-
loased ADR and increased remal Ma® excretion Any one of these
effects may have influenced renin release

Contrally applied angiotensin II is thought to increasa the
sympathetic cutflow (cf Severs and Danlels-Severs 1%73) In
view of this Vollmer et al (1974) have suggested that an anglo-
tensin II-induced increase in adrenergic cutflow may stimulate
the renal renin production On the other hand Oparil and Haber
(1974) have assumed that the centrally mediated pressor effegt
of angiotensin may ba of considerable importance in the negative
feedback of angiotensin on renin release The present study ip-
dicates that angiotenain II applied into the CSr supprasses PRA
but doas pot unmask the underlying meohanism

f\‘mttonlc RacCl

Like the infusions of angiotensin JI 4infusion of 0 5 M NaCl
solution at a rate of 20 pl/min for 30 min caused a definite re—
duction of PRA As expected from ecarlier studies in this species
(Andersson et al 13%67) thess infusions aleo caused antidiure-
ais natrioresis and some drinking Blood pressura reaponse was
variable In some experiments (n = 2) there wan no appreciable
change in blood pressure whersas in other recordings (n = 2}
blood pressure rose slowly and reached the highost increment
(16-15 omfg) at the oend of the infusion At that time PRA was
alresady suppressed Bacause of the rathar long half-life of renin
1n circulating blood (10-20 min) it seems unlikely that the rise
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in blood pressura could be of importance to the DRA suppression
ip thees experimants On the other hand the infuslon of 0 5 M
WaCl caused & large rapid increase in plazma ADX concentration
{rybrquist Erikseson and wallenlus 1976) ADH is known to in-
hibit renin relsase from the kidney (ses Davis apd Freeman
1976) It thersfors appaars probable that the {ncressing of
o3 w2’} suppressed PRA by stimalating ADH release

In conscicus rats Morris Campbell and Pattinger (1976)
have recently reported results similar to our data Injection
of hypartonic (2 M) wacl into the third veptricle of the rat
csused a decrease in serum renin activity a rize in blood
preasure and natrinrssis  In contrast bigh [‘I CBF perfosion
af the ventricular systee in m*-d'plttod conscious shoep in—
fluenced neither blood pressure nor plasma renin concentration
(Abraham et al 1976) Ths varying Ka' balsnce may readily ex-
plain the apparently diverging results The hyperactive state
of the renimangiotensin system following ll‘-dtplttlcm in the
sheep may ot be muitable for the demonstration of renin sup~
pression with bypertonic MaCl applied into the cersbral ventri-
cle Byponatremia and hypovolenia may be too effective peri-

pharal atimnli for ranin releass to be suppressed by a rise in
ST hﬂ

Lowsred CSF W' concentration

Lowering of CST |Wa’| by tnfusing isotonic fructose into the
lateral cerebral ventricle at a rate of 20 kl/min during one
hour slevated PRA The rssult agTess with the sipdies of low
2’| CS* perfusion in tal ized doge (Mouw
#pd Vander 1970) and in consoicus aheap {Kouw et al 1974) 1In
the non-hydrated goats the infusion of froctose induced water

diuresis without any consistent change in renal wa* excretion
in sqresmont with earlisr studiss {paper I¥I)

In the hydrated
goats the urine flow rate was stable bat Yot thara was no ob~

vious reduction of rensl ma® excretion following the infuston
of zmc:mc Howeaver both in hydrated and Don-hydrated goats
el L wxurstion decroassd scoevhat
Infusion of isotanic Macl into the latera) ventriale duri
One hodr caused some increase in PRA This result cannct be ':1
Plajnad at present It xhoald ba atressed bowever that t.h-“”
1
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rise in PRA after the infusion of saline was small (35 V) com-
pared with that following tha infusion bf fructose (155 % in
hydrated and 125 & in non-hydrated goats)

The efferent pathway by vhich the lowersd CST [Ra‘] influ-
encas the juxtaglomarular apparatus remains unclear The blood
pressure was stable during the infusion (paper 1I) Thus the
renal barorsceptor mechanism would appsar not to be responsible
for the changs in PRA The decrease in plasma ADH could allow
for a rise in PRA Howsver in hydrated goats too PRA rose in
spite of initially suppressed ADH TFurthermore in pentobarbital-
anesthatized dogs Mouw and Vander (1971) foand an increase in
PRA even though the plasma ADH was high and did not show any
consistent changes 1In our study there were no changes in renal
la+ excretion which would axplain the stiwnlation of renin re-
leasa The role of decreasing ranal x* exoretion due to infusion
reoains to be settled Mouw and Vander (1971} showed that the
renal nerves are pot necessary for the antinatriuretic effect of
low |Ra CSF parfusion On the other hand their study did not
axclude the renal nerves as one poasible thway to the juxta-
glomerular cells during lowering of CSF [Ma In anesthetired
cats Schad and Seller (1975) reported that high |Ka™] CSP per-
fusion of the ventricular system produced an inorease in renal
syzpathetic activity whersas a low [M‘] perfusion decreased
it It wonld appsar nacessary to evaluate whether CSF [Na can
have an effect on the juxtaglomerular cells via the ranal narves

4 A conparieon betwesan the centrally rmediated effects of anglo-
tensin 11 and its fragments dnl--uqlcnnlln IY snd dnl 2"
apglotensin II (paper V}

As expected from previous studies in the hydrated goat {paper I)
infusion of angiotensin II in 0 15 H MaCl into the lateral ven-
tricle at a rate of 50 ng/min during 30 min cansed drinking
antidioresis and natriuresis 1In contrast infusion of des,-
angiotensin II ( angiotensin II1 } at an equimolar concentration
&1d not induce any drinking or antidiuresis and had no obvicus
influence on renal na’ excretion wWhen a pore concentrated an~
giotensin 111 w®olution was infused at a rate of 0 35 pg/min
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during 5 min thres cut of six animals drank water There was
some inhibition of water diuresis after every infusion and
cﬂzo became negative in 5 out of 8 experiments Thess responses
as well as the rise in blood prassure wsre definitely szaller
than those following infusion of anglotensin II of half the
molar strength Infusion of nhl1 z-lnqlotu:li_n II the hexa-
peptide had no effect on water balance

Fitazsimons (1971) studied the dipsogenic action of varicus
angiotensin anslogues Ee found that the d-ll—nnqiotunlln II
retains about 50 % of the dipsogenic activity of the octapsp—
tide whan infused into the angiotensin sensitive regions in the
rat s diencephalon In the presant study dnl-ar\qlutun:ln 1I
appeared dipsogenic although to a lesser degres However the
dats cannot be resdily comparsd In the goat intraventricular
infusian of dul-u-u -angiotensin II wus used wvhereas Fitz-
simons (1971) spplied des -val®-anglotensin I directly ints
the brain tiasue

In the prasent stody the same latency time was chserved
for the antidivresis induced by angiotensin II and III This
was taken as indication that both polypsptides act on a cosmon
preswmably located recep Gagnon Sirois and Park
(1975) have studied in vitro the neurohypophyseal recsptors for
angiotensin IT apd suggested that gyclic AMP may be involved
in the stimmlation of ADH secretion from incubated rat neuro-
hypophyses They also found that a much longer incubation peri-
od was needed with des,—angiotensin II than with apgiotensin II
bafore ADH uas releassd They assuwwd that the altersd binding
affinity for the receptor may contribute to a delay in the ac-
tion Trollowing longer incubation periods the heptapeptide
was capable of producing nesurchypophyseal effects comparable
to those induced by angiotensin II After intravenous injsction
of labelled angiotensin II high concentrations of radicactivity
ware found in the pituitary (Osborne et al 1971 Johnson 197%5)
This may be ons route of entry for the blood-borme angictensin
1nto the OMg particularly as a releaser of ADH These studies
raise the question of tha possible existence of two kinds of an
giotansin receptors affecting ADE rele ms Thera probably are
receptors highar up in the hypothalamic neurchypophyseal systen?!
In addition the peurchypophysis itsalf may contain receptors
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GEMERAL DISCUSSIOR

Several reviews have recently bean published concernig the
central acticns of angiotensin I (Severs and Daniels-Severs
1573) central control of fluid homeostasis (Andersson 1974)
and control of drinking (Fitzsimona 1972 Peters Fitzsimons
and Petars-Haefeli 1975) Therefors only aspects closely re-
lated to the present mtudy will be discussed in this chapter
The current opinion is that the fluid balance is princi-
pally controlled by ommonetric and volumetric mechanisms acting
synergistically to maintain the composition and volume of the
body fluids There is mmch evidence that atrial and some ather
vascular receptors monitor the blood volume and exsrt & reflex
inhibitory tomns on the release of ADH (for review see Gauer
Henry and Behn 1970 Gostz Bond and Bloxham 1575) The remal
renin-angiotensin system forms an important humoral link in the
volume regulation by its influence on aldosterons secration
but apparently alao by its effect on central mechanisms in—
volvad in the control of fluild balance Experimants in the goat
indicata that these centrally madiated effects of angiotensin
I7 are Ra‘ dependant Thersfore it has been suggested that
angiotensin II may act by sensitizing periventricular wat re—-
ceptors to axisting CsF * (Andersson 1971) Angiotensin II
appears to ba dipscgenic in all species tested However many
consider that the doses of angiotensin which have been studied
are unphysiologically high (& q Abrahaxm et al 1975) Thus the
question to what degres the renin-angiotensin of repal origin
contributes to the volumetric control of thirst remains open
Various species of animals have been used in the studies
concerning the central control of flujd balance This may have
been a factor causing sooe of the divergencies in the results
obtained The goat 1like other ruminants has the voluminous
forestomachs acting as a large reservolr for water and eleatro—
lytes The dog 1In contrast is a momogastric carnivere which
eats at long intervals Furthermore the modolating effect of
anesthetics and surgical stress should ba kept in mind

20



Osmoreceptors versus sodium sensitiva receptors

The main evidence for the osmoreceptor theory in the central
control of watar balance has been obtained by studying the ef-
feats of altersd solute composition of the blood plamma (Verney
1%47) Later stodies have given additional support for this
concept {sea Blass 1%73) In Vernsy s original investigations
the blood~brain and the blood—CSF barriers have been disre-
garded Howsver the responses to tha administration of various
hypertonic solutions into the central narvous system of the
goat from either side of the bloocd-brain barrier sesm to con-
tradict the osmoreceptor theory A rise in the carotid blood
omolality obtained by infusion of MaCl or fructose Acts as
a much more potent atimnlus for ADH release and thirst than
the equivalent rise elicited by infusions of urea glycerol or
glucoss (Eriksson Ferninde:r and Olsson 1971 Olsson 1972)
althoogh a rather sffective biood-brain barrier seems to exist
for all of the latter substances (Crone 1965 Yudilevich and
de Jose 1971} On the other hand the infusion of hypartonic
socrose solution into the third cerebral ventriole elicits
Deithar ADH release nor thirst in contrast to corresponding
infosion of hypartonic MaCl {Olsson 1369) These observations
make the existence of OEmOTOCAPLOrs unlikely at least inside
the blood hrain barrier The other possibility that cerebral
Osmoreceptors are outside the blood brain barrier or in a
Teglon whare the barrier is lacking also appears unlikely
Blow infusions of 1so- or hypertonic solutions of non-slectro-—
lytes into the lateral ventricle repress the dipsogenic anti-
diuretic and natriuratic responses to intracarotid infusions
Of hypartonic MacCl (Olsson 1573) This would hardly be the case
if th intracarotid infusion of hypertonic MaCl acted via re-
Ceptors located outside the blood brain barrier

A possible alternative to hypothalamio osmorsceptors may
be a sodiun sensitive receptor system in the close vicinity of
the third cershral ventricle (gf And rsson 1971) The follow-
ing results have been taken a wvidence for this concept Slow
infusions of hypertonic MaCl solution into the third or lateral
ventricle elioit drinking antidiuresi and natriuresis in
hydrated goats (gf Andersson and Olsson 1973) However no



drinking or antidiuretic responses are obtained by similar in
fusiona of hypertonic sucruse (Olason 1969) Rather the lower—
ing of CSF [l-‘] by infusing saccharide solutions caused a water
diuresis in thes non-hydrated goat (papar I1) This also happened
on wost occasions when saccharides were infused together with
l* c-“ and qu* (paper III}) whereas duoring infusions of imo-
tonic WaCl or saccharides in isotonic MaCl water diuresis did
not develope (paper II} The results of combined intracarotid/
intraventricular infusions also support the Ma*-receptor hypo—
thesis Infosions of saccharides into the lateral ventricle sup-
prossed the dipsogenic antidivretic and natriuretic responses
to intracarotid infusions of hypertonic WaCl Corresponding im-
fusions of 0 14 M MaCl or isotonic glucose inm 0 14 M RaCl did
not have this suppressive effeot (Olsson 1973}

KcKinley Blaine and Denton (1574) resxamined the concept
of brain osmoreceptors in thirst regulation in the consciocus
sheep by making injections into the third ventricle of hyper-
tonic MaCl and saccharide solutions in artificial CSF 4in an
atteapt to minimize apart from osmolality the alteration in
CSr composition Hypertonio saccharida solutions in water did
not elicit drinking while hypertonic saccharides in artificial
C8F hypertonic WaCl in artificial CBEF and hypertonic MaCl in
water were dipsogenic These results were taken as support for
combined cerebral ommctic and sodium sensitivity Thus the
studies in the sheep lend support to the ommoreceptor theory
but do not rule cut spacific sodium sensitivity since hyper-
tonic MaCl in artificial CSF caused wuch more drinkipg than
hypertonic saccharides in artificial CSF

The entry of angiotsnsin II into the brain and the anqiotensin
sansitive areas

It appears that 1n order to act centrally ecirculating anglo-
tensin II Fust enter the brain However the blood brain barrier
effectively restrains angiotensin IX (Volicer and Loaw 1571
Osborne et a1 1971) The other possible routes are via the
choroid plexuses into the CSP or an action in areas where the
blood-brain barrier is lacking There is no consensus of opinion
as to vhethar angiotensin I penetrates the blood—CSF barrier
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Yolicer and Loew (1371) studied the distribution of l‘c—lmlo-
tensin IT in tha brain of mice after systesic intravencus in-
jection The volume of Aistribution was larger than the plasza
volume Furthermores autoradicgraphs showed radicactivity in
choroid plexuses in the lateral and third ventricles and in
the aquedust but not in the fourth ventricle The results
ware however criticized (Abrahan 1974) becauss of the supra-
physiological doses of anglotensin and the incubation mathod
ussd Using lower doses of tritlated anglotensin II of rela-
tively high specific activity Jobnson (1375) stodied in de-
tail the distribution of intravenous sngiotensin in rat brain
Radioactivity was high in the ventricular spaces periventrico-
1ar tissues charolid pleaxuses pltultary pineal subfornical
organ (S8FO) and area postrema Abraham (1974) found the CSF of
rormal sbeep to contain angiotensin II bat ths levels were not
alavated above 5 ng/100 ml when the blood angiotensin II con
centrations were raized up to 15-70 ng/100 ml by intravepous
infusion As a possible oxplanation a rapid uptaks of angio—
tansin I1 from the CBF in physiclogical eituvations was taken
10t oonsideration

Amopy the areas whers a blood-brain barrisr is lacgking
the arsa postrema SFO and pitultary are of speoial interest
There im mach evidence that blood barne angiotensin IT stismn
lates central pressor activity in the area postrema vhersas
the periaqueductal grey (subnucleus medialis) is the aite whare
anglotensin applied into CSF ralsas blood pressure (for review
Aes Severs and Daniels-Bevers 1973)

Ciroulating angiotensin 1I may act direotly on the neuro—
bYPOThysls mince high redioactivity was cbserved in the pitui-
tary after intravencus injection of labelled angiotsnsin II
{Osborne et al 1971 Jchnson 1975) The finding of high renin
(Maulice et al 197%5) and angiotensin converting enzyma activi-
ty {Yang and Reff 1%77) in the hypophysis points to the possi-
bility that aleo local produation of apglotensin II may play a
role 1in the releass of ADH Gagnon et al (1575) have studied
the rat nsurohypophysis in vitro and observed that angiotensin
IT stizulates ADH secrstion powsibly via oyclic AMP

Tha BFO has been claimed by Simpeon and Mouttenberg (1973)
to be the most mensitive loqus to angiotensain as a dipsogen



This periventricular organ is in close contact with hoth blood
and CST Although therse is much evidence supporting this concept
the 8TO apparently is pot the only site where angiotensin elic-
its thirst It is for instance poasible to stimulate drinking
in spite of massive damage of the SBF0 if the entry of angioten
esin into the anterior part of third ventricle is guaranteed
(Buggy et al 1973} During remapping of angiotensin sensitive
brain loci Johnson apd Epstein {1%75) observed that anglotensin
II induced thirst if canmmla traversed the anterior cerebral
vantricles thus allowing the injected material to enter the ven-
tricular systea On the basis of this result and of autoradio-
graphic findings (Johnson 1975) they maintain that angiotensin
I may uas the ventricular routa to gain access to ths sensitive
periventricular sites

It has to be sxphasized that in the earlisr experimeants
high doses of angiotensin II were used However Epstein and
Hsiao (1975) anmd Trippodo McCam and Guyton (1976) claimed on
the basis of their recant studies that angictensin II acts dip-
sogenically also in physiological dosea In addition to the
blood-borne angiotensin the existence of the intrinsic renin-
angiotensin system in the brain (Gantsn et al 1571 TFischer-
Terraro st al 1971) has focused interest on the poasible phys-
iological role of central effects of angiotensin The hypotha-
lemic region clome to the third ventricle and the brain stem
contain the highest level of angiotensin I and II (Fischer-Fer-
raro et al 1971) The centers which control fluid balance and
blood pressure are located hers Different regimens of treating
animals were found to change the renin activity aod anglotensin
1 content of the brain Bystemic administration of aldosterons
decreased cersbral renin sctivity (Ganten et al 1971) On the
otber hand,administration of hypertonic MaCl (Maulice et al
197%) or nrlllcua-unqiounniu II an angiotensin 1I antagonist
{San Ferrario and Bumpus 1974} increased this activity Further-
more hypovoleaja increased the concantration of sngiotensin 1
in the brain aten vhereas Na‘-loading decreased it (8laven 1375)
Taken together thess data would indicate that systemic changes
fn the electrolyte and fluid balance affect not only the renal
but also the carebral renin release
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Carebral receptors controlling renal lu4 axcretion

Most studies concerning the central control of xa’ homeostasis
favor the view that a Na'-sensitive system in the brain oper-
atss in the regulation of the renal mnt ocutput Elevation of
the xa* concentration in the CSP of the cerebral ventricular
systen has beyn found to increass recal #a* excretion in many
species Perfusion experiments with low [Ma’] CSF indicate that
reduced bamal activity of thase receptors may play a role in
initiating Ma*-sparing duripg salt depletion The physiological
bas{s for this concept lies in a study with Ma*~depleted and
normal shesp (Moow st al 1974) Progreasive lutd letlon was
assoclated with a significant reduction of CS¥ [h and the
ut concentration in CSF and blood ware closely related In
pantobarbital anesthatized 4ogs (Mouw and Vander 1970) and in
consoious shesp (Houw et al 1974) hypotomic low [ﬁlﬂ perfu-~
sion of the gerehroventricular system caused antinatriurasis
and & rise in plaszma renin In the pressnt work in conscicus
goats CBF [Bl was lowered by ICV infusions of isotonic fruc-
tose Tha PRA ross in accordance with the previous atudies bhat
renal ot excration showsd nO consistent changes JInstead
urine flow rate inorsased and water dlureeis developsd Similar
Lesponses in urine excretion have been reported by Lausen and
Lacrotx (1361) {n chloralosa-aneathotized dog during low [ma’]
Parfusion of ventricular yystem In some of their sheep Mouw
st al {1974) aleo observed a marked increase in urine flow
durteg low e perfunion ana in thena tnstances Wa® excration
4id not decresss In mome way the bshavier of repal ma* excre-
tion time appesars to depend 0D the degres of diurssis 066 pos~
#ibility is that the pressnce of ADH may be an impartant fagtor
in renal ln*v.pn:inq In the present work renal % exoretion
vy found to decreast to sowe extent This may reflect a dimin-
isbed M2 1cad at the alatal napuron

Intracarotid infusions have also baan used to stody the
Postulated central a® receptors Such infusions of hypertomic
MaCl molution always indu e & more Pronounced natTiuresis than
equivalent intravenous infusions In the consalous goat intra
carotid infusion {1 5 ml/min) Of hypertonic (2 M) fructose had
& neqligible natriuretic affect when compared with hypertonio




{1 H) MacCl infused at a same speed (Olsson and Kolmodin 1$74)
Similarly in anesthetixed cats (Thornborough Passo and Roth-
baller 1973) intracarotid infusion of hypertonic sucrose in
normal salina and in anesthetized dogs (Iucker and Kaley 1976)
infusion of hypertonic glucose failed to increase renal Ha' ex-
crstion In coneclous sheep on the other hand Blaine et al
(1975) observed a definite natriuresis following intracarotid
infusion {1 6 al/min} of hypertonic sucrose or fructose (2 M)
but the response to intravencus infusion was delayed and weak
Hence the latter authors expressed the belief that osmoraecep-
tors control the ¥a' excretion

The efferent pathway from the brain to the kidney mediating the
effects on Ma' excretion has not been ascertained There are
several possible partly interrelated mechaniams These are

{1) alterations in renal hemodynamics in¢luding vasomotor

autoregulation
{2) changes ipn renal nerve activity and
{3} humoral factors such as aldosterone ADH and natri-
uretic factor

1 The natriuresis following elevated CSP [luj in tha third
ventricle is accompanied by a rise in the glomarular filtration
rate (Andersson et al 1969 Iucker Lavine and Xaley 1974} 1In
the present study the infusion of hypertonic MacCl imto the
third ventricle caused a slowly developing rise in blood pres-
sure concurrently with the natriuretic response (paper I) Simi-
lar results have heen reportsd in anesthetized rats (Dorn et al
1969) cats (Chiu and Bawyer 1974) and dogs (Iucker et al 1974)
The changes in renal hemodynamice may thus contribute to the in-
craased ma’ excretion (cf Guyton et al 1374) On the other
hand the rise in blood pressure following intracarotid infusion
of hypertonic MaCl is inconsistent and not well correlated to
patriuresis (Blaine at al 1875 Thornborough et al 1%73
gucker and Kaley 1976) Purthermore during antinatriuresis fol-
lowing the lowering of C8rP !u’] there were no significant
changes in blood pressure The redistribution of renal blood
flow is another possible machanism often discussed but not yet
extablished
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2 There is woch evidence that the renal nerves may be involved
in the tubalar reabsorption of Ma* (e g Slick et al 1975 for
review swe Gill 1963) However the avidence that the changes
in ma* excretion followiny stimulation of brain wt Teceptors
are mediated viz renal nerves {s smeager By moans of renal de-
nervation Wckinley Blaine and Denton (1973) ware able to in-
hibit the natriuresis following the injection of hypertonic
¥Cl into the third vantricla of conscious sheep However in
anesthatized cats (Chin and Sawyer 1974) and dogs {Zucker et

4l 1374] renal denarvation did not prevent an increase in wt
sxoretion after infusion of hypertonic WaCl into the third ven-
triole Furthermore the antinatriuresis during low [ln‘] csr
perfusion was not abolished by renal densrvation (Mouw and
Vander 1971)

3 Although the plasms levels of aldostercne dscreass during
alevated CET [lu'] (Ahraham et al 1976) this apparently is
not essential for patriuresis wince natriuresis develops rapld-
1y and aldostercne pretrestment does not iphibit the rasponss
{Andersson et al 1969) During low (Ma CBY parfusion blood
ala ation wan (mouv et al 1974)

Ttus  aldosterone probably did not mediats the antinatriuretic
Tesponse

Stimnli which eliolt natriuresis are known to releass ADR
Whils high doses of ADE are natriuretic the importance of this
bormona for Ea' exuration has been wich debated (s g Hacfarlane
¢ al 1967 PBlaine et w1 1375} The relsass of ADR however
cannot alone explain the effsct wsince experimental disbetes
insipidus does not abolish the natriuretic response (Anderssan
St al 13%63) Pretreatment with ADH llke that with aldosterone
¢ould not inhibit the natriuretic effect following ibptracarotid
infusion of hypertonic NaCl {Thormborough et al 1973 Xocker
and Waley 1976) Lowsring of CST [n‘] was in most cases found
to decreans ADH releass and this may have contributed to the
antinatriuresis observed (Mouw et al 1974) Bowever in apas-
thetized dogs antinatriure 1 devaloped aven though the plamma
ADft concentration was high (Mouw and Vandar 1371)

In spite of an intense search fOr & natriuretic factor
conclusive p oof of its existenae is =til) lacking (Mashat
1974)
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“The term turnover i efined xy the renswal of # substance st steady state (Ziversmit #f
al. 1943).

Mcnmwdtbammdxmmmﬂnurxhumhoamm@)h
tradn regions will give more jon about hips thas will be ob-
tatoed by messuring static leveds. A changs in the release, for exampie, sy Jeave the
seady stato voslered but affect the rats of biosynthetis, Turncrer changes in different
besin regions may be masked In whole bexm stodies.

To mezsure the ACh tarnover choling {Ch) may be ghven fotravenonsty and the thne
course of the specific racdioectiviies (SA) of the precursor (Ch) and product (ACh)
foliowed fu the brain. Labelied choline (Schmberth ef al 1969 Fenden 1973, Saclens or
al. 1574) o phospherykcholine (PCh) (Cheney #f al. 19735) has been given to mice and
s cither by intravenous (Lv )} pulse infection (Schuberth ef al 1969 Hanbrich eral
1975) oc intravenoos {nfiusion (Sackens o af. 19730 Racagnd e al. 1974),

This method neoeimtries the wssumption that the beain bundles the Ch n a4 way
which may be described in terms of an open tingle compertment moded, that there i kns-
tant mixing of the Labelled and unlabefled componnds and that rtesdy ptate conditions
peevnil (Ziversmit 19600,

The turnover vaines obisined will be rather ap k The most ab-
vious lmition s oar leck of ige about the of Chand the size
of the Ch ppot avallable for ACh synthesis (Sparf 1973 Jenden 1976)

mmmmmhmmnmmvmm(xm)mmmwhm
nover froem the rate of depletion of the ACh after b
of bemicholntom (HC 3 & y drog which inhiblts ACh synthesis by blocking
Ch transport. Ricirier and Crossland (1949) messured the initial rate of restittion of the

ACH alter depletion by electroshock. However in thess cases steady siste conditions
were oot obtaned

Both the ACh and Ch keveis in bexin srv extremely labile (Tor review e Macintoth
and Colfier 1976), This ks & sevious obstacle snd & Emilting factor for work on brain
regions. During recent years preat progrens has been made tn the development of
methods of getting repid insctivation of braln enxymes without proventing accorste dis-
weotion, When the present stodfy was fntisted fn 1971 Suavinoba and co-wockers (§970)
fad recently btroduced micrownve Eradixtion ss & rapid method of enryme inactrration
and sacrifice of xmall rodents, s method which allowed eecurate dissection of the brain.

The aims of the present Investigation werer
1 1o cvalusta the importance of the time of crzyme inxetiration for ACH snd Ch valnes

in bexin tiywe

2z mmdyﬂxmumwhnh}pdcmmdAmhdﬂm&mrw
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by following the time courses of the specific radioactivites of Ch and ACh after an
intravenous tracer dose of Ch
3 o apply the data to different models of turnover calculation
4 1o study the functional rok of ACh in different brain reglons by measunng the effect
of barbiturates and oxotremorine on the apparent reglonal ACh turnover



2. Mkrowave Irrndlation ss a Rapld Metbod of
Enzyme Inactivation and Sacrifice of Small Rodents

2.1 Some basic focts
For detailed information about microwave physics, sce Plschner (1966), Thomss
(1972), Copson (1962) and Okress (1968)

are etic waves with a wavelength varying between
0.001 and 1 m. The most y used gths have db jons of 0.328 and
0122 m (915 and 2430 MHz).

Noo-metallic materials can be heated by microwave [madiation, since the energy-rich
electromagnetic waves can pass into materials and coavert thelr energy [nto heat. For
microwave heating a system consisting of at keast three components b nccessary 1)a

of eergy 2)a guide and 3) an i

211 Generation of microwarves

For the generation of microwaves with an cfTect of keas than 10 kW a magnetron fs used.
This constets of ¢ vacrum dlode with a cathode in the centre surrounded by a cyfindrical
anode containing scveral resonant cavities (Fig. 1) The cathode consists of a material
which emits ek at in d The emitted ck are affected by
the force from both & magnetic fleid (paralld to the cuthode) and an dectne field
{epphed voitage between wnode and eathode). The o sre only d to the

parts of the snode which are potitively charged by the electromagnetic oscillation.
Suabsequently in the interaction space between cathode and anode the emitted chectroms
travel in spiral pathn to form the spokes of a wheel whach rotate, In the resonancs
uviuutd;hhqu:ncymdﬂnbnmhcnmmmdmdby!hepuﬂu:pokud‘:bc
tronx. The g can then be
uvtiamﬂr-tvmﬂde.

d from one of these resonance

Flg. | Magociron, » dagramomtic dreawing.
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waner sre refected by
the walls of the expowee (oven) w0 m,hu-m
peneirpte nto the mowss y
212 Wavepulde
mn\wuideanbenmcun;uhrmeulchmnd.whhuxumedlmuw
dength of the mi and the htion line for p of
the from the g to the app

213 Applicator = exposure chamber (Figs. 22 28).

22 Heating by microwares

A dicdectric material with polar properties may be regarded as an electric dipole with a
pasitive and a negatlve charge (q) separsted by a distance [ (Fig. 3) If an electne field fs
applied, the dipole will be orlented in the direction of the field and a dipole moment wifl
be indoced (q x /). A change In the dmrection of the ekectric field will alter the orientation
of the dipotes. 1f the dectric field ahernates with a high frequency the dipoles will also
oscillate very rapidly end by fricbon will convert oscillation energy into heat. The
dipoles respond with a short delay to the change in the electric field and durlng this
relaxation thne the dicectric Joss occurs. There are also free charged particies which are
abie to produce heat by friction. The heat produced per volume can be described by the
following equation, where the first term represents the daetectric heat and the second the
Joule bext.

B2 _ wf e egund+E ¢

= i
P 2 1)

dikekectnc heat  poule heat

P = power €, = permutidvity of vacuum
E = chectric Tield 130 8 = los factoc
{ = {reqreency o conductnaty

€= rehathve permitimity

10



Fig. 3. Oricotation of » Gipoke i wn checiric fd
(E}. The pakive wd mogaisre charpen of the depole + O ...q
Q) are scpereted by a cisrsce L

The ¢ valoe b & characteristic of the material snd it determined by the foree and
number of dipoles per vohmme, Permumtant dipokes, e.g witier ary independent of an sec
tric field, The value for the ks factor (taa §) is determined by the friction of the dipokes.

By the conventiona! heating methods the sarface of tha materiat first becomes beated,
ang the dreper pasts are then bested by means of conduction and coeyection. With

i wradlation, ok magnetic encrgy passes foto the material more rapidly
and more oaiformly than the pasiage of hext by condoction spd convection. Howerer
the amount of m} tnergy defivered & during From the
[olicrwing equation the depth x which the developed beat has decreased to 14% can be
cakculsted,

5 = depth of o )
T f Ve and

¢ = veloaity of bght o= relatier

{ « frequency tan § = Jom factor

It is seen that the depth of penctration s knveraely related to the frequency The didec-
tric data change wwh lreg and eait The depth of
penetoation kito water at 2450 MHz bs aboot 11 mm and in & solution of 0.1 M }p¥
about § mm.

2.3 Socrifier of small rodenry by microwave lrradiation

!n!udymlHuqumul'mvﬁmd}‘mufljkwm.&v;wl(/uﬂ
MHz was uscd for sxcTificing mice weighing about 20 g, by whole bod Sr3nmes The
mowe wes held in  plastic bokder and placed in the middle of the 04 o 41 # 9 o2gr
Mnhunmpoﬁoulndvihlheumemmmm».w,m
are reflected by the walls and thus penetrats from many directn »r [PV
Amod:ukm‘ndn“lhenrulndnﬁnﬁbututhm:mn,/,ﬂ_,quw Y
mpified Buvtraton of the process i gnen o FIL 20 A fee”) wogw metge ppmpmee ~ &
taxaed between the daration of exposure und the O fetm s v q poppms | <

1



4 Mict were mcrificed by whok body

s % ¥ &% 8 4B B

n
6 1) 3 7 L] the memn of 3-3 cxpertments. Vertical L
-c ceate B.E.

compiction of the cxposure (Fig. 4). The mice are dend after 3 s of cxposure (brain
temperature 53°C), while denaturation of proteins i found after 7 3 of exposure (brain
temperatore 89°C). The body weght ts cructal. The energy required to heat a mouse
werghing 20 g from 38°C to B9*C within 7 1 can be calculated from the following equa-
tion (Lin et al 1973)

w.éT_ﬂ?‘;LE (&3]
AT = change 1 temperataze (“C) p=density (§ cm™?)
% = absorbed power density (MW g ') ¢ = tune of expasure (3)

cxspeaificheat (J g=' *C7Y)

Wkhce=083J-g °C andp=096g cm a3 pven by Lin et al (1573) (using »
phantom modelling material for bram trse) it 1t found that 0.5 kW fs required (38% of
the 1.3 kW generated by the magnetron)

To be able to increase the brun temperature even more rapudly Stavinoha ef al
(1973) modified & conventional micromave oven and placed the ammal 5o that the head
Iy un the centre of the guide and the were [tied on the top of the
head (Fig. Sa) E fly the same arr has since been used by Guidottl er al.
(1974), Haubrich and Wang (1976) and Schmidt (1976).

A mucrowave system (Metabostat 41044 Gerlmg Moore, California, USA maxmal
power S kW 2450 MHz) specially built for sacrificing small rodents was used in studscs
111 1V and VI (Figs- 25, $5). The anmal holder consists of a small tube to hold the head
and a larger one for the rest of the body Only the small tube with the head can be in-
serted into the applicator (Fig. 55). Owmg 1o the deaign of the applicator the brain will be
exposed preferentially 10 1he mucrowaver Microwaves that are not absarbed by the head

12
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by To ensure that 3 power will be sbyorbed by
mmmmmmummmmmmmwmmuw
timired. This sdiustment (toning) csn be pesformed by exposmg an ammal to low-
efficiency microwaves (10 mW) and adjusting the impedance serews on the applicator
until a minimum of power is reflected toward the power source.

Accordmy to equation 3, the depth of p ion (2450 MHz) into the head will be
shost 1 em.

At described i paper L, & brain temperature of 85--50°C is obtained in the frontal
cortex 10 3 alter termination of a 025 s expx of § kW A comparshie brain

tempernture was obtained in the rat by Butcher ef ol (1976) with the same type of m-
stroment after 17 3 of exposure. Theoretcally {eq. 3), 1 7 kW bs requred to merense the
teropersture of the head of & mouse (2.5 g) by abowt 30°C in 0.28 5.

A somewhat different type of high power microware instrument has recently been
mmdwsmwwkmmmkdcuﬂﬂsyw&\mw
of & momse for 030 5 & brain tamper o HCh i Witk their & the
mxrowaves are sdmited on the top of the head. The instrument allows an mdrvidust
adjustrnent of G impedance masch for each mouse (Stevinoha 1976)

24 Broin wwmperateres following microware (rrodiation
The relation between exposure time and brxin temperatose & shown In Fig. 4 ad in
paper HE 1t was oot posible to mearmre the temperature st 3 shorter interval than 108
afier cormpietion of the kradistion, g3 the animal had to be taken ot of the animal
hoider the vanit of the skull retooved and a thearmistor probe inaerted imto the brain
Tissue 1o measure the temperatore. The chokos of probe s foportant. Probes with & large
dsameter tend to givw lower temperstore readings than those with a smadler dixmcter A
grobe with a dumeter of 0.5 mm was used. ln study 1l & bram temperstars of
25-50°C was recorded m mice 1011 s after completion of both whole body kradiztion
for 7 % (3.3 kW) and hrradiation of (he hoad for 025 5 (3 KW The temperature then
decremsed by about 5°C per 13 8 durog the bnteread 1010 45 v afier bracution. It may
mdmummmwmmmmuﬂmmnmm;wum
chatedy sfter ) of irradistion. There was no difference in the trme course of
the bram temperature between the two methods of microwsve expostue {paper 1H),
With the b of di foy possible dients due to uneven bestmg of

et




the brain, the time course of the temperature was followed fn different brain regions
(paper [11). The temperature was measured at {our well-defined points at three different
depths at intervals of [$ to 60 s afler termminabon of exposure, Readmgs (rom differert
posats at the same depth tended 1o show the same temperature. However readings from
the superficial structures (depth 1 mm) were lowrer (about 10 per cent) than those from
deeper structures (depth 1.5 mm, 2.5 mm). There are two possible explanations Central
parts, such as the stristum, may be more efficiently beated than outer parts, such as the
cortex and medulla oblongata. This could happen after irradiaton of the head with the
moicrowaves “focused” on the head However thest lower oater temperatures were
foumd after both types of exposure (paper I1I, Nordberg 1976, unpublished obaer
vations). The second explanation therefore seems more plausible, namely that the super
ficial paris cool more rapidly However this Is to some cxtent speculative, a3
temperature gradients may have occurred before the first time point of measurement.
These possible gradients might have been kevelled out by conduction of heat during the
initlal 1015 5.

In stodies TIL TV and VII the beain temp was d routinely in all animals
&t & well-3efined site. Only braun tissues with a temperature of 85—90°C were Inctuded in
further analyses (sbout 2/3 of the brradiated animals)

285 Enzyme Inactivation following microware Irradlation

Most enzymes are ther bile and fr ibly d st high temperaturcs.
Studics have shown that acet nn(AChE)k pietely nactivated st 70°C
(Sitver l974)-ndh)cubnhnorhnhboumcmnu9o‘ctotme-wmdnhnahuu
both AChE and choline (CAT) (5 ha et al. 1973). Following

microwave trradiation of the mouse or rat, atmost compiete fnactivation of beain CAT
and ACHE has been noted when the brain temperature hay increased to 70-90°C
(Schmbdt et af 1972, Stavinoha ef al 1973 Butcher ef al. 1976, Schmnidt 1976 paper
un.

uh-dmdmupeumu-emmewﬁrhhumubewmdumvayhmam
of of i In study I the enryme sctivities were
mmmudl—lnﬂulﬁwmnhlﬂ:udkrmﬁunwhhmufmebwmm
mxent (paper 1I) it cannot be exchoded that the enzymies might be active during a part of
the 7 s exposure time. The enzyme activities might even be aceelerated during some part
of the temperature increase, This is very difficuk to measure. In addition # & possible
that the enzymes may be more stable i rivo than can be observed In studies b ritro (for
CAT tee Prempeh ef af 1972) From this point of view it would seem advantageous to
sharten the trradistion time {rom 7 3 10 025 ¢.

The infloence of the time of enzyme inactivation on vatues of ACh and Ch in brain
mm:wulmuduwdlnnndymbyuﬂn;mftcmahodsducrmcc.mdhbwm
of the spine (7 eain before & of enzymes in trichk ic acld (TCA)), whole
bodymwnl.rrmﬂarbnfa7x(ljkw brain temperatures 85-950°C 11 s after

of frradiath and {rradi of the kead for 025 5 (5 kW; 85-90°C 10
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after completion of irradiation). Although it is not known whether the time of cnzyme in-
activation b absolutely identical with the duration of microware irradistion, the three m-
sctivation times will be referred to fn the fallowing as 7 min, 7 a and 0.25 &



Bl

3. Steady State Levels of AcetykchoEne ln Brain Thssue

Decapk with rapld dlssection, and freezing in liquid natrogen (N,), have until
recently been the methods of ssenfice for memsurement of the steady state concen-
trations of ACh in the brains of smafl rodents. From the time of decapitation until the
beain throe Is bomogenized and extracted in an ackd medium, the enzymes
acetylcholinesterase (AChE) and choline acctyftransferase (CAT) are active and may
cause changes in the ACh level post mortem, The time that dapses before the enzymes
are inactivated is therefore probably critical. The tmme taken for decapitation, dissection
and bomogenization of whole mouse or rat bram cannot be reduced to bess than 30--60
5. The interval before enryme inactivation can be shortened somewhat by freezing. The
brain 1s frozen in situ by dropping the whole anmal into liquid pitrogen (~196°C), of the
animal {s decapitated and the bead frozen. The time required for freczing depends on the
sire. The superficlal parts of the brain are cooled more rapidly than the deeper parts.
Takahashi and Aprison (1964) mmersed rats weighing about 200 g imo Hquid nhrogen
and found that the temperatare of the cerebral cortex had dropped to 0°C after 24—401,
while m the thalamus the corresponding time was 63—83 5. On submersion of the head
and thorax a temperature of 0°C was reached in the thalarmms alter only 31 s (Stavinoha
et al 1967). Mice are cooked more rapidly and the cerebral cortex, thalamus, and pons
medulla reach a temperature of 0°C after 2—4 o, 6—13 5 and 13-24 1, respectively
(Ferrendedli ef al. 1972).

Recently brain bowng bas been developed (Veech and Hawkins 1974). By an air
blast (115 sto. pressure), the brain tissoe between the oifactory bulbs and the superior
coliicutl is removed and frozen ln Bquid mitrogen. The whole procedure takes less than
[ES

To be able to drsect the brain knto different reglons, Takahashi and Aprison (1964)
introchuced the near freczing techmique. By dippung the rat Into Bquid nitrogen for only
10 4, the brain 13 cooled to atmost 0°C without being frozen.

Table | summarizes data from the Gterature on ACh in whole brain followling four
difTerent methods of sacrifice, namely decapitation, freezing, ncar freezing, and brain
blowang. It is seen that vatnes ranging from 7 to 31 nmot g * bram tissue hare been
reported and results obtained by different research groups bave varied even when the
same method of sacifice has apparently been used. However dufferent extraction media
have been used and ths 15 another parameter which might influence ACh valuex. Tor
and Aprison (1966) found higher vahucs m rat beain tissue extracted with formic acid-
acetone (31,2 nmol g ") than when acid-cthano! (21 6 nmol g ) or trichloracetlc acsd
(151 rmolg") was used. Domino et al (1976) reported higher values with
xeetoanrile (258 nmol ¢ ) than with acidcthanol (18 7 nmol g )

The method of m1say 1 & third paraowter which may affect ACh vatoes. Until ten

16



ymuu.Ad:vumdnlyuundbyh&o}ogiulmqbods.uﬂngmchﬁmuu;\ﬂm
pig Deum, the dorsal muscle of the lecch and the {rog rectus abdommis muscle, for exam-
ple. Several chemical, gas apitc, and radipenrymatic methods have recently
bwudﬂdopuifbedm‘cmnmymahod::uﬂ-bkmﬁn:dinhhkﬂ.mnm
with the seneilvity Dmit for each method. As seen in Table 1, Stavmoha and Ry
(1965) and Domine ef al (1976), when nsing the same extraction media, obtained
Bigher ACh values n rat brain by gas chromatography (21.0 nmol g ' 18.7 nmol § )
lbmbyuadgmnn-pi;ﬂunn(l4.6nmdg')undﬁosncﬂnlbdmﬂnumusda(95
ot § )

Dﬂ!umhsmnnh,mmdmcﬁmuddlyducdﬁumfmhu
parymetery that may influence the ACh values (Sactens et al. 1973a, Hamn ef ol 1970,
Saito et al. 1975 Hanm ef @/ (1970) reported a higher ACh content in rat whole brain
daring the Lght perod of the day (39 6nmol g 2 h of Light) tham durmg the dark penod
(205 omal g 6 h of darkness). This dhrrnal vartstion was only obeerved fn decapitated
raty and not ja rats Frozen in Bquid nkrogen.

For measurmg the ACh content /n discrete brufs regions both decapitaben and near
freezing bave been wsed, D {on followed by dusection of the bram into repons in-
creases the thme interval beforo enzymo inactivation by minutes. More rapid inactivation
should be obtatned by the pear freezing method (Aprison and Takahathi 1964). Table
HI summarires some dats oa ACh in different beain regions obtained by these two
methods of mcriflce. No clear dilference between the methods is geen and the valnes
vary coasiderably even with the same method, In the strustum, for cxample, ACh con-
tents from 23 omol g ' (rat) to 40 mmol g (mouse) have been obtalned.

‘Thus several factors may mfloence the measared ACh values, and pone of them can
be disregarded as unimpoctant (Tables I-TIT), To impeove one of these parameters, the
time of enryme inactivation, the ue of the microwsve technique as a raphd method of
sacyflice hax increased progressively during recent years (Stavinohs ef o 1970, 1973
1974 Schmidt ef al. 1972, Sethy ef al. 1973 Butcher and Butcher 1974 1976, Ghddott
etal 1974 Loagonl et al. 1974 Huabeich e af. 1975 Freeman of ol 1975 Racagni o
al. 1974 Nordberg and Sundwall 1975 Atweh and Kuhar 1976 Modak ef al. 1976,
Scthy 1976, Speth ef af 1976, Zsilla «f al. 1976, Cohen and Wartman 1976, Kartén o
al 1976, papers 1L, IV VIT).

Table IV presents & sumnugy of published valcs for ACh b whole bratt following

Ive methods of frradiation. Vahes for moase and rat brain vary from

1829 and 2025 omol § ' respectively The vithues obtained by microwave frradlation
e wally somewhat higher than those obtained slter decapitation.

There sppeass 1o be no clear cot relationshap between presumed insctivation time and
ACh content In whole bran. The vahues reported by Stavinoba et al (1973) and Modak
ez al (1976) are almost idemtical (25.5 nmol 5 and 24.2 nmol g ') (mouse) despite the
dﬂra'mcuﬁ:pommuraemdumeﬂme(llkWranluxinWrnrDJOd.

suvhohndaL(le)found-nrpptmhuudysOpauth\ammmtquCh
m‘wi')hnnfoﬂuﬂngrudhrmdm(likw)rwénhmfdhwhl
decaptation (13 18 nmol & '). Freeman ¢f o/ (1975) noted & 20 per cent hsgher ACh -
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TABLE|  Emdogenour ACk I8 whode brain — cowpartson of publEshed nelburs (xmol 171)
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TABLEN  Methods for ACh a3ay

Semktivity Referency.
paol

Frog rectns abdominis 200 ~ 1000 Marchbank 1978

" 2 Whuttaker 1963
Leoch moscle 5 Whittaker 1963
Gainea pig feum 10 Whittakey 1963
Cat blood presure 5~ 1o ‘Whitteker 156)
Venouws beurt os Wiktker 1563
Radioerrymatic <00 Hxbech and Reid 1974

" 2 Goldberg snd McCenan 1974

0 Aprhopetal. 1974

- 10 Sachmsetsl 19732
Gat chyomatography demsthybiuoa 50 Jenden and Hanin 1974
Gas chromatograpky pyrotysis 4~ 138 Green and Srhegyi 1974
Gas chromawography fon pak 1000 Karidn ctal. 1974
extraction, demethylation
M fagmentography joa 5 Kurkén stal 1974
aic extrcton, dewethytilon
Pularographic 100 Maors 1974
Thwotometric 500 Bpeep 1974

100 Browning 1971

content (22.4 nma! g ') after bead trradistion (5 kW) for 1.2 ¢ than after

(18.6 nmol g '). However following whots body bradiaton of rats for 40 & Sethy et al.
(1973) found po significant change In the ACh content (222 nmol g f) as compared
with rats killed by decapitation (202 nmol g*).

ACh levels in mouse brain regions were meanured with variations in the time of en-
zyme inactrvation (7 min, 7 s and 0.25 5; paper I1I). A markedly higher vatue was ob-
tamed with an interval of 0.25 s than with a 7 3 interval (Table V). All variabley, except
the method of sacrifice, were kept constant. Following whole body trradiation (71, 1.3
W] a significant increase fn ACh was obained onfy in the coriex (+ IF%L After the
more cilicient trradmtion (0.25 ), the increase in cortex was markedly higher (+ 83%)
and, moreorer Wmmmmmmumm(nos‘n
medulla oblangata (+ 47%), and mxdbenin (+ 39%) i patison with
antmals, A markedly bigher ACh comtent bas also been found by Weintraub ef al.
{1976) bn the stristum and cortex following head trradistion of rats (6 3, 1.2 kW) in com-
pariton with decapetation. In the other brain regions, howerer lower ACh values were
obtained in brradiated rats (Wemntraub ef al. 1976)

Table V1 summarizes values for ACh in brain regions obtained by various resexrch
groups ming differnt types of mcrowave equpment and different procedores.

0
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TANLED  Aethods for ACk xmy

Sensictrity Reference
peno)
Frog rectus abdomins 200 - 1000 Murchbank 1975
- 25 ‘Whittaker 1963
Lesch maxce s Whiktaker 1963
Guines pig Bewm 10 Whhisker 1963
Cat biood preemure 5- 10 Whitker 1963
Venoms heart 0s Whktiker 1963
Radlocrrymate <100 Haxtbeich and Redd 1974
2 Gokdberg and McCacaan 1974

10 Aprhon etal 1974

10 Saclens ot sl 19732
Gas clwomutogaply demathyktion 50 Jenden and Hanin 1974
Gas chromatography pytolyns 14— 138 Giren and Sriagyl 1974
Gas cwomssography jon peir 1000 Karkén et sl 1974
extraction, demethylaton

o

Mn?;m?w ] Xaridn ot ol. 1974
Polarogrephic 100 Matona 1974
Flworometric 500 Specg 1974

100 Rrowsing 1972

content (22.4 omol g ') after bead bradiation (5 XW) for 1.2 3 than after decapitation
(18.6 rmot-g ). However followmg whole body fradfistion of rats for 40 s Sethy ef af.
(1973) found pa significant change in the ACh comtent (22.2 nmol ¢ ') &1 compared
with rats killed by decaphtation (20.2 nmol-g*).

ACh levels In mouse brain regions were measared wich varistions in the tme of en-
Tyme inactivation (7 min, 7 and 0.25 3 paper 11I). A markedly higher vakoe was ob-
tained with an interval of .25 1 than with & 7 5 interval (Table V). All variables, except
the method of secnfice, were kept constant. Following whole body trradiation (78, 13
kW) a gignificant increase in ACh was obtalnad aaly In the cortex (+ 39%). ARer the
moce efficent rradiation (0.25 s), the increase In tortex was markedly higher (+ 83%)
and, moreover  siynificantly higher values were obtained in the strigtum (+ 103%),
medulla oblongata (+ 47%), and midbrain (+ 39%) in comparison with decapitated
anfmals. A markedly higher ACh content has abso been foand by Wemtraub ef of
(1576) in the stroatum and cortex {oflowing head trradiation of rats (6 8, 1.2 kW) kn com
parisan with decaprtation. In the other brain regions, however lower ACh values were
obtained In frradisted rats (Weintraub ef @l 1976).

Table VI summarizes vatoes for ACh in brain regions obtamed by various research
groups wing Efferent types of mb and diferent proced

20
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TABLE V1. Steady srete concentrations of emdogenows ACA in different brein regions follorwing

Endogenoss scrtyichotise Schmidtetal, 1972 Nordberg and Strvinoha et al,
ool g Sundwall 1976 1973 1974
Method of microwsve WHOLL BODY IRRADIATION HEAD
dradiation, thme extrc
thon and woalyzss Rat (115 ) L2SkW  Mouse (18-22g); Rat (200-250
155,967 (15-201  13kW 788 LIk 6 G,
after of  $9°C(11aalker
tradation} conupietion of
radiation)
acetonitre +TCA  TCA formie ackd-
o chromatography  eech oncle awtone
pymolysiegn
chromstography
Brain region MVESE MVtSE MTESD
Cerebelam 6552093 46057 7220
N30 2081301 30.9%47
(Medath oblongsts)
Midbriia 3069 £1.22 2331147 -
Hypothatamm 34124167 - -
Strmm 46561217 4042373 5447
Hippocaespus 2424 1051 171177 258227
Cartex 1952046 1845158 L1230

Ahbough the values for the stristum vary between 40 and 88 nmol g ' it b worthy of
note that valoes from 77 to 83 nmo! g * have been obtxined with the presumably more
effickent equipment (5 to 6 kW).
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mcrifice by microwsre irediction — costpartson of pablisked relers (nwc] g"[

Modak etal, Schmidt, 1976 Zafastal, Butcher et al, Nordbeorg and Serchwall,
1976 1376 1576 1977 Capes TV
IRRADIATION

Moo (20-30g);  Rat (150-200 g3 Rat (100-120 g) Rat (230-250 Mouse (2024 g, S KW
SEW 0300 K 1:Bsxwu-: 20LW 25 SkW-17587°C 025 588G (10
G f Lol after

formle ackd-
forrulo ecid- 1olsenc-sther pecchiode ackd TN, B9 TCA
scatons Fyrobytegs s chrameto-  Chromato- Teoch muscls
Fyrolyss-ges chrommiogriply  grphy gophy/mam
chromutography Spoctrometry
Mytgn, My tSE. MriSE. MVisE MTtSE
166424 63102 - 63106 32+1.08
LIS EI K 39112 4120 39109 291%110

(nechod tng mrddbeain)

33at22 333120 - - 01180
= 323113 Ind 313410 -
LI ESK] 644221 1118 83140 7681178
LINESK] 290106 25116 284109 212£232

257334 276113 15112 218110 48144



4. Steady State Levels of Choline bn Bran Thsue

The valves reparted far freo Ch in brain vary considerably Sparf(1973) rives the
dmta&uechpubasheduptol973 Valnes ranging from 600 nmol g ! (Smith and
Saclens 1967) to 21.5 nmol g * (Eade ef af. 1973) are given, It has been suggested that
the rapid post mortem increase in free Ch (Schuberth of al 19700) b caused by a
breakdown of giyeerylphosphoryicholine and/or phosphatid (Dross and
Kcv‘hzl9T2,Dtml975)othhnmupdondﬂmvmmdnhlp(KcvhzdaL
1973). The lowest valoes, 21.3—35.0 nmol g ! (Bade ¢! al 1973) and 39.3 nmol g
(Ewetz ot al. 1970), were obtained after sacrifice by total freezing and are in fairly good
agreement with the valne obtained by extrapolation of the post mortem increase in Ch
(275 omol-g ! Drots and Kewitz 1972) and the 1 viro concentration of Ch calcnlated
by Hanin and Schuberth (30—40 nmol ¢ ") from data on ditution of the brain Ch pool by
deuterfum-abelled Ch (d-Ch)

Near freezing tends to give higher Ch values (64.0 nmol g ' Aprison ef ol 1974).
Followmg microwsve kradiation of the bead vahues of 26.3 nmol g (Stavinoha and
Weintraub 1974) and 242 nmol g ! (Freeman ef al. 1975) for the rat and 28 nmol g
(Heobrich and Wang 1976), 33 nmol g ' (Trabucchi ¢f al 1975), 324 amol g'
(Nocdberg 1975 unpublished observation) snd 49 1 nmol g ' (Karién ef al 1976) for the
mouze have been obtalned,

Data for Ch in different brain regions following microwave krradiation are given In
Tahle VIL. Valoes between 14 and 45 omol g have been reported. There bt no consls-
tent difTerence between brain regions. The Ch contents of the strfatum ghven in Table VII
wre much lower than those obtained after decapitation and freezing (152.5 nmol g !
Butcher ef ol. 1976 127 nmal g* Sethy ef ol 1973 96.1 nmol g' Ladimky ef al.
1976). 1n study I no marked difTerence in the Ch cootents of different brain reghons
was found when the time of mictowave exposure was redoced from 7 s to 025 5.
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4. Steady State Levels of ChoBae in Bratn Thssue

The valves reported for free Ch in bram vary derably Sparf(1973) the
data for free Ch published up to 1973 Values ranging from 600 nmol-g ! (Smith and
Satiens 1967) to 215 nmol g * (Eade ef al. 1973) are given. It has been suggested that
the rapid post mortem lncrease in free Ch (Schuberth of al. 19700) & caused by 2
breakdown of glyceryiphosphorylcholine and/or phosphatdylcholine (Droms and
Kewitz 1972, Dross 1975) or to Inteyroption of the venous drainage (Kewitz ef ol
1973). The Jowest valoes, 21.5-35.0 nmol-g? (Esde ef al. 1973) and 393 omol-g*
(Ewetz ¢f al. 1970), were obtainsd after sacrifice by total freezing and are in fairy good
agreement with the value obtained by extrapalstion of the post mortem incresse in Ch
(275 omal-g ' Dross and Kewitz 1972) and the fn rivw concentration of Ch calcudxted
by Hanm and Schaberth (30—40 mmol g *) from data on dilton of the brain Ch pool by
dewterrom-abelled Ch (4-Ch).

Near freezing tends to give higher Ch values (64.0 nmol-g™ Apcison ef ol 1974
Fallowing microwave frradiztion of the bead valnes of 263 nmol g (Stavmoha and
Weintraub 1974) and 242 nmol £ (Freeman ef al. 1975) for the rat and 28 nmol g !
(Haubrich and Wang 1976), 33 nmol-g™ (Trabucchi ef al. 1975), 32.4 nmol g’
{(Nordberg 1975 unpublished observation) and 49 1 amol g (Karkén ef al. 1976) for the
mouse have been obtained.

Data for Ch in different brain regions folowing microwkve irradistion are given in
Table VIL Valuts between 14 and 45 nmol £7* have been reported. There s oo consis-
tent difference between brain regions. The Ch contents of the striatam given in Table VII
are much lower than those obtained afier decapitation snd freezing (1525 omol ¢!
Butcher ef ol 1576 127 nmol g ' Sethy ef al. 1973 96.1 mmol-g ! Ladinsky ef ol
1976). In stody 111 no marked difference i the Ch contents of diferent brain regions
was formd when the thoe of mcroware exposure was redoced from 7 5 to 025 5.
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5 Apparent Rate of Turnover of Acetylchofine In Brain Reglons

51 Deftnitlons
Turmorer~ The renewal of & substance in a thsue at steady state.
Turnover rate The quantity of a substance in a tissue that is renewed per unit of time.
Turnover time The time taken for a whole pool of & substance present In a tissue to be
renewed.

The principles for the use of radioactive precursors far measurements of tomover as
formulated by Zilversmat (1960) require the assumption of a system with the followmg

properties
o it behaves Iike an open single compartraent

b. radi and are handled in the same way by the system

¢. no distinction Is made by the system between old and newly synthesized substances

d. ext of steady state conditions (the rute of synthesis of the sub equals the
rate of disappesrance).

52 Previoxs results
A sommary of published vatues for turmover of ACh in whole brain or bram regions ob-
tained by the ise of tracer techniques is given in Tables V111 and IX. Values obtained by
other means are summarized in Table X. Wikh the tracer techniques the tumover rate in
| hole brain has varied between | snd 20 omol g’ min' (Table VII). Akhoogh
dufTerent precursors, modes of secrifics and methods of tumover calculations have been
used, each research group has obtained at kast oae turnover valre within the range of 5
to 8 nmol g -min ' The value (38 nmol g ' mum °) calcutated by Richter and Crossland
from the inftia! rate of resynthesis of ACh after partial depletion of ACh in the brain by
electroshock s much higher than all other valoes given for the whole brain (Tables VIII,
X). But it s rather close 10 the maximal eapacity of CAT in | g brain tissue to synthestze
ACh in vitro (60 nmol g ' Schner and Shuster 1967). For difTerent beam repoas
(Tables IX, X) turnover rates of betwren | and 55 nmol g min * have been reported.
The turmover rate scems to be highest m the stristum (6—55 nomol g ' min %), athough
the values ddTer between research groups (Table 1X, X). It is, however worth poting
that the apparent turnover values obtamed in paper study 1V (Table IX, this survey) by
a tracer techmque and fhe vatues calculated by Stavinoha ef al. (1976) (Tabie X) when
the accumalaton rate of ACh in different bram regions is measured after Ly injection of
dichlorvos (15 mg kg ') in rats ere quite identical.
5.3 Biotranyformation of rodioactive choline tn brain regfoms
Not only the steady state concentranons of ACh and Ch bit also the kmetics of tracer
doses of 'H Ch mught be dependent on the time of enzyme inactrvation. A comparison

28
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tional propertics and/or different access to AChE (Fig. 7)1 When animals are killed by
decapitation the ACh released in the synaptic cleft at the moment of sacrifice will be
raphdly destroyed by AChE in the clefl. Rapid inectivation of ACHE and/or rapid tissue
fixation mught prevent the emymatic hydrolysis of released ACh. Several studics in-
dicate that newly synthesized ACh might be released preferentlalty (for review see
Macintosh and Collier 1976). This might explain the higher coment of *H AChafler 73
of microwave lrradiaton (preservation of a pool of ACh with high specific radiosctivity
pmlb,Fl;ﬁ)Thchhh:rnudym:emommﬁmoﬂmﬂAChfmmdmzwl
of might rep an 1 pool of ACh (very low
specific radiosctivity pool b, Flg. 7a)that is destroyed by AChE wabess the tme of en-
Tyme insctivation b extremely short, 025 &

There i3 a corresponding decrease In *H-Ch content with increased content of *H
ACH, but it is diflicolt to understand why there is no clear decrease in endogenous Ch
with increased concentration of ACh

A higher steady state concentration of ACh in rat brain was obtained by Hanln ef al.
(1970) during the Eght period of the day than during the dark period. Is this dhurnal
vanatlon in ACh due 10 a change fn the stable pool a or the lablle pool b, of ACh (Fig.
7a)? The higher ACh values were found only in rats sacrificed by decapitation and not
followlig, freering in Biquid nitrogen (Hanin ef al. 1970).

ACh in the h was ko foand by Atweh and Kuhar (1976) to
be more latils to destruction than *H ACh. Thelr data are, however diffrent from the
resuks of the present study (paper I11), since they found no changs in the ratio *H
ACH/’H-Ch in rats sacrificed by microwave irradistion of the bead for 33 (1.3 kW) in
) isoa with jon. But they cbtained a higher steady state concentration of

-’ AChaanamvehndhﬂun(anmd[')lhmlﬂadeaduﬂon(Hnmd;').

535 Rate of turnover of acetyicholine in brain itssue determined by different methods of

calewlation
When the specific radioactivities (SA) of a precursor and & product sre plotied st
different time points after ¢ istration of the pr the time courses

of the SA of the precirsor and product intersect ot the maxitmmum of the product SA. Ac
cording to Zilversmit (1960) this is an important ctiterion (but not the only ont) that
must be fulfilied for h of sucha i ip. The absence of this crterion ks
taken a3 a sign of it of such a relath s

Curves indicating & precursor-product relationship between Ch and ACh have been
presented for whole bratn by Dross and Kewitz (1972), Spasf (1973), Jenden ef al
(1974) and Ksrién ef al (1975) following sacrifice by decapstation and freczing in iquid
nitrogen and by Chenty ef al. (1975)) following microwave irradiation (2.5 kW 13}

Plots of the SA of Ch and ACh versos tme in diferent bean regions with the two
tmmes of enzyme inactivation 7 & and 025 5 are shown in Fig. 8a—b Only at the
shorter fnactivation time Is & precursor-prodoct relationship indicated (papers 111 and
1V). However in the cerebellum no relationship was found. The sasomyption of instant

)
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touship may however be goestionsd, since endogenows ACH and *H ACH show dif
ferent post morters stablliies (3 3.3). Al the same, k would be of fntereyt to calculste A2



labelled Ch can be calculated from the slope of the line oMained when plotting
d (labelled AChYdt against SAL—SA, g, for esch time potnt (method 111, Table XI).
For whole brain Jenden er al (1974) found that two [mes with different alopes could be
drawn corresponding 1o 14 and 79 nmol g * min ! (Table VIII). They concluded that
these slopes represented different pools of ACh in the brain.

In the present study data from the drawn SA curves (Fig. 85) at 0.25 min intervah
rangmg from 05 to 2.75 min were plotted (Flg. 10). In the stniatam a line with a slope of
59 nmo! g ! min ! was obtained (Fig. 10). In the hipp pas a linear redationship be-
tween the polnts was found only at the time interval 1.25—2.5 min (7 nmol g ' min ')
In the cortex two Enes with different slopes were obtained (104 14 nmol g ' min ')
(e 8 0.5—-128 min Fne b 12525 min)

Schuberth ef al (1969) found that the time course of the ratio "H ACh/’H-Ch in
creased fairly Enearty up to 1 min alter an irtravenous pulse injection of >H-Ch. This
was aho the case in the brain reglons studied (paper V). Assuming that the Ch pool Is
known, a rough estimate of the turnover can be made (method IV Table XI).

Instead of assuming that the total free Ch pool b used for ACh synthests, Sackens of
al. (1974) cakculated the size of the specific Ch pool {rom the peak value of the ratio ’H
ACH/’H-Ch and the endogenous coatent of ACh. By using this theoretical Ch pool
value they estimated the turnover accordmg to Schuberth et af (1969). As shownin Ta
ble XI m thrs presentation, this method (V) could only be used for the striatum (37
nmo! g ! mm ), since no peak valee in the ratio *H-ACh/"H-Ch could be found up to 10
min aRer *H-Ch injection in the hippocampus and coriex (paper IV).

As seen in Table X1 higher turover values are obtained when calcnlations are made
at tiume points before the SA o, has reached its maximum. Thrs bs clearly seen for the
hippocampus. However since the SA curves were drawn by hand, they must be sp-
proxtmative (experimental data at 0.5 1,5 10 min after *H Ch injection).

The values calculated In the present study by the finks diTerence method (method 11,
Table XT) are somewhat higher especially in the cortex, than those obtained by Racagni
et al (1974) (Table 1X) with the same method of calculation.

a8



6. Effect of Sodiym Pentobarbital and Oxotremocine oa the
Appareat Tursover of Acetylcholine in Different Bradn Regions

Barhiturate amestherla increases the steady state concentration of ACh fn whole beain in
experumental antmals (Tobias et al. 1946, Richter and Crossand 1949 Ellioit ef af
1950, Glarman and Pepen 1962, paper [, Modak ef al. 1976} It als0 decrenses both the
ACh releasc from the cortex (Mitche]l 1966) and the apparent rate of tunover of ACh
in whole brain (Schaberth e al. 1969 Trab et al 1975). The ACh concentration
incresses in a dose-relsted marmer with a threshold dose of 30 mg kg for sodum pen-
tobarbital given intraperitoneally (Lp.Xpaper . The meximal increase in ACh occurs
about 15 min after Infection of the barbinrats (Modak €7 al. 1976). The ACh content b
normal wihin 7 min after resppearanice af the righting reflex (paper I

In the present studies endogenons ACh was not affected to the same extent fn all
brakn reglons. Sodrem pentobarbital (60 mg kg ! Lp.) significantly fncreascd the ACh
coatent oaly in the midbrain, hppocampns and cerebral cortex (papers [ and IV).
Simflar resulty were obtained after sscrifice by dutocation of the spine ax after
microwzve bradistion of the head (0.25 1) (papers T and IV). However when the m-
termediate enyyme ingctivation time (7 5) was oeed, a significant Increase tn ACh was
abwo abserved in the medulla oblongata snd striatum (Nordberg and Sandwall 1975 un-
publiahed data). In pentobarbital treated anfmals the ACh content was essentlally the
wame following both types of microwsve rradiation, bt the valnes for the two groups of
controbs differ (data for the siriatum and cortex are given in Fig. 11). Trabucchi ef af,
{1975) found that sodium petobarbital incressed the endogenous ACh in the stratum
from $4 to 89 pmol-g ! in rats subjected to head fradistion for 2 5 (2.5 kW), The results
are fairly similar to those obtained after whole body frradiation for 7. However
Modak ef &/ (1976) found abo in mice treated with sodium pentobarbital and sacnificed
by microwave kradistion for 0.30 5 (6 kW), & significant increwse of ACh from 81 to
117 nmol g in the striatum. The findings in the prexent studles—different control
valoes bat smilar ACh values after pentobarbital treatment following both types of
microwxve kradiation—might indicats that pentobarbital stabifizes & very labile pool of
ACh (Fig. 11). The [noreased ACh content in the sirlatum of pentobarbitel treated
mice following sacrificy by microwave hradiation for 0.30 s (6 kW) (Modak er al
lws)uﬁruunﬁnndzﬂndn;u(memmﬂ:m(nlmc&nﬂwdnnwl)
and f3 difficukt to explain.

Sodium pentobarbital decreased the apparent rate of turnorer of ACh (paper 1V)
seicctively in the hippocampus and cortex, bat had no effect on the tornover in the
stristum (Table XII). A similar relstive effect on the turnover i the cortex and striatum
was reported by Trabacchi ef al. (1975), though thelr absolute valoes were lower

Recent stdies indicate that the hgh effinkty uptake of Ch by the cholinergie nerve
wmhumﬁuﬁﬁmmmmbhmo{AQG{m[




Fig. 11 EFFECT OF 8OOMUM PENTOBARBITAL ON ACh AT DFFERENT
TIMES OF ENZYME NACTIVATION
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and Noda 1973 Barker and Mittag 1975 Mulder e7 a/ 1974 Simon ef al 1976) The
latter authors found that sodiom pentobarbital hesia significantly d. d the
sodiom-dependent nptake of *H-Ch in synaptosomes from cortex and bippocampus.
while the uptake in stristal synaptosomes was unchanged.

The data avallable thus indicate that sodium pentobarblial has a selective effect on
the hppocampus and cortex. A decreased rebease of ACh Into the synaptic clelt might
decrease the ngh affinity uptake of Ch by the neuron and reduce the synthesis of ACh.
The increased steady state concentration of ACh indicates a latency between these
processes.

On long-term of a non hetic dose of barbrtal to rats in the drink
ing flald (250 mg kg ~day *) for 30 weeks po effect was seen on the brain steady state
concentration of ACh when the barbital was administered up to the time of decapt
tation (paper VI). When the drug was withheld for 3 days a significant decreaso in ACh
was found only in the stiatom. On the 12th day of soch an abstinence a decrease in
ACh was found both in the striatum and beam stem + cerebedlizm. No effect was found
in the coctex + hippocampus at erther of the two time points of the abstinence. The
findings are in contrast to the effect of a single snesthetic dose of todrum pentobarbital.

Like pertobarbital, the muscarime agonist axoiremorine increases the stesdy state
concentration of ACh in the brain (Holmstedt e af 1963 Cox and Potkonjak 1969
Sethy et al. 1973) and decreases the apparent turnover of ACh (Schoberth ef al. 1969
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Trabocehd ef af 1975). In contrast to pentobarbital it also increases the stendy state con-
centration of endogenous Ch in the beain (Schuberth ef al. 1969 Ladinsky ef o/ 1974
Trabucch: ef ol 1975). Szerb and Somogyi (1973) found that oxotremoring i1 wire
dea-cuedﬂxrdandAChfrunﬂwcu’cbnlcmn_

3 1y increases the end ACh concentration bn the cortex,
lﬁ:pocxmpmlndmhmmvhnnmcﬂ'cuhfumdhthemﬂ:ﬂln.mu&ulhobkmﬂu
and cerebedtum (Campbell and Jenden 1970, Chol ef af 1973 papers 11, VIIL. In the
stristnm, bowever Its effect on ACh is les progounced in animals sacrificed by
microwave fradution than in decapitated animmals (Cheney ev al 1976, Karlén ef al
1976, papes 11 VII).

The effect of axotremonne on the biarynthests of "H ACh In the striatum was also
found to differ following the two metbods of secnifice (papers I, VII Karka ez al.
1976). Fallowing distocation of the spine the blosynthesis of "H ACh was increassd and
ﬂndrmmuhnmbemm—mudbyumumwhma(papamhﬂov{u;
microwave irrediation the b hesis was d d and the effect was counteracted
by pretreatment with atropine (paper VIIL Oxotremoriné decressed the *H ACh
bioaynthesis in the other bratn regions following both methods of sacrifice, and the cffect
was prevented by pretreatment with atropiee (papers 11, VII).

A possible rexson for these dufferent effects on both *H ACh and endogenoms ACh in
the striatum is that oxotremorine might have a stabiliring effect on the labils ACh
pooi(s) which is/are destroyed by AChE in untreated animah unlews the enzyme s not
intantly d by mé trradiati

Increased values of endogerous Ch have besn obtained In mocse brain regions
following axotremorine trestment (Karkin of al. 1976, paper VIIL As discussed bn paper
VI this might be dae to a combined central and peripheral effect (hemadynamic effect,
mbdawlAddyp«iphu—ddTedhlml[kdydmmLhnﬁndh;dum«nL
{1976) that pr P d the increase of Ch in plasma
tart nat in brain.

In stody VII axotremorine decreased the apparent rate of turnaver of ACh in the coc
tex, mppocampes, midbraln and stristum (the only brain regions stodied in this respect)
(Table XII). This is in agreement with the decrested ACh tumover in the lower bram
mwmmmnwwmad(lm)rmm

tion and in the stristum cbeerved by Karkn e al. (1976) following microwave brradis-

thon



Sirnon e al (1976) reported a decreased in vitro uptake of 'H-Ch in synapiosomes
from hipp of ine treated rats. Preliminary observations by the pre
sent suthor indxcate that the uptake Is also decreased in the cortex and stoatum
(Nordberg 1977 unpublished observatwons). The efTect of oxotremorine thus seems to be
different from the effect of pentobarbatal, where no effect was found on the *H-Ch up-
take In striatal synaptosomes. A stimulating efTect of oxotremonne on the ACh recep-
tors might lead to a dmminished rekease of ACh into the synaptic ciefi, a redueed
neurona) high afMinity uptake of Ch and a reduced synthesss of ACh In the neuron

‘The possibllity may not be overlooked that drug treatment might Influence the kinetics
of the mfected radioactive Ch. After ¢ with sodium pentobarblital (60 mg kg ')
the initial braln uptake of intravenously admunistered ’H Ch and the braln concen
tration of unmetabolized *H-Ch were lower (by 20—40%) thar in the controts (paper V).
A correspondingly (40%) lower concentration of unmetabolized H-Ch was also found
in the plasma of pentobarbital treated anmals (paper V). These findings indicate that
sodium pentobarbital might, by hemodynamic effects, influence the kineties of a tracer
dose of 'H-Ch.

Oxotremorme (1 mg kg ') on the other hand, tncreased the plasma concentrathon of
H-Ch (by T0%) as wel a3 the Inftfal brain uptake of "H-Ch (by $0°%) and the brain con-
centration of unmetabolized *H-Ch (by 80%) (papers 11 V). Karkn efal (1971) found a
higher content ofoxmrcmonn:lnlhephsm-mdbruhu{uumudwﬁmm
o(mnmntumeﬂnulnmcnmcdwuhmb, pine and béned
and cluded that ine might d its volume ofdmnhnm Higher
yplasma vatues of fotravenously infected radioactive dextran (H-dextran) were also
found m oxotremonne treated mice (paper H). It therefore seems plausible that the efTect
of oxotremorine on the brain *H-Ch content may be explamed by hemodynamic
changes. Higher steady state concentrations of Ch have abo been found In the plasma
and bram in rats treated with oxotremorine (harkn ef a/ 1976 Schuberth er af 1969
Ladimnsky er al 1974), The increasc in the brain content of endogenous Ch caused by
oxotremoring mught parily be due to peripheral (hemodynamic) effects (Lundgren ef al.

1976, paper VIIL
When the apparent tunover of ACh was calculated in studies 1V and VII no compen
sanon was made for extracerebral radioactivty in the blood ing i the brain tssue

{Aquidonus and Eckernds 1976) Thus, the hemodynamic effects of pentobarbaal and
oxotremorine might alter the calculated turnover values of ACh In stdy 1 H-dextran
was grven inarss tnonsty and from the data otaimed, the volume of e Blood remaming.
in the cortex 1 calenlated to be 20 4 g Taking into account the content of un
comerted H-Ch m remalning blood of the brab, the turnon er in the cortex Is calculated
to be 35 nmol ¢ 1n control animals and 1! nmol g in oxotremonne treated animats.
The turnbrer values are thus a Bitke higher than those obtalned without compersation
for extracerebral HH-Ch (6 nmol ¢ and8nmol ¢ respectively paper VIL) However
& 7070 decrease in the rate of turnover of ACh is found to follow oxatremonne treatment
with both methods of calcalation
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7 General Sorpmary

The importance of the time of enxyme inactivation fos the steady state concentrations of
ACh and Ch, and the blotransformation of a traces dose of *H-Ch have been
systematically investigated in six well-defined parts of the mouse bram. To get a shorter
tmme of exryme & fion than with conventional kilfing two methody of microwsave
exposure were uxed. Whoke body Irradustion for 7 5 (1.3 kW) or bead kradiation for 0.25
s (SkW) moreased the bruln tempermters to 85—$0°C. The time coarses of the
temperature after completion of mredistion were similar

A markedly Mgher content of *H ACh was preserved, especially in the stnatum,
when the time of enxyme Inactrvation was reduced from 7 min (decapitabon) to 7 ¢ A
comparable ncrease in the steady etate concentration of ACh was obtaunied on reducing
the tune of nactivation further to 0.25 & The fmdings Indicate the exdstence of several
pools of ACh in the brain
& A farrly stable pool which i not changed during the time interval of some seconds to

some minutes after sacrifice.

b, A very labile pac! which it destroyed by ACHE unlesy the thme of enzyme inactiva
thon is extremely short. This pool coastitutes about half the total ACh coatent in the
striatum.

by A pool of newly syatbesized (*H ACh) which is mare stable than pool b, This pool
b also caslly demonstrated in the strlatom.

Although these studies indicate that ACh 1n a brain region is pot homogeneous, plots
of the apecific radicactrritics (SA) of ACh and Ch at dufTerent time polats after injection
d’chMamdamﬂodmrdldmdﬂphmbmhmﬂmu(mwp(hlhc
cercbeltum) at the shorter time of emzyme inactivation (0.25 s).

The data obtained were applied to different models of tumover calculations. The
cakulated torpover rate values must be considered ratber approximate (apparent) owing
moml.ukofk.rwﬁed;enﬁhedzcnﬂheChpoolanﬂauefa'ACh:ynmmg,Hl‘he,—
nhnmfourdwb:nlhecuhmhﬂomwmmdcndmzpdnuhd‘mumh.d
reached its maximum. The turnaver values differed between the brain regions and the
highest rate of apparent tumover was found n the stristom (35S nmol g min ) Inthe
cortex and hippocampus this value was approximately half and in the midbrain and
medulla oblongata spproximately a fith,

So&mmohrummmmhm&h::tadymmumd'
ACh selectively in the brain. A marked Increase in ACh was found bn the cortex and hip-
pocampus after treatment with both drugs. Oxotremorine also increased the content of
ACh i the stristum. A plot of the SA of ACh and Ch micated & precursor-product
relatonship m the brain reglons also for drug treated anbmaly. This motated » cakculs-
mnuf.n-pwmmmmomrueorAChSodhmpentohbhudmwdmrkedly




apparent rate of turnover of ACh only in the cortex and hippocampus. The effect of ox
otremorme was fess selective and a decreased rate of tumover was obtamed fn all four
brain regions studied in thrs respect.

Pentobarbrtal and oxotremorine treatment appeared to have a stabilizing effect on the
labile ACh pools (b, and by)

In rats treated with barbital for 30 weeks and the barbital was whhheld for 3 days a
decrease In the steady state ation of end: ACh was obtained spec]
fically in the stristum while ro change was found in the cortex + hippocsmpus.
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MATERIALS METHODS AND EVALUATION NORMS

Twenty-three adult cats (see Fig. 1) lzed Ity with barbital
wm(/kg BV and artifically dhlfdwlthlﬂ)"o‘xm"[‘h lower spinal cord and its roots
were fixed ﬂnﬂnwrfndunmmghthcdm uning a controfled intermittent
presaure w! “ﬂtdﬁ'wnﬂupw'D-lOOmmH:(l'tBﬂMd.lbﬁﬂlLAﬂnlhmlmy

the lower lurmbar and the first sacral cord segments together with thelr dorsal roots were
Euhmmmful}y»panudﬁthhﬂdufwnuhmﬁndmep-dwtbﬂ
cleveage planes offered by the rootleta. After trimming with a razor hisde the

consisted of the proximal on lhlrdufthemnudmdluu!bchmmtmthorpimlmtdw!thl
seanl] plece { tbe surrounding white

l.udnmneoﬂmmndmﬂuﬂm(u-ol’-‘ll 1) the specimens were removed from the animal
after a laminectamy urfullygl;co'\-dnnunwu(ﬁlmm and then immediately putin the
varlons kce-cold flxatives (see ) The tonicities of ull solutions were tested on & Knawer

oMt
For light-microscoplc sarvey “rcl specimens abtained after the perfusion fixation were
frozen, lengrtodinally section to 15-20 um thick sllces in & eryoatste at -30°C and stalned
l:nnlllll-:g:mhidbehlue 1% toluldine bloe In a 1% solution of NatCO,,pH8) heated oo the
glass

Preparative expeniments

1 Th ongunal prepa 1w method ( [ Berthold, 19680, 3 cat  ser Fig 17 The perfusals
consisted [ 6 glotarnkdehyde 1n o 300 mOem hate buffer pil 7274 prepored
sccordingtoMillorug (1.8 g hal PO HO 3D gNa HPO  "H,0and 5 g NaCl dissolved In
1000 ml  f dutilled water see karlason and ultz, 1965) contalning 277 Dextran TTO0
(Pharmacin. Uppala, Sweden) (cf Rerthold 1808 a, Bohman and Maansbach 1970). Aftern
postfixaton at 47C for 4 hours in & sotution of the same composition as the perfusate the
were rinsed overnight at 4*°C In 2 M0 mOwm AMilloaig buffer osmiflcated for 4
mrsat 4 Cin 27 00 CleOli.lhmlbulTﬂ ndﬂ\u:nxnhrl.rutdfﬂtﬂbhm-l(
“ Cuna M mOsm Millonig buffer Th d at room
7 Stertn g and Napol tano, 1871110 00 70 80 R)udmmmmllmiom}wwln
each concentration) and m abeolute acetane (two hours) and were embedded In Vestopal W
{Ryter and Rellenberger 196811 filtration wa performed 1n 235, 50 and 77% Vestopal meetone
mixtures for 34 hours in ench step and n 1007 overnight at room temperature
[‘olymem.nuontuukplkrﬂmn{ Crurrlhmn-llnd at 80°C for 48 hoars. Fach of the
anom strptin the tive procedure given above wa  submitted in consecutiveorder toa
net of tents A ule of the  nows expenments ta miven 1n Fig |

Immersin fivation 13 cats sce Fix 1 and T blel) B glotarald hyde was

waa wsed. The
fixatl ‘& vehicle conasted of the bt long baffer (100-500 mOsm)with the pddition {sucrose (0
500 mO=m) or N1 ((-500 mOxm)

3 Arfusron fixation 18 cat see Fig | nd T ble 1) The perfunates tested conalsted of 5%
rintaraldehyde 1o a 30 mOwn Millonig bufTer contatmng - 7% dextran. Socrowe (0-250 mOwm}
and or NsC1 (0 X0 mOam} were added  t d (Teremt concentratuma,

4 Rinung and asmicassn 1{ cats ser F g ) and T bie I1l) Specaimens obtained after

perfusson flxatlon % glotaraldehyde (n & 00 mOsm M llonig buffer containing 277

dextran and 200 mOsm stcTose mere nneed | N0 mO+m M llanix baffer and camicated in 2€

40 diveol d 0 WImOsm Mullonig bafler Sucrose (0400 mOsm) w  added in diiTersnt

.dcon«nn-mm to the nasing solation used alter glotaraldehyd fixation and to the oemium
olion.

5 Dehydrano (6 cat scv Fg ! nd Tabl N/ Speaimens perf son f1ed m desenbed
ander (1), nosed m 20 mUO<m M Donig buffer with the addition of 200 mC+m \rrmrnnd
osmuficated 10 "0 070 10 JNmMOem M lomig buffer were dehydrated In acrtone
dehydnmm procedure wes uwd-n.hrr-vtdlndrh\dnﬁon time n mher !drhydr-uan
»teps and the concentration of sceton thed fferent teps Inone cane the pecimens were
d hydrated conti son ly from 0 to abmolstr acrtone for eight hours



{a) Digltomin ) was added to g s mu&uﬁfmmh n
soluthon and the saberquant dneing solation apolitano Beallen, 1089).

(b) Tha pefe ined 4% o Mehyde and 1% f Mdehyde instend of %

rtaraldehyds as fizative agent. The posifixative solution was of the same composition se

(c) hhn;wu-d(nunddnamulddrydnﬂm t (Vestopal embedding).

-p-d.mrn-mi.hm -ndinmint-rllnlultyrm ‘estopal mixtre
& moderats yacuum mdln;mxmuungl.}

(d) Thv-hr«mi-d'hh embedding mediem orm 1 (resorcinol lcrnuhdrmndn)
(Robertsot, wnd Parsons, 1970 Hilds 1974) and giyeol methacrylate (Rosen etal,
lBﬂ] hﬂh:md%znmﬂ&i of dehydrution in acetons and embedding

Befors sm! the specimens sy ot fnto 0.1 shces on.
nﬁnﬂ 'arquhar TC-2 tharoe sectioose alices intrnded for embedding fn
Raform [ were staited ent Sdoc In & solution of 1% soanyt aostats in 300 ‘erocal
scrtats buffer for 1 hoar (for detalle ace Hildehrand, 1974).

The length of six roots were measxred in between sach step of the preparative o

the voseful mathads (see Nwsing a tory microscope with  flxed scale.
degres of shrinkage.

g
%
|
3

trimmed to » pyremid a bt end razor blades and sectioned on &
LEB 4500 sectioss (U6 pm thick) were placed on glaem afides
with alkuline toluidine bine. The sectiooa wers pbotographed in a Leitx

(Ortolux).
lﬂﬁ-ﬂﬂn-ﬁkm:(dnlmdmmlmr { which varied from gray to whiteyellow
. - 'H%MACLM’ 1068) — were placed
auanrhabwppu‘nld- Ocrm..n o a earbag-etabihoed formvar
doutble stalnimy url':;i

sactions wers
-wn‘lp-pod'hhlmpmohj-cﬂn-m

Eveluation norms

The current criterin for an acceptable of & thwoe
Mm;w o oot 1o
and of narvons tiswve sev Webstar and 8§ 1960, Elfvin, 1961,
and 1083, Landon and Wilhams, 166 Webater and 1984 Karimon
and Schults, 1962 1967; Berthold, 1968 a, b Hlldebrand, 1971, Schylty
harleeon, 197% Kazleeon et oL, 1975 Kalimo, 1978) were Thes the tiwoe of the
{raneitional e preez fros from emty torn spaces, 5 aheath glitting defects
bese, o ' resTYAtion was b



Brief comments on the methods

ocu. buﬂ'
L‘lml Maunsbach, 1965 lﬂ]lonix hrlnoz::l 1965) snd 27% low mobecular
gxu-m (Berthold, 1068, Bohman and Mawnsbach, 1970) as well as the method of ad-

‘The resuits of the experiments were m}ul.edfrxen:h-et { tests by examining twoor more
from esch cat The modification within a bytmd«vdﬂnhu
artufactit was classified as the srelati; bttumﬂ.hadnndmnlccudfcr
furtber i now |n combination with varions of th Ivestepin
the dve—qunn.lnthhnylﬂulminumndmod ve siepe was
%.mmwm twas referred to an (o n-f.jmechod.
(wes 1
RESULTS

General description of the transstional region

A croms scction through the transitional region reveals two concentric
compertments ted at the PNS-CN8 borderline, an outer PNS compartment
and an jnner CN! eompnn.mant (Figs. 2, 3 4). The CNS compartment discloses an
Inner score zones showing the arrangements of ¢ central fibre tract and an outer
covering mantle zones consisting ufnln-ocytuandnmﬁhzn(ﬂll 3 4. The
)tnndduno{nmyellnatcdnmﬂbnfmmmnpeﬂphumjwlh eTvous type
(Fg' 6undE)occunlnLhnmnn!lemnontunodm{ﬂanvia-mabo-rdallmnode(fur

ull description and d of terms see d and Carlstedt, 1

Preparative experiments
Onginal preparative method (Exp 1 F'.:g I 4 5). Aushown in Figs 4 and 5 the
PNS itional region ded to that

of the
of a sucressfully pﬂformedr;?un
In the C.NScumpnrlment yinlbcmandemc the appearance of
the tissue was far from satisfactory Thomydln.huzh. the large and medium
sized fibres( 4-5 umin diameter) and of most small fTbres revealed splitting, which
was most severe close to the barderline nodes (L.e at the termination of the central
internode) Moreover thmocrumdmpamdn]yhmom bethaulddo
and inmde the myelln sheaths (mg. 4 l:.mpty spoces and tﬁamu
were alpo notrd at the borderline nodes of Ran nmnod_.g-.p.uppumduln.hey
had been tomn open and they contalned randamly arranged Schwann cell and gllal
proceases (Fig 5)

Mod\fications of the onmnal steps n lh‘pm pmcfdm (E.rp. 23486k
The pr of this step-by- l-glveninl'-‘lx_ The preservation
qubtyoflhe PNS-com rtmentmln Aﬂnpedmmuanpcduzwm.nton}uCNS-
compartment. The artifacts noted in the diffe i (?6) all b

the same general pattern ofduamnztmmtud-udoud bythnTR-ﬂerh-mlmmt
according to the songinal preparative method and represented exaggerations or
mitigations of this very pattern.
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Inumersion fixation (Figs. 614, Table 1) in a normotonic or hﬂyhypeﬁ.mh
Millondg buffer (Fign. 8, 10 11 18) gave the srelatively best of experiment
group 2 Immersion fixe such seemed to
(mmpunﬁuﬁmdﬁmlhﬂp.lnndﬁ) Truhnent‘w‘hhoquiomuluﬁ!
dehyds solotions containing efther NaCl tn-n.:m-p dhdncﬂyﬁlmmn
proservation patterns when the toniclies of the sdded substances sxceeded
anm&m(mmwaﬂp.m-nd 14)

The pext two sets of ta: on fixation (exp, 3 Table II Figa. 15-18)
and rraing and osmication (exp. 4. Table I, Figs, 18 20) shawed that the additian

teand to luﬂo-n

tothennsing
solation gave rise io a serlous and generalized splitting of all central myelin sheaths
(Fig 18)

The testing of diffarent modas of dehydration (Tabls IV Fip.?l 26) showed thata

that started in 10% acetons and Mfmhm
tervals to 100% aceton rendersd thesrela bests an. As com;
W (Fig. 26) no im) ts were o by embedding in 1n
0 (Pr 37, oe In Spers (Fl

(HENBL The latter two media gave rise to a
considerable disarrangement of the CNS-compartment,

To wum up, a degree of preservation clasyified as susefuls was obtained by
vagcular perfusion with % glutaraldehyds in 300 mOsm Millonig buffer with the
addition of 200 mCOsm sucroee and 27% molecular dextran. postfixation in the

Vestopal W ding In
nmﬂh—uu{thummmu bod:mydin tting and
tissne defocts in the di-crmmd-ol:l mrdinqtﬁmrumd

splittings were presant {n mantle zone and large m; sheatha appesred
mmh-t'gclvywmhdcﬂgakﬂglmunenodumdodylmomduﬂ

by astrocy d and gilal and only a few
mﬂmmptﬂmﬁnzdefwumnnbd.&maﬂﬂhuummnﬂymﬁledl
JA.‘JL dﬁ the -
Fm 1 shrinkagn o

waa aboat 10% (Tabls V).

Addidona.lmaimmu(ap 7} Lp this set of experimenty the »usefals mathod was

The ddiﬁanoldilﬂhnlnﬂ )h?t.hnﬂuﬁ » and
o a o £Y vs rl.n:iny-olnﬂuulcﬁa Z})nw

staining
;ﬁa i o ranyl sostat »pegutives contrast patiern
ngsona (Fig. 33). cells, Sch
onm mi ute. Thy ki mn th
Z:. o ueaimnhawrdnmnnmquﬁ)d.htntegnhwbmnpo‘edw

EM preparatin of the transitional region
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DISCUSSION

The present ltud) has_shown that certain modifications of the soriginal
did the ultrastructural appearance of the
{tional regron — {orlhed.lmcu]lkllnvulndintu preservation (cf.
Foncin, 1961 Maxwell, 1967 Maxwell e ol 1969 Ross and Burkel, 1971 Steer
1971). Considerable improvements were noted with regard to the followl:
troublesome artifacts, which all seemed to be aggravated as fibre size l.ncrnﬂ
loxs of parancdal CNSmyelin sheath compactness high occmrrence of CNS-
myehn sheath fissures large empty spaces outside md innde CZNSmnltu
sheaths mp{yrpumbetmnxhalpmutdwrnnnddlmpudnudno{
Ranvier Nevertheless, minor defects presumably Indeced by Lipid
extraction and the high esmotic pressure of the -mful method (oeeﬁlcrw)ltﬂ]
remained. These artiacts appeared {n the form of tiny spaces outside central
nervous myelin sheaths, as also did smal] fizaures in the terminal (close to node)
segments of the hnzen myelin sheaths and a more or less cnm:znh.-d apprrance
of CNS-myelin sheaths These aberrations being more proncunced in larger fibres
and particolarly in the mantle zone were less pronounced in the core zons and were

quite rare 1n the P compan.men

A of the individual steps of the soriginal
preparative mﬂhud.- and Lhat oﬂhe useful one shows that the im ents of
the preservation is connecied with the following steps (a) the addition of 200
mOsm sucrose to the fixative (b) the addition of 200 mOsm sucrose to the rinsing
solotion after glataraldehyde fixation, and (c) the use of & prolonged and extensive
stepwise dehydration. The present study also added maoch support to the view that
vascular perfuston fixation is superior to Immersion fixation (f Figs. 5 and 6).

It 1s well kmmthltthemnlatyofuﬁnﬂonmlumuhhighlydmﬂmmn
regards the tisane preservation obtained (Palade 1952 Robertson 1964 Holt and
Hicks 1961 Elfvin 1962 Rharlsson and Schults, lm&hhmbanh‘ 1966 b; Millonig
:nd Mn.rlnuui‘ 1968, Berthold 1968a, Hildebrand, 1971) With regard to

)}

pmved to zln Lhe best results (Webster and Colline 1964 Schultz and Karisson,
196%- Berthold 1568 a, Hildebrand, 1971). Usnally NaCl and/or sucrose are used to
refullta the o:ug';gc pressure (Holt and Hicks 1861 Maunsbach, 1868 b- Brunk

Tb-toulo.moﬁcpreumofduﬂndwm yed in the oseful method is
theoretically closs to 1000 mOsm. In terms of effective osmotic pressure — somse
60-100% of the theoretical Loni:lty of the fixing agent, bere containing 5% glutarsl-
dehyde is conmdered to be oamotically ineffective (cf Schultz and harlsson, 1985;
hhunll:uch 1866 b- Bone and Denton, 1971 Brunk and Erdksson, 1972; Penttila ¢t

rendersa useful mﬁvnu{ﬁuCNScum?armmtof
is nevertheless in foll agreement with the datn of Hildebrand (1971) on feine spunal
cord white matter Thos Hildebrand added 150-200 mOsm NaCl or 200 mOam
socrose to the 300 mOsm Millonig buffer In the present atndy however stcrose
was found to be superior to NaCl as osmotically active agent. The choles of the
former substance was made because although guite comparable to NaCl with
regard to the better preservation of the core zone 1t consistently gave a somewhat
better preservation of the mantle zone characterized fewer myelin figsures,
fmrrlin]defectlandleuwmnodeguen(ﬂp.]am lB)

The rationale behind the diff of of
sucrose and NaCl to!'ﬁglunm]dehydohnmndndvehfchulhwrninﬂn 12
and 14 s obacure. In this context there are however sowms sparss data of interest
whid:tmwmolﬂybundcﬂvrdfmmﬁnﬁonmudelmtzmsmrhufmpmtdn
solohions, Hasue cultured cells and sea urchin egxs (see Millonig and Marinozz,

1 FET
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1 Penttila et al. 1974). Unfortunately all these are far from possessing the

eosgaa;;lexity Juyed by the highly intrcate system of densely packed snd

{nterwoven hi pld low water (myﬂindtundtlx:lgmw lmv‘-lipid (cytoplasm and
t ]

space tha on.
In the first place NaCl dinodntmlntochlr:;dparﬂdn sucross does not.

on posalbility exista
Hutnnutmolnﬂtynﬂoufﬂ.&lbﬂtweenNuClmdmhmdwﬂhmmd
to lin sheath stability during fixation of the mantla sone, ver as shown
Wiiionly and Marinowl (1969 NaGl and sucrose are strikingly different in
their capacity to lyse the t lons as esth d from »gelling times
The former substance was by far the more active one. The membrane protective
action of sucrose is well known and is in fuct exploited in most EM histochenical
procedures (cf. Brunk and Erikeson, 1973)
From the cheervation of a low content of veasels in the tranadtional region
(Borthold and Carlstedt, 1977 it might be expected that the rapid penstrating
ahilities of formaldehyde would be advantageous when unng a formaldehyds-
lutaraldehyde mixtore as fixative (cf, Kamowsky 1865)
t i preservation of the tiasue was noted with this modification (Fig.

30) This might be dueto the fact that formaldehyde, althongh it rapddly tea
a tissue, s a slow-acting tixative the effects of which are reversible
Mannoxx, 1968, Hopwood, 1877

The dehydration step means substitution of en anhydrous organike solvent for
water as well as & conxiderahls extraction of I such as cholesteral, cholesterol
esters  triglycerides and free faity acids and Bayliss, 1968), During
deh tion the interlamell of myelin 4 by about 30% (from
180 A to 120 A) and about 40-50% (from 160 A to 110-80 A) in the PNS and the CNS

aheath
some in the rmdial direction but as foumd here (Table V) onl. -boutlll]ﬁ{.hﬁ
Lhubnx\mﬂnﬂdhxtmmhadmdmwhmmdnnimrmnﬂ
shearing forces are apt to develop utlhue‘n‘h;‘whmthomdﬂud pld low

water of pact myeln is d by the lowlipid high-water
m
f

The uss of a 3}ow and stepwise dehydmtion that startsd at 10% acetone and
{nclndedmna‘#ﬂhmnihmuﬂmmm&nnwbdcw 50% proved (o be the
Aifloats the sorlginallys used : dure that yielded the

a procedurs starting a
Accounting for the facts that Hpid loss and radial myehn sheath s

move or Jess restricted to the acetane concentratl vy

hrinkage
ons (Mohlentaler 1‘&
both 1n the soriginal preparatives aud in the rusefule
mgm.m.mmmmmﬂmndmaain &Wmém
sheaths
This recalls the earlier use of acetonsasa fixin microscopy
(MLNl)u"ﬂuhmhmumm glﬁiuuuﬂl;nmlﬂ:n&n

EM preparation of the transitional reglon /



12

with aldehydes (Gustavsson 1858) Although the effects ofdchydrnﬁnx ogentsasa
ruls are treatsd in terms of mere water substitution their possible role as post
fixatives has been discussed among others, Johnston and Roota (1867) and
Schuits and Karluson (1872) Inline with those workers and taking into sccount the
present results, it seerns reasonable to nscribe some sort of myelin sheath post
fixatlon y to the acetone as used here.

Em! in water miscible media like glycol methacrylate and recorcinol
funnn}dahgde whereby dehydration is voided. were not mu:euful. Nd'.het wers
any forther Imp by the addition of dig} —ach

protective umt(NupolltnnonndScnllen 1969 SLerdnnanNlpolitnno 1971)-—
d’wﬁudvanorthrouahﬁwunu ethanol as s d ent, &
clalmed tod ish Hpld extractlon (Bterzing and Napolit 1971) orthronghthe
embedding of apccimens that had been acetone dehydrated to 90-95% In full
agreement w'h.h Condis et aL. (1981) Vestopal W appeared to be a highly reliable

nerve ﬂb-ra embeddi ntr
on vu vﬂ noted in the PNS<compartment where the
mvtﬂuuted ﬂbm constituted {ndividoal units distribated in a large more or less
empty-looking endoneural space. A less -ndn!-ctmx preservation was obtauned In
the core zone of the CNBcom t where the fibres are densely packed, often
with thin rim-Uke demarea of glial cytoplasm between them The least
satisfactory results were constantly found inthomanﬂenme where the paranodal
segments of the central fibres are found surrounded by comparatively large arsas of
astrocytic cytoplovm
Two facts ervere when one loohfuﬂhsrnﬂonalehd\indthad.\ﬂmdnnﬂtdln
the preservation of the PNS and CNS§ (n) the CNS partment
lacks blood vessals (see Berthold and Carlstedt, 19777 (b) there are differences in the
chemical composition of PNS and CNS myelin (Evans and Finean, 1865 Wolf
and Kotorii, 1968 a,b). The ultrastructural pruarv.don of a vulnerable ti‘::
compartment that lacks blood supply undoubtedly problems and it
might be asked whether vascular on renl.lyhnl meaningful for the
fixation of the tranmtional reglon. Howsver the comparatively high occorrence of
blood vessels in the PNS com| tnndlhdrdlltﬂ'buﬂnu along the PNS-CN8
borderllne (Beﬁ.hold and t, 1677) speak in favour of a firation
lar route This is supported by the successfol use of
perfusion and tha l:cmpleta fnflure to obtaln acceptable preservation by immersion
fixatlon in the present work.
PNSundCNSmi:Hnmknmmto erﬁthmrdtobo'hpmtolnlnndllp‘.d:l,
(Finean 1960 a Hildebrand nnd Mu]le: 1974), X-ray diffraction anal;
that the interlamellar m; th period of unfixed and of fixed, ‘-Edlid
embedded PNB and CNi tpedmnnl 18 180 A and 120 A and 160 A and 80-110
respectively (Evans and Finean, 1874 Wolfyram and Kontorii, 1968 a,b). In thecase
of a myelin sheath of 130 lamellae (fiber size 15-20 pm) this differentinted shri
on the two sides of the barderline node implies that the radial shrinkage on the CN8
slde is about 1 6 times that on the PNS side. This gives in abaclute figures a fibre
shrinkage of more than Zﬁrnt:.h: the CNS as compared with Lium in the PNS,
Conwequently the CNS fil should be more exposed than the PNS fibres to
mechanical strews and shearing forces during preparation.
While it scema possible to argue that the genernl differences in PNS-fibre ultra.
nrulprmmﬁnnuunpared wﬂh lhnnfC'NS-ﬂb-ruml&Hywbedm!n
in the of the myehn this explanation is hard to
adopt with regard to the difrm noted bntwren the mantle- and the core-zones.
These two regions are d by the same des and there are no dats
avallahle that support the h{en that the fundamenta! myelin sheath composition
vm‘luulmfﬂneunddwlumelntumode.ﬂnme hand, the CNS paranndal
region (cf Hildebrand, 1871) might well in anslogy with PNSg;qmnoda, bea
particularly vulnerable fibre region. However sinca distorsion of CNS-paranodes,
an meer 11 feline soinal cord white matier iHNAdarhrard 1) rem ba o ot d ave W

dUTe
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reduced by the use of a fxative solution that has been made brwe=es 1y,
addition of etther 100-200 mOwxrn NaCl of sucross and that adTorm o7 RE™ wcae-
little effect as regarded the CNS borderline

Why then does not the PNS borderl! i
tp the borderline as the CNB paranode. This brings up the qoesomr: o >
arrangement of the nerve fibres in the PNB compartments snd e ey 5.
pointed out above, the myslinated fibres are, in the PNS, tota™

s 3 spece; n

torn components and wpliting T
To eum up, it can be d thatthe diffien]
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Tabie |

Experimant || {manarsion fixation in 5% gl idetyde disxoived In a phe butfer
contalning different tonicities of sucross and NaCl The quality of ths pressryation ls
rated In terms of welatively bests (+) and soot usefubs { } (M1 = Milkonlg buffer)

Type and toricity
1 osmotical

0 100 200 200 400 &0O

+ o+ o+ - -
Tabls I

Exparimant (1l Perfusion fixstlon in 6% ghutsrsldetryce disotved

n 300 mOsm butfer different tonicltles of

sucross and NaCl The quallty of the pressrvation is rated in
'terms of welstively bests (+) and snot usefuls { )
Tonkity of sucress Tonicity of sdded NeCl (mOsm)
{mOwm} 0 100 160 200 300

150
200
50

Tabie 11}

Experiment IV Rinting end osmificstion. The quality of the pressr
vation a3 seon after trsstmart with the different solutions bs rated In
termms of welatively bests (+) and snot usefuls { )

Additien of sucrose (mOsm)

Rinse 0 200 200 400 400
Owxmification 0 0 200 [} 400
Rating - + + -~ -



Table 1V

Experimenmt V Dﬁwdmmﬂ-mdhyoldumumumﬂmmdﬁf'm
acaton concantrations and Gefydration times i rated In terms of welatively bests (+)
and wot ussfuly | )

Acetone %
10 20 30 40 B0 B0 70 B0

8
]

100 Speckmen RAsting

120 A -
I O a ] -
60 0 120 c -
60 6 63 0 120 D -
1 10 10 10 a k) E -
0 3 P IV O o F -
3 W0 WV XV I, 0 [} -
180 180 160 180 0o 720 H -
18 0 15 16 16 [1] 185 | -
60 0 80 60 80 80 120 J -
30 0 X 30 330 0 120 K -
6 ] [ b B B 5 b 5 L -
3 b b ] 5 6 5 5 B ] 5 M -
o) B0 60 60 60 60 &0 60 B0 @0 120 N +
480 {contiuous) o] -
Table V
Masn values and {8D) of the length (mm) of the proximal parts of six S donad roots
from thres cats s found during trestment according to the ssetul methods
Acstone % After pohy
Rinw 70 80 2 6 100 marieation
15(x0) 143(£02) 142(¢01) 140(t01) 130(£0 1) 138(10,1)

EM preparation of the transitional reglog=—
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Fig. 1 A diget of material, mathods and resnlts,

The following pltere sbov (e trasaiional repions of (e lumbosacral doral phzal
e T Eatian went e D% flut. nmies soaied otharmian,

Flg. 2 UM Toluidine blue stalned boogitodinal cryostat section of materlal fized only with
pitiaralickyde. The CNB arwe sppears light and protradss ke 8 con  nto the
Faine NS tses, The dopul rot eriel e Junction o [ the cyper it covae of the
pietare The hatched line indicates the corrsaponding to the cross section of Fig 3 (x130),

Fig. 3 EM. Crosesection. Useful methods The CNS compartment occupées the centre of the
micrograph. It 1s chaructarired by CNS closely spaced the core sone
(CZ), wnd pbu-lmalﬁﬂnmwz)whm'.b?:ila mmplnﬁvtl}yuhrnlmwmcflﬂl
aheaths and moes loosely srranged nerve fibras. Blood vasssls (V) are restricted to the
PNB compartment ( 780).
Fig 4 EM. Cross section. sceording methods
campartment b semm oo the right, the core rone in the of
fibres in the PNB

for & miner #pace in tha terminal cuff of the

CNH part of the fibre shows mukiple mysiin l-:“ﬁn.:m .
paces (1) owtvide the nodal region

Fig 6. El]mmﬂwnﬂxlﬂnh&u-m-mdmmnlnﬂ(thmﬁndmumdm

throegh large myeltnated fibrs on the keft. Tha PNB part of the

fiars showa sphitting in the myeiin sheath at inclmres of Lanterman and dose to the

nods (arrows), ae wall lm.l.l inmruntnurdd:nwnﬂnlhuﬂ](x).

The CNB part of the fl] sbeath and deferts

b-tn-n'.b-mmdﬁnmyﬂin P}t)lndmpty-mbﬁvvmth.m aheath

1p preservas between

hﬂBmdPNSnnpm ton
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"['bcfolluwinlﬁ:ctm-n all electronmicrographs of cToss sections
demonstrating ww(mnofhhmmdmhnomhdmmco!w
ts. with the digest in Fix.l] Tbe PNS

prepara detafls com)
mmp-mumthlnthnkrmpmd&wplctm(llm
7 Exp. 2 Immersdon fixation. VC> 100 MIIL, 0 sucr 0 NaCl Thcnlmmdthn

mmy-rtmmthrnimd.CNSmydfnnbdﬂbrnm-lmwt and
appear hke whorls of hmeﬂnm-rwndinxdn’unkmum(- zB-l
ponents appear and tated and show

com]

comparatively good preservation of the PN fibers (PL

Fig 8 Exp 2 Immension fixation. VC: 300 MilL, 0 wncr 0 NaCl CNS fibree show mysiin

sheath ‘The surounding glia cytoplasm reveals some smpty spaces. The degree of

preservation was claseified as beng among the srelatively bests oo

Fig 9 Exp 1Immcdouﬁuﬂon,v(>.5mlﬂ]l,0mcr 0 NaC1 Myslin sheaths are

compect bt show deformed coutowrn. Several axons are serfoasly shrunken (x). Torn empty

spaces (%) are prevalmt outside the CNS fibres.

F!LID Em.zlmmrrdmﬂndon.vemllﬂﬂ-.!mm 0NaC1 CNS myelin aheaths
minor flmeures. Axcaal tetractions (x) from the inner contour of the myeimn shaath are

mmﬁemummmdulﬂdubdni-mnz&n relatively bests

mu Exp.?..!wmonﬂ.u&m. vc.:mum_m-m ONeCt Tth'NS(ﬂns-hsm

in the mvehn sheatha. ntncd.um(x)muncu;:man the glla

large myelin flasures sy wrell as genetal myrlin sheaths aplitting The axoes have shronken to
frregular bas catam

the. Axonal
do orenr pmﬁmlmwmmmmummw-

Flg 14 Expzlmma-huﬂummmum.,Om 500 NaCL The CNB fibres show

mmp-ct‘:i\rinuhnua axonal retractions are comparatively mare. The PNS fibres

ppear rreserved Compere with Fly 12

Fig 15 Exp 3 PerfuThnﬂxldon.VC mhuu_&n; 150NaC]l The CNS fibres show
myshn fewures. Torn outslde the heath

I-P_l:‘l- empt‘zu-pmummm glin the myelin » (x)

Fig 16 Exp. 3. Perfusi nfixation VC.300 MilL, 250 sncr ONaCl In the CNS compartment
Mm%ymnmwmhmenwmmmmmmmmyﬂnM
fikres ate m

Fig. 17 mapu-rmnnmﬁ;.hmommﬂ? 200 NaCl In the CNS
compartmwnt there 13 & generalieed myw litting. «x0ns have mostly retractsd
ﬁumthnlnad.u{&umy‘hnnhuthsm-ndtho(m contains soms large empty spaces ()
PNS myehnated fibres appear well proserved.

Fig 18 Exp. i Perfemon fixation VC. 300 MilL, 500 sver 0NaCl In the eore xone (CD the
fibres ppesr with {ew and smal] fisgures in the myslin sheathe and the glia
hsbmdmmmmﬁlhlddnilu)-ndmy-ﬂnlh-thnp&tﬂn]mmzthmm&

roe (MZ)
hmmmtmﬂhwﬂme degres
clasaified a8 being the relatively best» cne i hin
Fig 19 Exp 4 Rinmng after nnﬂmmnnmdnﬂonm-mmhﬂum
which 400 socr had besn CNS fibres ahow a d end

my&hmwhml(anmlammmPNBmmtwwﬂ

&

20 Exp 4 Rmung after glot. fation. The rinsing salution was a 300 ML buffer to
which 200 suer hmbm-dddlnboﬁ:hmma(m-nduum&mm&n
mysiin sheaths show only small Alssurse. Empty spaces

are well premerved The preservation degree was classified a5 being the relatively beats cue
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Eaxp. 6. Daby E i Tabls IV Short time In few acetone stepe. In the CNB
mmmm tiing in the myehn sheats. Azinal retracticns from the
Inner contoa of the myslin (x) as well aa empty saces cutsids the myehn sheath ( %)
are seext. The PNB well

g B ammmanmwwmmmmmmmms
c.-';}p-mz‘cf.pumuh_n t altem {n tiw mystin aheths. The PNS eoenpartment is well

ydration 0ln Table IV t howrs mntin
?w“hrilg-m retractions E‘&: ul'.ha lhuth(x)lnd
in the gha eytopl (i)m.. k the

dark con rm of sarrounded by & sheath of low
electron In the compartmmt the fibre appesr lass patd. The myelin
sheaths are praserved and more dectron-d The
Fig. 1 Exp. 5 Dehydration. N in Table IV time in many ecstone steps. The CNS
com| mppears to be almost fres of axonal retractions, of and
dmdt&cﬂprthldﬂnin(m The largest myslin ahesaths, compeact,
a samaewhat outline, PNB splttings at the {ncisures
of Bchruidt Lamterman. The preservation degres was classified as the selattvely bests
ona. Thus is also the which finally clusatfied
Fig 17 Exp. Araldita CNB flres show and
mﬂhzd':ﬁﬂulu[ntb-mnﬂnd\-ﬂmlmptymmmkmhhdh(tlm
are
Fig 28 Fxp. 6. Embedding Sperr CNS mystin {s of a tivaly bow contrast. CNB
ml;ﬂhmﬁwmmnmdmdmtﬁiml’ﬁm ’ wall preserved.
B{u& MﬂdmﬂﬂpMﬂiﬂmdDﬂd@mﬂnmhmm and rinsing
solutiona in s 1

FL;EJ Addittonal experiment. 1% formaldehyde and 4% .(E-n_
axone ha mandﬁomthnlnmrumwdﬂumﬂlkn m(x).l{y-hlhn
and glial defecta (%) are prevalent The PNS fibres ppsar lass distorted (f. FlllDlndM).
H'31 AM]ﬂonlI!:ElmﬂnLDlhydrlﬁmtndhmnlCNBﬂhu
Axemal retractions

o ﬂh—mvd] (0 and ghal m e

Additional Embedding in GMA. CNS fitwes abow extece!
mm-pnmugm hdrhrmd-ndlbrmlm-ndcmumhmmwtpn;(:ﬁ

Fa X Add 1 1 in _—

Figures at the end of this volume
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Acta physiol. scand 1977 Suppl.448
From the D of Anstomny Karolineka Institotet,
Biockholm Sweden

Observations on the Morphology at the Transition between
the Peripheral and the Central Nervous System in the
Cat. TI
General organitation of the transitional region in § dorsal rootlets.
by

C.H BERTHOLD and T CARLSTEDT

ABSTRACT
C H. BERTHOLD and T CARLSTEDT Observations on the morpholagy at thc
between the peripheral and the central nervons system in the cat. IL

trensition
General orgarusution of the transitional region in § danal rootlets. Acta physiol,
scand. 1977 Suppl. 446 2342

nﬁmﬂnﬂmmtdhﬂm&w iy d light and 4
protrusion of ﬁmnmlumdmﬂtmddhhllylnm-d:
rcl)dd d.hhncnaflﬂ}lmu-m. free segment of & rootlet which when croes
MhCNBIndPNSmnthm:meﬂnhndﬂma] (TR,
mmmm&ﬁdhmmlﬂdmm
Th CNS conslated Hon

partment
d-mm&uﬁmndﬂh
mantle ooe which

ment a consbderal
inthe umberof ted narve fibres an the CNS
m&-nmtﬂdmmy\mzdm vide nd & correaponding decrease

mmdmsmmm-mmm.d inal roots cranial

nerves has bem fdocumanbd a large numb«-pnf ﬁnﬂﬁhl-:mknl
or Virchow 1 QObersteiner

Hiien 7006 Eataner 105 Tasio 0, e, sod Rediich 188(

to the hi;
vericbrates and manthaCkS tiswue protrodes mors erall E o
in motor nerves the eigh ph ol lcﬂmgz
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Maxwell et al. 1809). The cell content of the transitional rqz'lon is stated to be
comparatively high (Tarlov 1837 2) and oligodendrocytes have been suggested as
the dominant glinl clement (Tarlov 1937a) The myelinated nerve fibres were
foundmbemnlﬁictcdnt.hey;inmdma slamina cribrosas and were clalmed to
lose their myelin for the firet 10-50 m of their CNS part, this glving rise to the so-
called »Anfhellungszones (Hulles. 1806) The first indication that the myelinated
flbres were equipped with a node of Ranvier at their passnge acroas the PNS.CNS
borderline was given by Frisde {1961)

Electron-microscopic works on this region of the nervous ty'umt:rln for reasons

nodes un:l clurl showed that the sAufhellungszones was an artifact based on
unced sheath splifting on the CN8 side (s¢¢ also discussion in
t, lﬁ'ﬂ). More recent EM reports (Maxwell 1867 Mnxwell et al., 1969~
monkey” Ross and Brukel, 1071-rat; Steer 1871-rat) have shown that the pia mater
does not purddputu in the fu-rmudun of the slamina aibruln: Contrary to the
light- rarely observed, the
dumlnnﬂnilngﬂul cell being the astrocyte wh{ch furmed a faltwork of interwoven
border layer corresponding to the exterrul glial limiting
mumhmmofﬁmbmln and the spinal cord
1t can be concluded that the ultrastroctaral organization of the very region where
PNS tissue meets CNS tissue is far from fully explored and hes not been
{nvuﬁsned in the cat. This region hn\dx pointa of great interest with regard both
y and to gy and offers the nnique opportunity to
unnlydnzonelndth.umauunmltappmulnth rlphurn]uwellulntho
For an up to date revi nmr n regarding the

central nervous system
trnnddorul rerion see Gamble (1676).
of the t al region seomns furthermors to be of
lmportanc- h: taba dorsalis (Obentnh:m- and Redlich, 18%4) in pﬂmnrv myeHn

rlhcnuinaa.nd tnvuﬁg:ﬁnath.hlﬁly{nmmnnhluo{npudbla
CNS (set, for Instance Gilmore 1971 Ghataket 1m
Hod 191‘3. Wood et al. 1975 Blakemore and Patterson 197% Raine 1876).
tmkwhhhmkmunofammnﬂydawlopodpmpnmwryprmd
(anhtdtlﬂhduhdmﬂwmaﬂulmmmﬂlumnm of the

mti‘nm x_’mjan (TR) and investigates the distribution of cell units and nerve

MATERIAL AND METHODS

m'ﬁt-duhaumunnnﬁwﬁnd traperitoneal aof pentobarbital 40 mg/kg
BW and lrﬁﬂuﬂyvmﬁht.iwichlwiux{g:n.mlnm l%’?x;llcwdmdl::/m
ware fixed by vascular perfun thoracic morta t conmtrolled Mtsrmittent

(Berthold, 1968). mﬂ:-ﬂn-{:lmﬂlhunﬁxhydodl-indlnnﬂnmm

buﬂ-'mthtbt-dd.lﬂmdﬂ?‘
L th-nnz-cnlrpl.ulurd-pnm:mdludm-nl
ruuumr-mw-d.
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intended for cryostat sectioning (2 ah)m-ﬁu--]mrtﬂnuinxﬂmO-n
ugﬁfﬁm.mmwmﬂmmmumw cat in m cryostat t
30°C. The sectione were piaced on giase alides and stained in alkating ta}u'ldinabln(Ccht,

frrbnded for Vestopal mmbedding c-.h)mtd-mm-‘l # raxoc blade so the

of the matter werw laft for atlon. After 4 2 an jencold
sotution of the s

treated in & 3% wwmdﬁw a slow and siepwiee

way in acrtooe and finally e tn Vestopal (for detalle sew 1877). The

mmmmedhbm-lwmhm LEB 11800 Fyramitorne and

with a glass knifs on a LKB 4500 were carsfully

o, em were ot o i,

mmm-ﬁbudhaummmmm 5. Longttodinal parallal to

direction.

B-ﬁmlhﬂ;mmhmwpy(obpmﬂlﬁ)mphwdmdmnﬂdamdmhdwﬂ
alimtine tainidine bioe and d in a Ledtz ph
Bdhmuﬂ—i-o{ﬁ-lmmu]ﬁ:—dﬂn and loogitodinal sections, four
loog series mlmwlwﬂmdmw 3, ent
K\M)mﬂ{,ﬁmuéwl cat K1036) sactions respectively and four long serles of bongl
todinal sections consecutive sections sach were cut The section thickness wes
obtained from the ratio between mesa hight and the mumber of sections it yislded and was
fmmmmmmmhmhdwml—mli
rpld.muwdﬁzdnm}.-cdnnuﬂucnndsﬂﬂn:hu{ roctlet comprising 100-

Hnated fibrmw an siing in the light o
mmmmmmmhmmmmmﬂm carban-stakdhred formver
mm.dmbhmmm;wm mertate (Brody 19959) and lesd clirate
1963) the sections wern mmmmmnmk

and equipped with -Z!)umnlﬂ-cdnl

Definition of terms and quantitative estimations

?Tmmmﬂhuﬂﬂmmm@lﬁnﬂm—mmﬂ}mcﬂm
8.

Four main cross-sectional reference levels — A,B,C-ndDil'Fk 1) — will be meed with
rewpect to poarhon in the proximal pert of the investiguted rootleta. Thes

Au?zwmbwmhmmﬁummuwmﬂm
segmen
Bie level eitmated roughly halfsay betwsen A och C.

C is the lovel at which the glial fringe s situsted and which sepurates the starectyps
part of & rootlet from its transitionsl reglon and FRB
“%mﬂmmumdhﬂbbwc Ls. sitwnted wall in the sterevtype PNB part
Thddiﬁmlwohtbkvdnwﬂch& c{l-htCNB
Do the bem tip wmhtﬂnlhﬂ.

In crder to evaluate th_dirtrlbuilon of differwnt flbry clamn with rewpact to depth

rootlet, ‘Umtﬂe mdivﬁedhmfmmh'lc o 1o the
TOnes qll! .dm‘j.!d

o0 o T o TIC B0 o e s i s given B! e Y g conto ¢

Genernl Ho of
orgunira tho(“h-,m Q‘m'nn
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Thlm-rnﬂh’!'v d into 1 1 and H d (C-} fibree. The former
p was farther separated into large (> 13um thick), medium (6-13 um thick) and small
«aummkk)ﬁhumumhfnndtypuo the fibres were determined on
representing 20 mections through the Lrlruidoml reglon (-«Fip,z]d
mﬁd).lnnddllluutnthhd-dhu{buiwdﬂuﬂhnwhhm quasi-q
cuuccnu-kwnnmudmaudln&dmmdnm—ncﬁon hA—D(nnFlp.ﬂzl.e,n.
cella and fib wrere to the criterd given by
(1963) Glial cells were d wding to the principles of and Walberx (1881)
:ndPrtmﬂdL.(lB’TO).Thnumb«dudeﬁmlnn was_estimated from the
occwmnc-ofcrl'l wckel at consecutive 20 um intervals along mndﬁuul)rerhn,uln;
;botneopicl cross sectlons. The of nd
28 mdl.ruﬂylndneladmnmlmpe Hmnnmpo-ﬂ)hto
uﬂmnnheuu]n Lhuemaﬂtypuinﬂntmm}ﬁmdmuuﬂruﬂnmk(
unlmmdnnum(d.Cnmmmm

RESULTS

General description of the transitional region and presentation of
a terminology

The dorsal root S, ran mare or lesa parallel with the spinal cord from its ganghon
up to the lower level of the segment S At a distance of 5-10 mm from the spinal
cord junction the root aplit into a fan of from five to ten differently sized rootlets
which turned medially and lined up in the dorsolateral sulcus (Figs. 1 2). The angle
between the length axis of the rootleta and the longitudinal axis of the spinal cord
measured aboot 30°

At a distance of 1 2 mm from the cord the larger rootlets aplit into 2-3 thinner
fascicles, hers denoted mim rootlets. These mini rootlets reunited lsnln at the
spinal cord ion (Fig 3). Toluldine blue stalning of frozen i ve the
peripheral myelin sheaths a dark blue colour that contrasted sharply mlm the

pale blue sataining of the central myelin (Fig 3) (cf. Feigin and Cravioto 1861). This

difference in the stalning properties of the myelin greatly simplified the

identification of the cantral nervous tisaue, which extended for some 100-1000 m
from the spinal cord out into the rootlets (Fig 3) In larger rootlets the CNS tissue
showed a more rounded end than it did in thinner rootlets, forming a top angle of
20mme 40° and some 20° respectively The thinner the rootlets the shorter was the
extension of CNS tiasue.

The S dorsal rootlets connsted of CNS tizsue at tha level of their spinal cord
Junction (see Fig 1) In most cases the wedge sha most proxdmal of &
rootlet that connected it to the spinal cord (Fig 1) did as well consist of tissue
At n cross lwel ubont 100-1000 um more distally (level C Fig. 1) the moﬂ!t

y free of CNS i That fres
end of a rootlet which contamed both CNS and PNS constituents (e, the reglon
found in between the reference levels A and C of Fig 1) was referred to as the
transitional reglon. TR (Figs.4 5). According to this defintton the connecting
plece s cutaide the u-anﬂh.unn] on.

The sitional reglon (TR d of two main parts: (1) A cone shaped CNS
compartmmtwhnchtnpcndtouﬁpﬂcﬂlﬁofﬂgl)inthodhmldi rection and
which lacked an endoneural space. (2) A PNS compartment which covered and
surrounded the CNB compartment The PNS compartment contsined an
endoneural space and a fnnge of glial processes which emanated from the CN3
compartment, and tapered to a tip in the distal direction (reference level C of

1
e interface between PNS compartments was denoted the PNS-CNS borderline.
(Figs. 12,13}
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The CNS pertment of the TR disclosed two zones aguin concentrically
ln-unlad.(l)u:::lnnﬂrmmm(ﬂ 5 8) composed of closely packed central
nerve filres and a few scattered glial cells thus shomng the arrangements of &
central fibre tract and (2) an outer covenng mantle zone 20-30 um thick and buikt

erous fihform cyioplasmic processes the glial fringe (Figs, 1 &)

?ﬁ&cﬁ;ﬁuﬂy in the endoneural apace parallel to tha nerve fibres of the PNS
compartment.

adi mo) leas typical paranodal

oo spmimaid rev Sl sdoped 5 o o, i e

m&mmmm&-mmmmﬂmmumdmnw

Electronmicroscople examination

PNS compartment

The PNS com: t was separated from the subarachnold space by the root
sheath. This, the cutermost layer of the TR consisted of loosely arrangad flatiensd
cells and collagen fibres. No obvious demarcation was noted between the root

mdoneumlmmaft.baPNScnmmrmtmmmmﬂﬁn}{c“j y
mtbaﬂhlﬁ{nzn(ﬁm 8, T} The bl vessels of

nerve fibres into the CNS
comparﬁnmt(naaTlh]uDl.Inucndunvmll“—' d cut from thedr subm d

paseage aterentype comypartment
was signalled by the appearance of the cross-cut tip of the glial fringe (Fig 7). The
tip was farmed by ane single or just a faw closely spsced cross-cut polygonal
astrocylic processes which were d. d from the end: 1 xpace by &
basement membrane. It was in all cases possible by making use of consecutive
sections to ascertain that these seemingly isalated glial lalandss in fact originated
fromthammﬂomn{;u'rb:w).

More proximally in the glial fringe occupled an incressingly large

- and
fsnesiraisd walls in the endoneural space.

PNS-CNS borderline the giial walls united ontslds the fbres, separating th
mdudnlﬂ:bemtowhuwlthlmlnmmamhicaﬂounnlmln-mh&or
bolster fashion (Figs. 5 8,9 10 19 In this way the paranodes of most
myeHnntedﬂbm-wmfmdinnmmmdonemﬂw[vd:ncthnmmdtdupm

the PNS-CNS borderline and which at ity proximal blind end tained

borderline node of Ranvier (Fig. 5). " o e
Extensive glial apd ! A sacs

charucterized the glial fringe as far proximally as level B (F1g. 12). From this leve]

onwards the len the o end 1 cal de

became shallow measuring only a fe in length.

where the maj of the -myuller"ﬂ‘ﬁ:‘u entered g o deriiD

the CNS compartmen| -
'ﬂlnemunmhwmpnmﬁm}yn;ymnb.‘w.ml lmt'ﬁ‘

Genernl organization of the tranaitional region
-ty

CNS-PNS
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the glial fringe contained large bundles of glial
ﬂbﬁh cluxter- tu uzreﬁnlymgenlﬂm particles, small mitochondria and
numerous gliosomes wmﬁ of which had prismatic cristae (Fig. 16) (cf Morales and
Dancan 1971) In the case of one very thin rootlet anal quantitatively
(rootlet 1 Fig 21b) fonr astrocytic perikaryn were noted the glial fringe.
Otherwise the finge was free of astrocytic
The glal processes lay closely packed inside a ent membrane and were
separated by a narrow empty-looking space 100-200 A in width Desmosomes and
ﬁupjund:lons (see Nabahima ef al., 1875) were common (Figs. 16 18) At some sites
however there were larger spaces in a group of glial processes. Several such ?ams
contained bnmtudlnnlly—onenhmd bundles of aﬂlam ﬂbre- (ﬂx 15) A.l
in serles of tive sections the coll bundles orj,
space and projected several um into the glial space Atd\medtmthabnmnt
membrane that separated the endomeural space frum the glinl space was
fenestrated, thus letting t.be uﬂ.lngm fibres Lhrunnh Simfilar basement membrane
defects but not i bundles, were rather common in
the fﬂngedunetuthamanﬂamna(ﬁg 18). Moat collagen fibres measared 200-
300 A in diameter At somoe sites purUculurlyLnamneadjncemmthCNS

compartment: Bchwn.hnco!ll, l.uuundp!rkytumg-.ﬂl 22z, 23a). To
thumu ndded ﬂullkzwimmmmntoccunmceufamutypen!unknm

and of d cells were found fn the
frings and superficially in the m.nnda zone (Fig 19) They were dark, round, al

S um in size and contained a cnmpar-ﬁvely large, often deeply indented nuclens
whoss abundant chromatin was distributed in {rregular clumps inside the nuclear
membrane. The dark, finely granular cytoplasm formed a thin rim outside the
nucleus It contained few organelles and formed a few short processes Several of
thess cella were equipped with & more or less intact basement membrane. In spite of
careful senal section analysis it was not possible to demonstrate any contacts
. between unclassified cells and axons

)

CNS compartment

Mantle zone. The mantle zone constituted the outer part of the CNS cumpanmmt

(Fig &) and mmg&mm“?ﬂi]n width. It ined the first CNS g;'
ng nerve fibres, 85-100% o astrocytlc karya of the alarge number

myahmrld bodies nfewu:llaclt.beunclﬂmfz;:y]nnfermd?nn‘nbuw and a dense

outer feltwork of astrocytic proceeses which without clear dellnclhcm, projected

distally into the endonsura mfmmlnz the gHal fringe (Fig 12) Dewmosomes

and gup junctions were

At those rare sites where the plasma membrane of an

directly faced the a\doumrnlapnce(ﬂg 13 {twmwvmd ets

bnnmantmﬂnbnnnmﬂcctedmwltfmmpenctmﬁnxmmﬁbrulnd

away by emerming fringe processes Numerous electron-dense hanide'mumme-lih

specializations at the astrocytic plasma membrana were present subjacent to the
t m-mh-nne (for discusaion regarding these entities see Bondareff and

basemen
M’Id‘;na, 1873)
astrocytes were of the fibrillar (Figs. 12 13) 'I‘hdrpadkaryum
12um and contaned a pale frregul gr ucleas, a wall—dmlnped 00181
w single strands of granolar nnd unocﬂ-h enduplum reticulum, soore
dra (02 1um In siee) fbrils, microtubalen. electrondense bodics
011um in oze, ofwfnnﬁ .ama slaugnud ones revealed an interior of longh

todmall; t 110 in elze (¢f. Mugnaird
{365 Potars o o1 Ty o oy 10 umin sae
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Thers Were man’ myﬂinddbodla(nthemnﬂomm(ﬁz 14 Thest bodies were

.mﬁ:;umzmuminmmdm ellated textore.
Intactrmimu terlamallar pariod of 100 A. Most bodies disclosed some
and t-1ike empty defects at their onter aspects, Bome

bodlummwztoﬁulnhrwdndmruummbodiummmdndby

astrocytos.

Core zonte. In the core zone, ted and myelinated fibres wers
packed with scanty of glial cytop in between them (Fign. 6, B 10 11, 20
Adjscent my-lln sheaths sometimes formed an intraperiod dense line slong
cantact lines. odmydiunt.ﬁﬂbmlwm;mtcd by thin flat

processss
nlh-nu-wtnntnny{nﬂnuwnhﬁnmtpmm(mh(mﬂmmdwdbm 1964,
Peters ¢ al, 1570 and legend to Fig 20) were the dominant celltype. Other ceils
clasaifiod en mla‘o(hamomlunnﬂ ‘ound In the proximal parts of the core rone
(Figs. 21a-23a) A fow fibrillar astrocyies were also noted in the region closs to or
proximsally to level A (Flgs Z1b-23b)

Quantitative analysis

Oune smull rootlet (rootlet 1) and two mediwm afzed rootlets (rootlets 2, 3) were
investigated ﬁhﬁvﬂyw{tﬁrﬁﬂdbtbemddiﬁ!nm:cdll}p.ﬂ
different TR and to ﬂ:-im,-hupo-miaﬂmtn‘!ﬂunrlmm

compartmenta, as well as to the dustrbution of mumyelinated and myelinated fibres
at different TR levels (Fign 212& = ted
The distance betwesn the ref

ped compartment of
PNS tissue y to leval A. In rootlets 1 and 3 the PNS erescen: exten
prodmally for aboat 40 um. It amounted to less than 5% of the total crosa oo

and a large number of the unmyelinated axons (Fig. 23d)
Mantle area of the CNS compartment

‘The CNS com: E:rtmmh of rootlets 1 and 3 e-sha Figs.
‘The size of mantle arsa of this mnow::; ﬂ?ompd ot 21d, 23d).

General organaration of the transttional region
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Cell population

The cell tion of the tranmtional region wan dominated by Schwann cells
(Figs. 21 a,b ¢ 23a,b c) Astrocytes were with very few exceptions present only in
the mantle zone 'Ihanmberohmucytnmmwc;ldm ganndﬁﬂnrm'rtl.:t. 1 2£d3f
respectively Oligodendrocytes were to the core zone number o

olizodand.rgcytalwmﬁ.mand 265 in rootlet, 1 2 and 3 respectively Microgiis and
pericytes were fow the former restricted to the CNS compartment and the latter to
the PNS compartment. Unclassified cells lodged in the funge and in the outer part of
the mantle zone They were found atall levels The highestoccurenceof

cells in one cross seciion was noted distally in the TR of rootlet 2, where seven
individuals wers foond ontside a CNS compartment whose cross sectlon measured
4000 um?* (Fig 22a)

Nerve fibres

The rootlets contained 441 1300 and 1359 axoms, of which 104 350 and 349
respectively were myelinated at the level C Thus about 26% of all fibres were
myelinated. Of these roughly half the number were small and half the nomber were
medium sized. Fibres 13 um or more in diameter i, large fibres, wers rare and
smounted only to a few per cent (Table )

The number of axora at leve! A equalled that of level D or C. However atlevel A
the number of unmyelinated fibres showed a decrease of about 5% as compared to
level C The myelinated fibres on the other hand showed a corresponding increare.
Figa. 21e,f 23s { and Table1 show that this increase concerned only the group of
small myelinated fibres which increased by 13 (25%) 46 (27%) and 41 (24%)
members in rootlets 1 2 and 3 respectively

The countings of the nerve fibres at 20 pm intervals along the transitional
showed that the er fibres entered the CNS distally to the thinner anes
21d-24d) For example 1n rootlet 2 30% of the medium-sized and 55% of the small
myelinated flbres together with some 80% of the C-fibres remained in the PNS

compartment at the level where all (100%) large myelinated flbres appearsd an the
~ CNS side of the borderline

The occurrence at different TR levels of the foar investigated fibre clanses — largs,
‘d-udiummdlmlll yeli d fibres and unmyeli d fibres — with regard both to
q d and ic zones | given In Fige. 2le f - Z3¢, f The large

myelinated fibres showed a alight preponderance in the dorsal part of the rootlets
both at level D and level AL At the latter level the large fibres stemed to aggreguts
in the outer sones of the dorso-medial part of the rootlets. Medium-sized fibmes were
somewhat mare frequent in the inner zones of the rootlets. Small myelinated fibres
showed at level D an even distribution both with reapect to quadrants and with
respect to concentric rones. At level A smell myelinated fibres seemed to have
concentrated in the outer zonas of the lateral and, particularly of the ventrolateral
aspects of the roctlets.

The unmyelt d flbres disclosed at a distal ref, level cither as in rootlet3,
a mare or less random dustribution or as in rootlets 1 and 2, & moderats
concentration in the lateral half of the cross sectlon. During the in the
pmﬂmnldhtcﬂunmhvdAthmwuobmwdndmmtmdlmimdnG
ﬁb;an.'l‘he-a axons :‘l;“ur;dur la:hemplat:ly deserted the inner rones of the rootlets
and became concen mn oater xone with a clear derance for ita
ventrolateral compartment. This is illustrated in Fig.24 whEpg.ﬁm the srelative
C-fibre occurences at different utes in proximal and distal levels as calculated
unit ares (1000 um ) (See legend to Fig 24) In rootlet 1 for example, ths ralative
occurrence of C-fibres in the ventrolatern] part of the croes section is 157 189 148
and 120 es estimated for the central apot to the cutermost concentric zone, of the
level C respectively At the level A of the same rootlet the corresponding values are
0 40 150 and 366 respectivaly Thus the Clbre occurrencs appears to have
decreased to xero in the central zone, decreased by 80% in the adfacent xone and
increased about three tunes in the outer rone
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DISCUSSION

Terminology
’I‘beplncefnnupinalmotoruaaninlneﬂUwhmtheCNSmeehthaPNerﬂu
many names: the Aufhellungezone (Obersteiner and Radlich 1884); the transition
zone (Tarlov 1837 Maxwell et al 1969) the entrance wne of Obersteiner
Redlich (Bossy 1987) the glicechwannian junction (Mincler 1977 and the
Schwann cell (McFarland and # 1871). The present work nses ihit
own definitions the designation stransitional regiom thereby refernng to that most
proximal free of & rootlet which in cne and the same -ecﬂ.onmntnlnlboth
CNB8 and tiseue This d.edgnnhnnhubeenadoptedfnﬂhufuuaw{nz
-Rag'lum was pﬂfmadwnd:tsrmaumm luncﬁonandbord.er

clsted with a more mudmthnnulndzmtedby
&modm-tnrmt »‘hnnﬁhmhmmndmmgiwmmmwmtba
conceptnal importance dmamcmﬂnbanzuthltmhplm-uhnawdnﬂhu
duu, for instance, the word sentrance» The use of designations like »glio-

and »gliaBch callbordenuppararl to be rather

nwkw-nbmrﬂybwumtheymfoﬂoonlymaum n?nh:-ﬁonﬂndparf.ly

the glial fringe where mmﬁ!ﬁhdwmmummwﬂ wﬂ.h
the Schwann cells 8 tn’mm»A v and slamina cribrosas mustbe
considered meaninglass and should be avaided. Both are based on preparation

artifacts: the AufRellungsrones develops as & result of extensive paranodal CNB
myeHn sheath splittng and the »laming cribrosas is the effect of myelin spliting in
combination with astrocytic shrinkage (see Carlstedt, 1977)

‘The concept »transitional reglons as here defined includes boxides the PNS-CNS
borderhine - FNS and a CNS compartment. Both these compartments roveal unique
morphological features Thus the PNS com. u‘fecr'menubowl; bigh cell-body con
profound fibre redwtributions and the glial fringe. The CNS compartment is d

Moreover

ufh[nodvukh.nnd:mn{ellmandamnnnchin croasing the
borderline ly imples 1ve ‘ in the number of

unmyslinated -ndmy;Imntad nerve fibres

Blood vessels

The blood vessels of the PNS com t did pot accompany the nerve fibrew into

the CNS com or did compertment recelve vessely

cu-rcl.‘l'bcF’P"J’..rnm‘u Mdmﬁcdﬂmrwthtnﬂhrmﬂmdmdmd}o{ﬂnh

spinal cord vessels. The reason why the S vessels did not enter CNS
Tha obeer. hawever

preven d Earnovaky

198‘1 Brightman and Reese, 1009). The 1ack of blood veasels menans that the CNS

rtment metabolism bas 10 rely on the diffusion of nutrients and waste
nrhfarudinumd:-tmunuudﬂ.lmm(cﬁmwﬂq?)

Unciansified cells and b membrane
The gllal frlnnmdnd t f
e nean ljmcen partlo the mantle

cell hich ft fc lm,po-i classity
actording to current critarta, 'n:yp;h:u'nﬂ 't::nul?vsnl of t.bl:;t::ﬂs were
invested by a more or leas Intect hsmntmtmbﬂnrluummdﬂmhal
:{‘hnf:f_ﬂww‘nd dPhtﬂrylg%yr};M sort of aberrant Schwann
Blakemors and Patterson, owever theirorigin remaine
bdnuunbtmmﬂmrdgnm:um). thelr forthetime
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The basement membrane which demarcated the ut.rocytl:‘rocum of m&u.l
fringe and the mantle zone form the endoneurnl space carried large fenestrations.
These were at sites levvrul m in size and formed openings through which
endoneural collagen intothe outer layery of the mantle rone. The posaible
barrier function of bnummt membrane at those sites where it constitutes the
PNS-CNSinterface hu been discussed mainly in connection with the occmrencs of
Schwann cells in the central nervous system (se¢ for instance Gilmore and Duncan,
19689 Blakemore 1978) Obviuudythcg:aemontmembmnaoﬂham&ocytu

be of any importence as regards diffusion of macromolecular subatances. Apart
from the [uctt.hnl it has large fenestrations both ferntin and peroxidase have been
found to pass the basement membrans of the external glia! limiting membrane
(Brightman 186> Brightman and Heese, 1069) According to Blakemors (1875) the
p-rearnceo[ubammentmembmnantthePNB-CNSbordeuhould prevent

Schwann cells from entering the CNS. The present observations suggest
prerequisite for Schwann cell migration into the CNS — the basement memlmme
defects — already exista in the npparently healthy cat. Whether the other
ingredienta — the Schwann cells that are free of axons — are also present in the
healthv animal, perhaps in the form of unclossified cells remains to be shown.

Praximal extension of the PNS compartment
In a recent communication Ralne (1976) has reported on occurenmint.herlhﬂl
lumbosacral spinal cord of rare small ialands of PNS tissue characterired
roomy collngen-containing endoneural space a lack of fibroblasts and a nervefil
population restricted to nnmyelinatad and very small (I 2 um) myelinated axons.
These PNS-areas were described as being »sstusted in close proximity to the entry
rones of a few dorsal spinal rootss Since serinl section analysis was not applied it
cannot be decided whether the PNS areas represented true enclosed {slands or
whether they in foct are but central of the PNS tofthe TRof
adjacent rootlets. The similarity in general mnlnﬁnn of the PNS areas asshown
by Raine (1876) superficially 1n the spinal cord of the rabiat, and that prucntly
noted proximally in the PNS compartment of the TRin feline S dorsal rootleta, the
extmdunofmeiuu(-rcompun.mmt{nurrwcan-furﬂufpmxlm-llytnmth-hmﬂ

[ ot e etenied w Tg (] 1

L o ] a = — l L] - 1 (1]

. L] 1 * n L[] L
- + n - L3 b=

The mantle zone
mcrouinl of the CNS demarcation line means penetration of the external gllal
complex feltwork of interwoven fibrillar as % and in the cat contains ronghly
per 10 um of CNS surface area (Williams, 1875
Carluadt mpubmmon) In the tranaitional region, the mantle zone is
the counterpart to the external glia] miting membrane
In the present work the slxe of the mantle-zone arsa was obtained approximately
by calculating the mantle srea of the sim, hmmm‘lcﬂ:mtowh{abmhuh- and
the size of the CNS com) lmcoulgb-exu-npolutod.lnmoﬂeh 3 the
configuration of the CNS compartment corrssponded ronghly to that of a cone
whose mantle arca was 22x<10* and 77 10 um ru-pecu ly In line with the
astrocytic occarrence (0.5-1/10° um?) elsewhere in the external ghial hmiting
membrane, the mantle zone of the two rootlets should contmin 22 and 7 7ﬁ:1m
respectively Blnmputo{thapmmﬁonnmhmp{cdbynmﬂ it te

ressonable to expect still lowser values. Actually the mantle rons of rootlet 1
ccntnin-dmnh'ocyﬂcpuﬁurynmdthntnfmﬂd}lmntdmdw i.e therootlets
contained 12 times and 7 times g» many reapectively Inthe

sstrocytes as expected
case of rootlet 2 the CNB compartment appeared like a proximal cylinder that was
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teanaformed distally into & cone of the same shape and xizs as that of rootlet 3. The
total mantle-zone area was estimated at 18 7104 um?* which glvesa maxmumef 18

n of sectiona at consecutive 25um intervals
showed that the true valus was 85 astrocytes which is about b times the expected
maximum value. The distdbution of the astrocytes in rootlet 3 was, in contrast to
rootlets 1 and 3, strikingly frregular 85 perikarya were present in the mantle of the
conical part (length. 240 um, mantle area 7 7x10* um?®) and 11 in that of the

cylh:dﬂulpnn(l lwum,mmuenrm 11 10* um") This gives for the conical
part an obeerved 11 times that expectsd and for the cylindrieal part precisely
'.hn value of 1

thmmm,dnumnhlpanuﬂhoCNSmm;-rtmm received 85% or more
n('.bnmyeﬁmtodﬁhrn.’lhhh.fcti.ud.mmh- ted by rootlet 2, whers on the
uﬂ:ubnnﬂcrnlyb-lﬂku{tbn enter the conical on., Here the
of the C-fibres penstrates the astrocyts-poor mantls rons of the cylindrical
partmlnt.
bud:zrounditmnb-condndedtb.l“hemlnﬂemwmﬂmfu
more astrocytes than expected This seems in particular to be trus of thoss of
tbeCNanpuﬂmmtvhkhrwdnth-ma}oﬂtynlﬂumnhmudﬁhu erethe

ut!wyﬂcmmmulmhtadwboabommﬁmtbam‘dmﬂw
value, As in d by the deation af the ey of roctlet 2, nethera
mmmu%mmﬂunnlhwofcmmm

astrocytis
to every 5 myelinated fibres — hdlﬂ!cnhtnnmluhanl howsver be pointed
out that myelinated fibres here mean nodes of v!ulndthntﬂadirhlp‘rhu{
mmmmtmmmﬂmmmmgﬁdmd

Dhstribution of nerve fibres
T‘leumnl.ndtbcmodmm—dndmyd}nnuddonalrmtﬁhu

mono- or dto}uint.belamnhcm
Ba::lﬁb'rﬂpcncﬂ‘nte{nwtbchmdafﬂn urhu‘mu”.b;:pmar
matter whers they ramify The undﬂn\mm
tarmln.-taoumlllofthn “
yunﬂuurnﬂmm.l(-au unqu]-L]m
Btu:lusodu:l,lm Wall, 1964,
) et Rnnmen s teralp
8131 1914 a, )m (1916) ala tion in the proximal
purt of fel doexal {. mmmm
routﬁlrun!.hay approsch zone of entrance into the spinal cords
separated to the periphery of the root. Wall (1862) on the other hand in a
nnrlynffdtnelumbcrdor-lmhdcm thntt.hc-hunyrpedﬁc tion at
of flbree at the root one, aud 8 hai (1984) working on the eat

and the dog hucldmedthdthamﬂﬂhm grouped the lateral
nnﬂand?no{ﬂ:urwdm&ndwdd,(lml)mnﬂznmdhmmﬁ
small and th fibres were
pnrto!lumhoncraldm—ulrwdu

In the present work the nerve fibres were found to redistribute during
!.hnTRrh.h regard to both mmmcmmwmﬂﬁ:{m
m utadﬂbrummdthnCNSu:mpamnmtumtﬂnd levels than did
linated fibrea and since the malority of the largs and medimn-aired
mye -udmumedm th.bcl'dqf“mdhhnyw}&nemdwtbnmjwﬁyolmﬂ
axons became
ln-ﬁ;ﬂh&u]mtbdmtbnlufmdtbgrﬂleﬁbﬂmhvﬂ-ﬁlndh‘md
vnln-fwﬂnnhdnoﬁhmmlntbeommﬂﬂhm;}:mﬂ oot

Ceneral orgarurabon { the tranmitiona! reglon

quast-
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quadrant ntlm]Amhlﬂmmmunthnn 1.6 timen that of the other quadrants

(x2.4 19and 16inrootietsl 2and 3 respectively) A com between distal
1a (D in rootlet 2and 3 Cinmn'.lctl)nndle‘vtlAlhowu t the relative C-filre
occurrmcalnd:coumrmmoﬂhe drant{ same 24

times. On the other hand ﬁ\mcakul:ﬁmn(,nem 24 and {tslegend)shows clearly

that comparatively numbers of C-fibres are present in the outer zones of the
other quadnnu asw

Qur conclusions disagree with Wall & (1962) opinion that there is no particalar

on of the nerve fibres in the proximal of feline spinal rootlets. Nordo

thapmantdlulendluppm'ttothuidu( nd.uuetu.l.,lgﬂ)t.hatpuﬁalud

‘hizretomy along the ventral aspects of lumbosacral dorsal roots should

cal regional pain.

uestion which cannot be evaluated until the amall fibre distribution in haman
3011-1 rootlets has been thoroughly documented by electron microscopy

Fibre number on the two sides of the PNS-CNS borderhine

Countings of the number of nerve fibres at the diffe Jevels showed that although

the total number of fibres mmusb]y the same at all levely, the number of amall

mytllnu'.ed fibres increased by 25% betwecnlevdj nndA.’I‘holucreuein
fibres was dby a tha unmyetinated

fibres This suggests either that some PNS C—ﬁh-n:- acquire m; presumably as

they enter ma CNS or that soms C-fibres never anter the xz:u.llcve\uﬂhaTR,

Y

reard
the present time. This wcmldmulm numerical analyxis performed on sections
could not, as in the present case, be based on
sections saparated by up to a hundred or more pm.
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Tabls |

Number of unvrysiinated and myelinated fibres end the occurmence of blood vessels st
four cross [evsls of the free proximaed part of S; dorsal rootists in three caty,
{1 = lorge 11 = medium, 1{1 = small fibras}

Bpecimen Level Numberof Number of mysinated fibres Number of

unmyslnated  Totad | " m veisels
flbres
D - - - - —_ -
[ 337 104 3 29 61 1
Rootlet 1 B 337 104 3 &0 51 0
A 324 117 3 B0 84 [}
D 850 30 10 174 166 L]
Rootlet 2 [ w60 30 10 174 188 ]
:] 860 30 10 174 168 4
A 204 0 10 174 22 [}
D 1010 348 ] m 168 7
Rootht 3 [ 1010 340 9 m 160 7
B 1010 340 9 m 169 7
A 089 390 I m 210 0
Table 1

Estimatiorn of length and mantie arsa of the CNS compartment and |t content of
Sstrocytes

Speoman Length {CNS Appr amaof  Expected rumber  Eetirutad numibee

COMpartment the mantie zone of estrocytes [n of mtrocytss in
{m) {am ) tha manthe 2one3}  the mantle zone
Rootiet 1 200 22321 22 26
Roatiet 2 420 187205 19 *
{T74081) a7 (s
{1008007! ma 112
Roothet 3 240 TT408 77 53
1} Corucal part

2} Cylwndrieal part

3} Based on eettmatiams of fulle external gilal fimiting meanbr e {09 astrocyte nuciel per
10%m )

Getrul arguniration f the tranaitional reglon
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LEGENDS TO FIGURES

Abbreviations oeed in fige and legends

A
BN m node of Ranvier
g Central nervous tissue
0
o4 Core tune
D Dorsal
D Dorsal codumn
DH Dorsal born
EM Elsctron micrograph
GF Glial
]l;u = Lateral .
t P!
o Light mterogra,
MB Myelinod bod:
MR v
gz Mantle rone
gﬂ Peripberal nervous tisroe
B Rootlet
] Root aheath
T Ui tbres
uc v} all

Fit. 1 Bebematic drawings howur 8, dorwal root (1), frontal section throngh
Pgion of 8 domeal rootiet (1D 0 the diatal pert of the gtia) frings (11T}
L The dorsal root 8, and part of its spinal card segment se viewsd from beh:
ﬂnhdmhyh&ukdum&d“wﬂnlﬂtﬂnﬂmlnﬂ.

L throwh the TR The and the distal direction
tﬁiﬂl’]‘”ﬂ":ﬁ.mmﬂﬁ re indicated. nfﬂmc-(A‘B_c‘D).ndm:;:
8ection levels through the proximal part of the 8, doreal

Spinal cord rootlet frnction (S]) be phece (Cp). The
msﬂﬂnmﬁmtumuudjmhdo “The tp of the g imes e
T throegh the stersotype part of some um 1o
Bot drawn to scale.

UL Artista vhew of ghial fnnwe. Only myeinated fibees are indlext.”
Pl 2 Dorsal sspect E‘iﬂﬂndbwerlunlm.

L. and B, The eft dovsal -t
‘dﬁnhzdnr—luﬂ:nlmnuﬂ. ml-ﬂ iy To L.

wdine stained Jorwritedinal it section 1,
P Tt ::mlmwmﬂ%mhﬂmm_‘—?
rée z
[rtpie} ot i darker ciained PND rases fe12 T e
serrated PNS.CNS borderline (arros) (23001 -

Ceneral orguniration [ th tranetonal reg]
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4z LM. Vestopml embeddad specimen. Tolaidine blut statned cross section of the dorso-
E{en!wﬂoﬂhcmp{nn]mdlndlnmhuohd}dnlnls do'ru.lmd.lrh.Armwlancu-tba
dorsomedial sukcus, One rootiet foins the cord in the d Tow
pale contral areas of the medlllruuddlmnntuﬁhcuhutmeﬂ-aolthc erent
siaining properties {CNSnndPNSmydln(an’)

Fig 4b Higher magnification of the rootlet «s marked out by double-bar arrow In Fig, 4. The
rootlet contains s darker stained ooter compartment of PN8 tiasne (P) andlighter stained inner
compariment of CNS tiseus (C) (x110%

Fix 5 EM Survey ure of w longitndinally secttoned TR of a thin S dorsal rootlet. The
spinal cord s in the bower aspect of the plctare and the PNS part of the root

ty of
hrmedbyth:mnnu-mn-dmwhichrlmuﬂthuzuﬂmm(ﬂnlndmddhvcﬁw.m
gtmIMnnmphpnneth--ndommlmn tthNmep:mmLTh-CNB
compartment consistx of a core zone (CZ) with ly ed myelinated fibres.
nodes (BN) and CNB borderline paranodes together with astrocytes (A) constitute the mantle
zone (MZ) (x1300)1.
Fige, 6-11 This sequence of electron micrographs shows six different crows levels selocted
from & compirte series of consecutive cross sections through the proxdmal free part of 2 8,

phcture 700 A)la givenin the lower

I:nf;;m-nerBevrnﬁbn-hl;btﬂ\mrkrdmﬂheihnhmﬁbnplaum),ﬂbruanndbm

umdnd(&mum)l fibres 1 4,6-nd7lre:md]my\:ﬂnncdﬂbt-( B um) (x1500).

shows higher magnification (x6500) of fibre L

Fub Bterent 'Enu(thtmuﬁu-enln-cmuudmwumdhhﬂymth-
proximal upper [imit of the TR. This posithen corresponds roughly to the reference level D

gven in 1 od3 Therwis noclear tion of varioos myetinated fitre types. Most of

:‘l;-)' mud(U)ﬂbrﬂmmpml-ylnlhrmdd_h:emodnmnmmlvmtk

o)

Fig 7 Distal part {ths TR as scen 1n & cross sectlon 200 um distally to the Hedt of
Lhmﬁnpcnummmd:muh}ywth-nfmkwIClupvm Figs. 1 and 51

w|
wp fth ghal fringe — lke-enn] in the immediate vicioity of
r?' im-p-nnnddmunn(g:; All fibres are of PNS type

ty 8 Dustal part of the TR sa seen 10 croes secton 240 um chstally toth  proocimal hmit of

mmspmhuncmpcndam\uhhwthanfmmhviOu ven in Figs, 1and &

are several deeply crenated PNS borderlioe (PN) brtw!mt.hlmu

oecwudhyﬂu;hnltrmxe Thre borderline node of bmih{mﬂt\uumd\-mmdth-
cture This appenred to be th most distal { all barderline nodes in this rootlet. There i a

myelinotd body (MB) localired in the lmocy&wmplrunﬁulnl.hcd[ht { the bordseline

i‘g‘?“‘

Fly 9 Dustal part of the TH as scen In 2 crous section 210 pm distally to the proximal limit of
the TH Tha poartion corresponds to  Lavel in hetween the maference keveis O-B. The PNS
compartment encloses the CNS compartment. Most {lbres are of CNB type and localired
inthecetre afth picture Themamnpart fthesmaller are in the cuter ronwof the rootlet
end &re of PNS type Nots the high occmrence { unmyelineted fibres (U) 10 the most
superficial mne fth roothet Fibye 1 shows parenodalco figuration (PN) The coce sone (CZ)
disclowes do-l%ktd CPiB myedlinated fibres. T‘he m ml 10ne (MZ) contains borderiine
nodﬂ(BN)lnd (ALTh glial{ringe

sitaated between the paranodal parts f PNS my hux!.rdulxn There areno eesels in the
CNBmp-nmm

bevel C was surrounded by astrocyhic proceeses has here som 80um farther

Fu_u Proximal it of the TR. The pomison of the section correspands to the keval A of Flg.
An;"pumnu:emmodmmﬂynmhdhmkﬂlmmdl Th rootlet 18 free of
vesee)
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mxtrocytic processns betwesn

Fﬂ:n:lnndzbuthcuithmcah borderline paranodes, are
bd.-t-‘dbyﬂn.ihlﬁ-l.ns‘, together with & nm of endonearal space that containe
collagen fbres (x4000).
Flg. 13 Cross section through th 1 (lower half of the ph and sdmcent parts of
the PNS com partment. The position of tha section js about 20 distally to the proximal Bmit
of the TR. The dotted Line suggret the course of the ﬁdﬂﬂntmmwm&d
fibres and collagen (Co) containing endorwaral space mm&rﬁdln Lblndmdb_}y
zdadmﬁemwhkhfmthﬂghﬂﬂdnn this proximal level of the TR

Fig. 14 EM. Mantle xons. Two myslinmd bodies (MB) are slioated close to the bordartine
segmant of & myslinated fibre (x) (x13000)%
Fig. 13. Cross ot bundles of and ) fibres d

Fig 18 m(kn-cupu frings. The pectures shows two apposed astrocyth processss (Ap
AE,)mUm-phm oo process contsina many fibrils scattered micro tobales and one
supplied with mﬂc:&t&(ﬂlm
Fig 17 EM. Manils rone. Large giioeome (2 um) containing a fine granular matrox (x21000).
F‘ll&.b mwmwbmmm‘.mafumhw
brane (betwesn arrows) cutlining the astrocyhic processes between the two
plcmrnhlhnnbum.(kphnﬂ n at the arrow with bar 1n Fig lﬂq(xtm)
Fig 19 EM. Cross sectiom throagh the glul fanga. Undasaficd eell (UC) sumronndsd by
basscownt membrane (arrows) ( 17000}
F%}i}ﬂ Bbl(}n--cﬂmdmmm.[nthhp-nddnmduﬁ.meuhmthzu of
Bﬂhﬂh‘t!‘ﬁhchdypuhdmﬁhu Lm..rmn!.nagﬁd A.u

hY
Wi lmPeuna 1970 rrmndad ud-r lnrlmuunbcrfﬁnﬂbo-nn—.
mm-i nuwmo::Ldmact:)dm mitochondria but o ghosomres. The cell body
contacts the mryetin of two adjacent fibres (arrows} (x5000)

Fir. 21 223 Qu part of 8,

af varicne the proxtmal part
dm-lroodettmn-:huﬂhrmc-hmmthl Kmﬂrwdttz chﬂg,roodda K1040).
@) Number of fbrobl

cells, d cvlla and pericytes ns found
m:-rcﬂ.mﬂ)m part.
b} Number of sstrocytes rmmdinm .ﬁm tha tranattional reglon
Bumbers in the boxs reprosen - “m‘m{n mmmmk
parts of the mantle zane

€) Nember of oligodendrocyies as found m 20 um long segmants of the traneltiona] region.

central fibres in sections 20 wam apart. The plcture akeo the

total arwa of the rootlet b line)andth sremof th mw-mﬂgm
) Dustribation of and

purbatkn hmq}mﬁum(m mmmmjdhl&dlne'umwm

VL mw»dmmmhhaanum 1 The 2132 of och quadrant s
mve in er:nrymh.’nnhynlmhtnndin (xntrllp-rt pk;mn&hnn‘th

r-nt- rnntbnc-utn];-nuﬁ.b-plcmn.

D) Distrlbation of flbres as three concentric zonm and the central of
rctrnmhd.A,B.CDmn; 1L&m~-rbinvy-muh~lnﬂ)¢m-g
motlet has its own area key val

General argantzation of the tracsitional reglon
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Fig. 4a LM Vestopal embedded specimen. Toluldine blue stalned cross section of the darse-
I.n'.arllpnrtothtqina]cﬂrd-ndumberafldHnlngB,dofulmoﬁ'h.Aan ndicates the
dorsomedial snkems. On rootlet joins the cord o £l The
pale central reas of the two medual e atn oo aohfas ot o oy oF e S
atnining properties [ CNS and PNS myelin (x110).

Flg 4b Higher magnification of the roctlet aa marked out by doable-bar arrow in Fig, 42. The
roatlet contains o darker stained ooter compartment of PNS tissoe (P) snd Highter stalned inner
compartent of CNS tissoe (C) (x110).

Fix 6§ EM Survrypkmnufuwmdhullyncﬁuwd'ﬂl l-than.dnrnlmueLm
spanal cord 1s sitnated in the kower aspect of the picture an part of theroot

I of
mu\edd:tu( phcture. The Interface between the PNSand CNS cou partments of the rootiet
formed by the manthe Tone (MZ), which gives offtheglial fri gw(GF) in distal direction. The
;u.n]rrlngena:npl.a part of the endoneural of the PNS compartment. The CNI
compartment conslsts of & core rone (CZ) with closely myelinated fibres Borderine
nodes (BN} and CNB borderline paranodes together with astrocytes (A) constitute the mantle
xone (MZ) (x1300).
Figs. 611 Thil-tqumuufubctrnnuﬂmﬂndrmdxdiﬂmt croes levels selectsd
from a complete serirs of consecTtive cross sections throngh the proximal free part of a 8,
dores] rootlet in k 1040. The cnentation { the rootlet 19 given by the reference
directions b LV veutral L. laterul D dorsal in the compaen caed given {n the wpper
right comer of ench pictore. Th section namber (section thickness 700 A) {s given [n the Jower
left cornar Seven fibres have been marked out, 2tsalargefibre( 13 um), fibres3andSare

Fig 6 Endummodetumin-cm-unjoumumdimnymthn
praximal upper limit of TR.T'hhpodﬂonmhupw\djmua:hlwahnn{mknlDu
givenin Figu. 1 and 5 There1a no claar of varioos d fibre types, Most o
(u‘}.‘m mated (L) fers oocar seperficially in the rootlet, The rootlet cantaine  veossls
Fig. 7 Distalpart fthe TRaaseenin  cross section 280 um distally to the I tmitef
d:mThnplmnunun-rupund:muhlymthlrefﬂmknlC(uﬁm Flp,lnndm
'nu hoktrua-cbonuoccwpudby CNS the

the immediate vieinity of

- ux:m.-yu procesees in

a l(-teuun) P"br-mp-nnod.]meniPN) All fibres are of PNS typa.

g B Dutnlpanul!}uTRunemm cmnncﬁm!wumdwllymﬂww\n!mllﬂmhd
the TR. This position rooghly to the I.densuveanlrl.llnd
There re several deeply crenatsd PNS bordetlin  paranodes (PN) | batween the areas
oceupted by the ghal fringe Tha borderhin nodeu{f\h!?uioundchnamﬂrmnmc‘fﬁ!
pxctare This ppesced t be the most dustal of all borderhne nodes in this roothet. There s
myehnod body (MB) localized in the astrocytlc compartment to the right { the borderiing

mdmanNBZpe Note the high occurrence of unmy Hnated flbres (1) in the moat

superfical mme of th roatlet. F bes L shows paramodal condf ron (PN) The tore om0 (C2)
discloses C?clniCNBmyd]m&d fibres T‘h-m.lmf‘ (MZ) contains bardertine
nod.'-fBN)u.nd n ytea (A). Th gHalfringe
2 mtnated botween th mnnud.l]p-mu!PNBmythnxhd bres. Therearen  vessels in the

CN8 compertment

Fig. 10 Tbelachmlvﬂlulﬂumm-p'rmmﬂﬂunmf‘m 9 Flrel whi halready at
reference level C was has hets, s0om 60 um farther
prutlmln!lhlﬂndm'.h-CNBtypn

Fig.11 Proximal limit of the TH The position of the section corresponda to the lvel A of Fix
1. Arrows point a1 the two most prouumally stanted borderting nodes The rootlet 1s free of
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Acta physlol. scand 1977 Suppl. 446
Prom the D o A Karolinsks Lostt
Sweden

Observations on the Morphology at the Transition between
the Peripheral and the Central Nervous System in the Cat.
oL
Myelinated fibres in 8 dorsal rootlets.

by
C H. BERTHOLD and T CARLSTEDT

ABSTRACT
C H. BERTHOLD and T CARLSTEDT Observations on the morpholagy at the

transition between the peripheral and the centrul nervous i the cat. 1T
Myelinated fibres in S dorsal rootlets Acta phymiol und.l 7 Suppl. 446, 43-00.

Myelinated nerve fibres wers sanalyned at their passage of the PNS-CNS bordarhne in the

(TR) {fefin &dw—hoaddabymuﬂuhtlnddmmw
At the PNB interisodst ength was 30% ahocter than noted further distally in the
root. Analysts of variance based on the numerical of varlous
not Sden that a myslnuted nerve flbre decreases in diameter as it pasess
trom the PNS fnto the CNS. There was a rough wxon sirs and
nomber of lamellas ko am sized fibres. In large filbres the number of
was and conld not be cated from axon #irs, The nodes of
Raovier found at the Hns an that cof [T}

wmber af the fihres laciced & bardertine node. In thees cases the CNB myskn aheath
wrintecrapted for hundreds of um into the PNB compartment where it was bya
Bchwann eall and PNS myelin. This rare arrangement wes teferrsd (o as a transibonal

myslinated nerve fibres of the mammalan peripheral nervous
g&mmmummmmmmmemmmmm(mm.

lllhxntocrm.thaPNB—CNSbordu‘Hm’I‘bh melhlp'mfuu.ndm
of the axonal sur In the one cell attends a
mﬁmnmmtdomdnglamnundmp]hthommdﬂmd-wm:m.
par ftoch h 't
1963,

thudﬂim[mmdfpwrlydﬂdopud(mmkwbyﬁ
1871). Thus one of features of B—ﬁbn
organization — the paranodal apparatus — appears to be virtually absent in the

Myvlinated fibees In the transitional region
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Available data indicate that the transitfon from one nervoas tissne compartment
to the other as seen in a myelinated fibre takes place at a node of Ranvier — the
borderline node — where an internode of PNS origin meets one of CNS arigin
(Foncdin, 1961 Friede 1861 Maxwell et al, 1989) Whether the berderline nods
consists of a typical PNS half and a typical CNS half or shows a preponderance of
elther pattern or whether it possesses certain unique features {s enknown. In
connection with the PNB to CNS transition of myslinated flbres the current
literatore supplies confli dnta as regards soch functionally signifieant
parameters as axon size, m; sheath thickness and degres of fikre branching
(Maxwell et al.,, 1969 Ross and BurkaL 1971 Fraher 1978 seereview by Gamble,
1976) In no case have comparisons pﬂfmodnCNBmdPNSlcvtlluldm
lmenmAdArtdnenalledionnnalgd.lolth‘myeﬂnlud as they appear
in the tranmtional region itself would then obviously provide straight forward
information on many an obscure issue.

The present study denllh'zqunlluv-nnd uanﬁuﬂvnta:m.lwllht.be
myeﬁnntrdnurvaﬁbfunfthedurulroot& onal region (TR) as obeerved
light and electron-microscopically in the adult cat (see Berthold and Carlstedt,
1977). In short, the resnlts — intended to serve as a standard for future work on the
development of the TR — show that there s no differsance in axon size on the two
sides of the boarderline node, that a recalculation of axon sizes and myelin sheath
thickness to the native condition gives similar CN8 and PNS values, that besides
borderline nodes thers are also transitional internodes and that the organization of
the borderline node discloses uniqne features, some of which might be taken to
support the idea that the paranodal apparatus might be the PNS counterpart of
astrocytes related to the nodes of Ranvier in the CNS.

MATERIAL AND METHODS

Fight adalt cate were h d i lly with wmg/llBW and
artifically veatilated with 100" oxygen The kower spinal cord was fixed byv-cul.lx
perfanon of & solution containing 7 glotaraldehyd for 2 mumutes. The specimens,
eongisting of th segment 8, and its dorsal roots, were removed by a laminectomy which
required 10-18 mmutes { preparative wock (see Carlstedt, 1977

Teased specimens
Bpaﬂmmd4uum-nnmnnnmmudfm.mmammunb-ﬂnmddx
roots were carefully tensed wnder a d
Ex of dal length Teased were omml ’forlhaunlnﬁ()aoh:
300 mOem Millonig buffar and moanted in glycerine on In order to
mem'.bnrpaﬂmm:-mplofldh-lnup-wum mplacvdm:r.b-ll.lncﬂda
lmzﬂ: fibee were determuined In

! in e n{uumid u{thnmt,tdnl
u scale in the eyepiece {n[duu;htmh:mompv pest

NADHdiaphornse actirnty Teased spectmens were incubatad at 37°C for 30 min tes in &

containing NADH -amhttnhmdNrt:mBTu reagent (Becker et al. 1560
B-(hddlﬁ d, 1967). 8 it in & medton withont substrate served as
mmhAﬂumhﬂnnﬂnlptdmmlmbﬂuﬂydntdmLthmbuﬂﬂ moantsd in
glycerine on gless slides and
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‘were
1977). Tha spech were, after cath tion and Vestopal-embeddi
ﬁ{mdllnlﬂv[:‘*&hwm hhhme.nnﬂnlllXBllmPynmhnmtmdum
sectioned o UAlm‘ rp-dmen-mmdull(uﬂonmedruruu-
sctioming to thedr axis and
mmmwwﬁg:ﬂmumww w‘lﬂdh‘lﬂ!hﬂﬂ
tedinel axis of the nerve wert obinined by sectioning the rootlets §  the dorsoventral

%
with & carbontablltsed formvar film Aﬂndnuhl-ndntn‘mmmn acetate (Brody,
(Reyniolde, 1063) the sections wers « Philips EM 30
ted t 80KV and equipped with a 30 objtc&w
Bections for ligh 'y (@5um thick) wers placed o e and siatond wlth
N and din & Leits

hm type 1 (D 12um), mediom, type
I.Hhie D lium)nndm]].t 1111D epm)ﬂhmﬂnat}uschnhﬂnnmdjm

ﬂmcnu-p-ut.nmmﬂ a3 sepurated by Lioyd (154%) with to canduction
velodty the proper

the thickrices as from
‘mystn [malles (n) imes the adginal myelin pardod given se 180 A (see Finean,
IW)mdlwAb-nH]JdtbrlndnuiHﬂIhr 1974) tn the PNB and CNB respectively Thes
DpNg 11dpNg 2x180npNS, DeNg 11dONS 3x150 nong. The PNS and the CNS site
of ane and the same fibre wers estzmated 100 umn dustally and proximally to the PNB-CNS
borderlite respectively
The axon size () wes determined both 43 the length f the axon circumferncs (e )
measared with m.pdhmmmdnmdum.m 1 the a10n Croes-section Ares (aeres) B
-ﬂmbdhypl-mmtry third estrmate of axon sre. &rutio. was obtained by the

ormmed
'hmth-hmeﬂ.np-nn-nmmlu od distinct and where the coxrse { the
hmnﬂumm\ the direchon of sectioning Sharply carved parte of the shestha were
weddoed ng (UL
that there 1s & difference |  fhre size between the investiguted PNS and

The h
CNg wd tesied by an analyn of vanance. First, the difference in axon sire was testad
“"-Dltlthu(ﬁuu:m -nm.tu(ujgu,- roa and

)} separately Then the native
caleulated Dovalues wers aceording to the analysis of
CV valse. Not mmtdouttnl:-'.henﬂowhkh
haa the orm‘hm:onl:m.m-ml nlya-fuzmedmthl.haaﬂof
competer (IBM 370/156) and lmndnrd

The 1w ber of Se. cell -n-
Wmmm@ k«h {mes mu.ndT-bhnum :m
wa_then plotted to scule in  diagram with ref rence to t.hc
node. Bincs the sam of the ares between the plotted lin - and the haee line exprosses
tb'mnmmhucbmdmﬁmmnhmmu.mhuu« eetimated

Y

parameter wan
Thess on 27 fibres (3 Obres of each
animaly, of type

My elinated fibees 1 th transivonal re
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mmﬁdw:mdmnumtmnmmmumlmﬁhdthw
axon membrane as soen in serias gitodinal sections. The is given as the mean

section and two paramedian sections located symmwtricully between median section and
the axon penmeter In'.hnnmew-yﬂumunnlmdthtknﬂhofthltwm]nlll’NSlnd
mmmmmmummmmmn«ium (nd)rn
measured in the median section and d by the factorof 11 A n

the nodal axon segment ia a cylinder its membrane arwn (A) is very simple to calculate, viz.

nd 7 nl These estimations were performed in 18 fibres (2 fibres fenchtyp.inuchofﬂ
animals).

RESULTS

Internodal length

The internodal length measared 200-1000um In PNS borderline internodes.
Halfway between the spinal cord and the spinal ganglion the Internodes messured
300-1500 um. At both levels internodal length was linearly correlated to filkre size
with a correlation coefficient of 0.85 (Fig l)Inu'rvan]cu.lultwn.l noted that the
{nternodal length along one and the same fibre increased gradually in the proximal
to the distal direchon as seen from the PNS-CNS borderlins and for m distance
corresponding to 34 internodes

Dustribution of NADHydiaphorase activity

The d.lmﬂmtbu of the enzyme activity in the PNS mmputmeut of the TR
wth the fon of the PNS to that given

elnwhm for feline dorsal root fibres (Berthold and Skoglund, 1867 Berthold,

1868a). PNS borderline internodes thus revealed the rather stereotype pattern af &

lcﬁnty concentrated at the Schwann cell um-u.d.lﬂ
Jproximally and dimally ke delicate longitodinal stripes broaden

ud:ﬁymdtorminated.tﬁ]lnmn]adﬂk mdmmthenoda(ﬂg%).

the blalah-b coalesced and Jost

Lhd.r idmdty some 510 um away from the node. This gave the pictars (ﬂz.h) of
bulbs that contaned irregulariyshaped pools of enryme activity that
eﬂended u? to and sometimes coversd the node g
nmally

wtheburdﬂunonodethemmdtycfﬂnmmmlwandih
d.hu-[butlun was uncharacteristic.

ATl controls wers negative.

Fibre parameters on the two sides of the PNS-CNS borderline

Aron diameter The analysis of variance (Table 1) showed a low significance
(p 0.05) with regard to a PNS-CNS differenice {n axon sizs a» estimated from the
agirc.and the aarea Int.hac-nu{thanm'gm ‘was no difference between PN
and CNS size. A com avariables uxing the coefficient of
vanation (CV Table 1) showed that the aratiohad a smaller CV and hence was the
test variable to be preferred to a4 and marea,

AMyeiin lamellae In penipheral myelin sheaths the number of myelin lamellae vared
between 20 and 130 (Fi .) and in the central myelin sheaths between 10 and
180 (Fig mThmmlmmotlmﬂnoumhﬂomhbbetwmumbnd
lamellss an fibres where the number of lamellne varled
betmnm-lomn LhaPNSu-dbttvemlD—BOinLheCNS.IAxmﬂbmmnmin-dn
highly variable number of lamellne.
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When comparing the number of lamellas in the pheral and the central myelin
sheath on the same axon (Fig 4) it was noticed that the smallest flbres (small
group [II fibres 4 um) had fewer lamellas in the CNS than in the PNB and that
the sitnation was the reverse in medium and large fibres. The PNS myelin period
(Tehle ID wus 120 & (1 5) in all fibres alike The CNS myelin varied between
81 and 117 A, being inversely related to fibre size (cf, Hilde 1872).

Fiber gire. Recalculation of myelin sheath thickness and of axon sire to the native
mndiﬁoumbledt.h‘wholeﬂhmdmﬂ))wba-ﬁmamd.ﬂlBlhcrmt.hmtha
PNS D-values of the smallest fibres ( 4 um) are larger than the

CNS D-values Fibres m Lhan4ummdmlhuwnmmorla-con
l{mﬁon.AlmlnleloH(hume‘nvnlumtmthawholoﬁhvpopuhﬂunwi
n.-rudtnt.thNEundCNSD—vulnuind.icnt.cdththaCNSparto‘lnﬂhnﬂ“
be somewhat thicker than {ts PNS pert. This difference is also evident when

the analyxis of variance (Table ).

The borderline segment

This part of a myelinated fibre found at the crossing of the PNS-CNS borderline
ctmnltodianeﬂnmjuﬂtyofﬁbmufnPNS(dhu])bordu-ﬁnnmmnodn,u
CNS (proximal) borderline parmmode and, an intervening border node of
Ranvier Afewﬂbrnhckadnburda—llnanoduinvh}d:mmmunintmpmd
CNS mysHn sheath crossed the borderline. This arrangmmnent was referred toasa.
transitional internode.

PNS borderline paranodes In all but the smallest fibres ( 4 um) the paranodes
were characterized by a high content of Schwann cell mitochondria (Figs. 6 8b 12)
hdwlmdmﬁnﬂmwhlhmthm(ﬂgwmwghumgnd
Tlhl.ﬂf)'l‘hﬂlangﬂ:u{ﬂ:-pnnmdmvm-‘lﬁumabomlOumlnnnlllﬂEn—um
#bout 40 um fn large ones.

The paranodes togetbnmtb-rmundlnxmmeﬂdnmdﬂ:emdmmm]
space, wers as a rule isolated from neighbouring fibres inside a holster of closaly-
packsd astrocytic processes
mmmﬁafmsbdtmmdddm&mthemlc
the mantls rne. The mdtuatcdltthabowxm(pmxlmnlmd)af
the endoneural cul de sac. The larger the flbre the longwr (or dseper) was the
holster its length varying from 20 down to ouly a few 'IL:L'I‘balumen a holster
adapted its to that of the enclosed paranode, tervening endaneural
p mewsured a one um in width (Figs. 8a, 10a). This arrangement restrictsd
or perinodal space, the latier being more or less replaced by the

processes.

In contrast to ardinary PNS p. des borderll d mysiin
crests that dseppesred several lmumformﬂnnod.a(ﬁgﬂh).l’wximnﬂymthh
level the carda of Bchwann cymplumufmndntdlcvdn}o{nudnndoﬂm

lmono-rlu-mmmoncyud;ﬁunﬂcmpum-ut mitochondda
122 serveral mmparhnmtmmdﬁcloutoth.nnda.m
ncniu tmvurodg.nafgmdn{lpm: 12) In the Iatter cases Schwamm

th.nod. straight into
Thlhlamt (bets of p dal Sch call mitochondria were noted in
crows sectione 3.7 um from the node gup (Fig 6). The countings were here aboat
300 Mmd&)mltnd:mdrhmmneﬂnnmlmlu}}mdimmdmﬂ

lrbl&lry\mhxﬂ‘uhlom.nd G)Vruin'.ha-mcﬁbntypuloo-mo 40-80 and

110 respectively The anwmuhh pcr.nod,ul
itocherriria, 1o At o s i

Myeiinated fbres in the tranaltioral reglon
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contained eectron-dense granules 200-300A in size (presumnbly gl ),
m Hnu-kdbod.nllﬁuminthGrnnldbod.!ﬂOb-iﬁmfndhmctnw of

low-density
hpld droplets (cf. Berthold, 1988]:)

CNS paranodes. The contour of cross cut paranodal CN8 myelin sheaths was
mndadnndhnkzdmyaﬂnuﬂta(ﬂx 8d). The paranodes plerced the mantle xone

d ded by astrocytl and perikarya (Figs. 8, 9).
gthwt::m mby apeﬂhmwwmchiniﬂmh&ytlinddbodiuup
to 10 s1ze were common outride the CNS paranodes (Fig 8d) (cf. Berthold

and tedt, 1977)

Barderline nodes Thand&snpcmtmtmuumladiumnzedtumenm
by tiny empty—luu torn spaces. The ga, mnhlnedinthdr & corona
{ ped wann cell mlcruv}mill.l BC.B I(h,b).Tb

frregularly-sha astrocytic extensions (Figs 8 PTOCOSMES Were
-ummndcydbylﬁndymnnh:nodugnpmam subatance. The two kinds of
processes radinted towards the nodal e, termunated 50-100 A
awsy from {t and eccupled each about haf(tx({u srea (Table IV)

The axon diameter was reduced to less than half of its internodal size in thos
segments where the PNS-CNS-myelin sheaths terminated and in the intervening
uodﬂﬂmLﬂmﬂmmdimummmmalmtdn:ular ’I‘h;;nmﬂed e

i Jea.

d tubreles,
axon segmment related to thn PNB—u:gyahu sheath \‘.m:ninnﬁcm, and adjacent parts of
the nodal axon Intion of 200-300 A-large electron
dmsemnulel(Flg.m(d.ButbnlilmbLThalenRﬂ\ufﬁnnodﬂtmwmt
was about 1 um in all fibres and its membrane area measured 1120 7-8 and 26-
Sum in large, medium and small fibres respectively (Table IV)

The borderline segment of the smallest ( 4 pm) flbrea was of a simdler general
outhne to that described above. Tha node gap appeared however more roomy and
contained broad Schwann cell and astrocytic processss (Hgll). The puﬁpbml
paranode uhowed fsw-ndluw m}rzlln:retu and the outer Schwann call
compartment vely few hondria (Table ITT, Fig 8).

In two cases out of about 1000 inv: d fibres axon bifurcation was noted at
the borderhne node (Flg 13) Apart from the bifurcation the borderline segments of
such fibrea wyre morpl obg‘lullydmﬂurtnm—dlnlryonu.’[‘hcbrnnchum
thinner than the parent fibre,

Trenstional internodes Fach rootlet contalned superficially in its PNS
compartment one or two medinm stzed axons (Le. leas than 1% of the m:
fibres) which for about 150-200 um were aquim with both a central and a
Sm
& axon,

peﬂgt}-‘n-l myelin sheath (Fig 14a) The CN sheath was teleecoped inside
the PNS-myelin sheath, both surroundi

Bmhubmnntﬁbmmdnodoﬂ.hefo mnmmcluuruuhmadinﬂn
centripetal dir L compartment of the
Schwann cell, peripheral myelin sheath h:u:sr Bchwann cell compartment,
astrocyte cytoplasm, central myelin sheath a thin, bly oligodendrocyte
cytnp!.g::;icllm -nducenh-alumgm 14n,b) The plasma membranes of the
inner wnnn call t and the astrocyte cytu-pllmwmnpnlmd L3

oe 200-300 A wide. Tmmm it

m mtray line at the zone of contact (Fig. 14c).
phd'llmy\llnlhmd:mhubdnttbelurtmqf&nmmﬁlmnn.h

sheath (Fig 14d). The 8chwann cell contained in this position more mitochondria
than were observed intarnodally and the proximeal end of the outer Schwann csll
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compartment formed & few ahort and hroad processes, Fiseures, both in the myelin
ding gHa were passage of

sheats and in the t the borderli
tranmtional internodes,

DISCUSBION
Thwuhlnmofobtnlningnlh—mkncmmllé}‘wdlmud myelinated nerve fitres
at thelr passage between the PNS and 8 compartments in feline 8, dorsal

Tootlets are great and have been dealt with in a preceding communleation
(Carlstedt, 1977). Although that report showed that it was ble to improve the
preservation of the myehn shemths and the glia considerably none of the
preparatory methods tested also gave a fully satisfactory preservation of the node-
gap utrastructure. Torn spaces and disarranged Schwann cell and glial

mmhnﬁynobdnlmnltmudmintbanpsuﬂlmnndmtd}mﬁud
fibres. Hence, estmations of n p volume and the number and the ares of the

nods gap cannot be ‘ormed The preservation outside the node ga
may on the other hand, be regarded as satinfactory (¢f Carlatedt, 1 and
data obtained from measurements of such perameters as mye]

axon mre, length of nodal! axon segment and so forth (see under Material and
Methods) are considered reliable anough to be used below without further
comment.

Axon gire. Axon slzs (8) was estimated in thres ways: faregand nnthe

length of the axon dircumference, as the axon area and as the area to
cirenmference ratio vely Using these thres avariables the hypotheses
concerning a difference aPNS and aCNS of the same axons was tested in

that sxon sits remains

Myelin sheath and whole fibre diameter The plotting of PNS-axon diameter (from
mmhnmhu{mmnﬂn?nm gave & more or less
ear relationship in axons 14 um in sirs whers the number of

varied 00, Rectilinsari

ranging
outside the largest mxons (10-13um). Thus it appears as if a myslin aheath
Lhk;knmo{lwmohmaﬂumﬁdnnmdmttnmhﬁmlnbothm-nd

Myeimated fibres in the transtional reon

.
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Fih'rubelunsinzlmﬁmpludePBum)cnrﬂodmnvmgeufMlddiﬁuml
CNS lameilae In group 11T fibres (<4 pm) trangtion into the CNB meant &
loas of 10-15 lamellas correapondin g! y to 25% of the PNS number Theluah
group 111 fibres (fibre size 40 pm) dideon & acquire some additional
in the CNB. Hence ita as if axons more 2 um in sdze roughly increased
their number of m; amellas by an average of 20-25% as they reached into the
CNS. Whether the higher number of myulin lamells along the CN8 of an mxon
is mgnificant in terms of {mpulse tranamission remains to be s In fact,
mallﬂbre-nhuwvdnoCN PNShmeﬂnrdiﬁcnnmmamnnmﬁveona.
The common dure used in
dehydration and phutk: baddma. during which the intarlamellar ahume of
myelin lhnnhbylbont40—60%(fmm IGOAmwA)lnﬂnbnntm(ﬁnmlBOAm
120 A) in the CNS and the PNS, respectively 960~ Karlsson, 1
Hilde and Moller 1974). Bo in the embedded condi onthaemlnlu:tfew
fibres that reveal 8 CNB myslin I.ng}u‘r that {s thicker than the PNS one (.
TableII) The difference between the CNS and the PNS in interlameliar distance of
freah myelin means that the CNS part of a fibre has to carry 13% additional
lamdlul if the CNS and PNS-myelin-sheath thickniesses m to be equal in the

unfixed condition In larger fihres where the preparative CNS shrinkageis
B0%, this means that a PNS-m lhanLhuIIOOllmaﬂuwhl when unfixed is
of the same thickness as a 11 ellar CNS sheath will after appear to
be about 25% thicker Thus the CNS nyelin in must, if it in the embedded

condition 15 to be of & thickness equal to that of its PNS comn consist of 150
lamellae It is then obvious that CNS and PNS myelin aheath thicknesses cannot
be compared unless they are recalculuted to the tnfixed condition, Maxwell et al.
(1963) who stated mgmamlterml.ﬂmlmyullnlhnththlch:mdmmmutho
fibres enter the CNS bessd their concluslons on monkey flbees. As Ja

also found in the cat (Fig. 4) very small fibres ( vwgl:lnt:r-amclhu:nyalh:\lhoaf.h
thickniess as they reached into the CNS. ted values for the whole fiber
population indicated that CNB D-values may be somewhst larger than the

d spinal-cord specira (among

d and %&}mdnbmndandﬁkoqlund, 1871 l)-&mw howsver
thutﬂlam’mlpuflam bres definitsly are thinner than the PNS onea
Conduction velocity is also rupu'rtad to slow down after passage into the CNB
(Lloyd and McIntyre, 1850- Colhins and Randt, 1861 Petit and Burgeas, 1968;
Brown, 1868). These differences between CNB and PNB fibres are currently
explained by fibre bran at the CNS entrance. Yet since branching was an
exceptional observation in fe doreal root borderline nodes it must in the cat bea
phenomenon of more centrally located nodes.

Intwnodallalnh-ﬂurwﬁunmrlnm(nmmnodnllmgthwnhlnamdnﬁ

decrease
length was not sudden but gradual, cunp-rlnnz'.hshn24PNSlntm-rmdu
Provided that other filwe factors remain eqnal, a gradually decreased
lmgd:nnhuuldmelnnz‘mdm]ly lnu'\sasndd.epc noda’ cunmzlni‘:
Tegards safety factor in
o i e whers e paseage 1t CHS Sk P S o 1653 T
mpupme!meﬂtm nods. P ™ 9
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The borderline node As already pointed out in the introduction, there are stdking

differences between the structoral orgunkaton of CNS and PNS

regions and it Is onable whether the terrn paranodal apparatus is at all

relgvant 1n the Two of the three moat characteristic features of the paranodal

lp-pm-lm are limply not fmmd in LhadCNS and tha third is u‘nly mdih:?.ed. Thus
th

y an Ve proven
1o be exclust ,nPN inlizati (d.BErﬂwlilme‘H.ﬂd.thmilml)’I‘be
mdrqnpcmmofdmulypacked&hmnmﬂmimimthuinmmnnmtha
lmmadinf.avidnltyoﬂ.hunodalumn with the hondrion pools is in
the CNS3 repl di tary-looking astrocytic Mm’ecrnrt.bﬂ
Dode of the P! Smmrrcrundedb a tively volumf Tlul
space: the endoneural room In the Stbeﬂmuuhrlmuhvﬂ'ymnch
restricted and forms a labyrinthine system of extremely {lat spaces (cf. Bunge,
1988) Features that, an the other hand appear to be commen to bothCNBnnd
PNB nodes aro a coated nodal-axon memhrane which variss from 3 um to
‘with increasing fitws sixs (cf. calculations iy Berthold, 1968 b- Hildebrand, 1971) a
nudn-pg:mhnnmﬂmtpvuapodﬂvarmcdonmmuon acld mucopol
e-,lndnoda-npwulhfocmodby yelinahsath terminal
pockets (EHwm, 1061 Berthold, 1968 b Langley and Landon, 1969; Hildebrand,
1571 Hildebrand and Skoglund 1971 b). Hence, dncethlp'dndpia of impulse
conduction sre conmdered to be the sums in the CNS and PNS (Rasminsky and
erglm-nﬂabhdaumtnnnplythnunalnbunm apparatus
should actually be insignificant in terma of impulss geners and tion.
The present resnlts indicats that the borderline ode region {n several
respects resembles what rmght be called a PNB-CNS compound node. This is
clearly demanstrated in series of sections where the separation Hne runs in the
midd]lufumdnnpwhlchiniupn-lfhar-llnﬂlodm.mhovﬂummdmt
more distally i call
mm-bﬁmimmmmﬂmmnfmﬂmtmm
‘The slz6 and shape of the nodal axon resembled those of genuine PNS and CNS

In contrast to ordinary peripheral odu.l.bmau{dubu-derline'ﬂmmt
mbulmndmdimlndﬁum:haﬂn their
m!tﬂnmwmluduvdomddmmtbomdauwl accumuolations of
ce]l very close to the noda gape, at some sites
u(t.hcxlp(-ael"'lalm Belidclt:lr'hﬁuntnnwoqﬁn
P'ﬂkﬂTYl(-e-helcm)ﬂ:o CNS-borderiine parancde appeared similar to paranodss

the
bordarline node of Ranvier is & compound PNS-CNS node with same unigue
of the amount of mitochondria in large (group I} borderline PNS-

E 'im(b-r'n‘u:m.-ll— 4pm — gmupmﬁl;-ru) the larger
developed_apparatus whers, m-tn-unm.um
mitochandria mpmywimﬁhn-im(bmmlundnﬂbm)(:ff

Carlstedt, 1877), the mantle-rone
10 the external glial lmiting membrans which s formed
feltwork of estrocytes and it was calculated tha the cccurrence of b comvies

Myslinxied fibees in the transitiosl

q{

L
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LEGENDS TO FIGURES

Abbreviations ased | Fige. and lagends

“gTREECETROETR
é

Fig. 1 Inmlkn(thlndﬂlrrtﬂ‘m&uhﬂns‘,dmlmdfmdlﬂ cats
measared in tusted periph (D]

-~
xl o RP) and in internodes
situated half nybutvvmﬁ:nplnﬂ cord and the docaml root gangtion (DRM). The regreswion
Iine for DRP fa, y 40748x 184664 and for DRM, y mmvx 354.007
g 2.3 Nnmh-ru{my-ﬂnhmdlupbﬂ.rdudnn s calculated from the
ntle

between mxon rve an et th PR e ndeNa(mssm
du-mmmhmn ibe Hifferent snicaale.

af three cats. The symbols refer
Fig. 4 Difference in number of myelin lamellss bdv-tnduCNBlndPNBpumdlﬂtn
pmmmﬁmmﬁw&mmm{mm and Jength of

dation & Figs 2 and
mu c-la:l.mdmﬂmcmﬂhmdhmmcuspl sgainat calculated native PNS
dh::;gr salid ne whers Doy DpNg Seme flbes popalation as b
Fige. 2

g o cell mitochondns within 100 um from the bardetline node

BeRptn .J“’“"m"m “’“”"“m""";?.&"&m“f ot
£ .

%ﬁnmtzﬁmwmﬂm iched Hoa) was inctoded (fbre No. 3

from Berthold,
Flg. 7o, b LM Teased 8, dorss! rootlet. md:hc N)A::]d.n d
activity ) distal (b ult.anNSbcrdmiiu
mmdlmydlnmd In contrast to the r in the
m)mmdmmwahwmmmmnml
{arrows) (xLIO0.

Fig 8 ad FM. Crossesctions through differsnt levels of the barderiine segment.
) Section kevel 18 um distally to bardeciin node. Intervowen astrocytic procasses of
m:mmmmmmm-mmmmmmm.mhﬂ:

The mywlin sbeath el
the farrows betwesn the myelin crasts containg
m sy conf mhndmndﬂ.mdm.mmmd

b borderime node. The myeltn eheath fs of an ovold oatlio
and has started it wncolling Lb-nnn.'l"bchh wann cell cytoplasm s acewrmlated
large cohervat compartmant (8) with mitochendda (cf. Fig 7a) (x200). ton

Myshnated fibees in the transitional reglen



MATERIAL AND METHODS

Ef udnltc-u,hndywelghtf!-bkx were aniaesthetized intruperitoneslly with peniobarwal,
w'r:z/‘uﬂw and artificislly ventlated by oxygen administraied thmxh-u:ch-l
lmlmuunl-pﬁm]cnrd-ndlumonmﬂ by vaacular perfusion st
Phosphate buffersd 5% xlutaralichyde Dorual rootieis belonging 10 the segment 8 voe
cerefully removed together with amall pleces of the ndjoining apina! 2} cord white meser
postfired, camicated dehydrated In scetone and embedded in Vestopal W {fac detal
Clrldtdl,l
e Veviopas were before pectioning trimnred Into the shapedls
toess wring & LKH L1800 tome Ultes-thi mmﬁmmlnuﬂ UT:'
y to pale yellowish- lamrmpmdlnxm-ncﬁond\}dmuo{-bcmbmlm
ge‘wchly 1956} were cut on & LKB 4300 Ul Three serles of Crowt accom
comprnang 10,000 6000 and 5,500 secticn and four seties of 200-1000 longitodinal wram
wers made from the transitloaal reglon One series {4500 croas sections, as well s
croes and longitudsnsl sections, wers manuf ctored from the part ruurootdtu\rd\ﬂﬂ'l

between the gangilon and the spinal cord, The section thickneas varied between G000 Amt

muwﬁdubymmu&mﬂmdmmnﬁmggnmm rmdan.nh-aybﬂ

Thekoss one was 1% Tha sections were

with a carboo-stabilired formya fUm, d i —'rh.hurnnyllcruhmmylwd

h.ddh-tr(HrynoldJ lﬂm)nm‘lmmlnedh-l’hmtnm M electronmicroscope
‘The cahbre spectra of d fibres were eot Leral and thetesrd

wire nalywer (f Romero and Skoglund, 19631

Inthe cass {7 fibrws (3 of ruch antmal] their sizes wers mesured at 10 um frarpsk
Munmwmmmmmmmmmxpmrmm Farbs
ofx i flewth

uldndlﬂ'mtlewh-ndl-cn]oafpn{ormed
wsed Theae fibres 1 fully tnnm*"
a distance of 100 um mwmm.ﬂm an.hhnyﬂn-hmlnl.emod‘lh“
observed nfong the CN! nnfbrrn wtimated,

Schwann cal iraclenr length ad Schwan cell Infernwcieas distance were extimatrdai¥
bundles of unmyslinated flbres from three cate. The mensurements wery per{w-'“

consscutive §um intervals on pbntu:o;u- x muom). Ax a control intervening s
refresenting 2um intervals were checked in the electron microscope.

Termunology (mee Berthold and Caristedt, 1877). Tha transitional resion (TR is t™*
1000 12n lonig segment in the proximal free part of a rootlet contalning both CNS and P
tieswe A cross section throegh two

P of th | fringe the ¥
emapating from the manthe tone, + ella ner

RESULTS

Unmyelinated fibres distal to the transitional region

The unmyelinated axons constituted about 75% of the total number of the per®
fbrs n the teseoiype PN part of & doraal ootlets The .:on-l showed 8 rowd
crose-section contour The

previously described by for
fibres were

1975, 1976.) The ]

i d in bundlen connecied #
Behwann e (P 1) The bondic consistod a4 & mean valas of 1 (5%
n=30)fThree at the the Schwann cel] nndou.Anlruk-!

‘ep;nudfmn-dhuntmbynptuofschnnnoeumophsm All fibres of$
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bundle could sasily be followed in serial cross sections for ap to vome 200 tim
myma}mdimmmuorlhﬁh{npomﬁon(dmofmﬁonﬁeld_lo(um)(d,
Gasser Immwdﬂlmschmmmﬂhmndwrdlﬂanumabam
100 pm (cf. Gaxser 1955 Peyronnard et of 1973 Aguayo et ol 1976).

Unmyelinated fibres in the PNS compartment of the TR

Int thus part of the rootlet & bandle of unmyelinated fibres conaisted as a mean yalue
of 8(8D 4 n-a))ﬁb-runtthaltwlu!tha wmnedlnudm(ﬂa‘tnﬂ:ePNB—CNB
borderline there was s pr and erisg wing of fibrem betwesn the
djﬁermtbun&'l‘hhmﬂ]nmhdbythuhﬂmlnmthcﬁhrui:nlb\mdlafu
mare than some 20 um using an obeervetion flald 10«12 yum in size,

In nine bandles investigatsd, the mean distance from the PNS-CNS borderline to
the most proximally sltuated wann cell nzcleus was 23 um (SD 16). The mean
distance between succeasive Bchwann call noclel along a bundle of tnmyelinated
fibres was 12 um (5D 12) and the mean Schwann cell nucleus length 10 um (8D 3)
(see Pig 0

The ﬁhvrpacumn.nnlyﬂndthmmoum(hh]ennbowndluﬂmod.lpa&m

ofdl&{buﬁanw‘lthﬂwpeﬂknﬂjum.Abommc mau'\n-cdu.‘ib
0.57pm Bmeﬁ%wmﬂ-ﬂumnrmomin ugut

12pm. The variation in individual fibre glze wi tnt.bamaln
diameter was 36% (Table {1}

Unmyelnated fibres in the CNS compariment of the TR.
In the CNB compartment of the rootlet the number of tnmyelmated fibres was about
mdlhntoulnnmb«dnmﬂbmﬂ:-zmlbumml.mmlnthemﬂ
u{ﬁnmommnxmswmufu ltnmhrcrnﬂ:lna-ndﬂ:dxnxnphnn
Lbe as were noted in the PNB part of the fibres. The
axons in bandles conslsting of 1040 axons withoot intervening
m nzu(ﬂl 1b). In the mantle sone of the CNS compartment just
PNB-CN8 borderline, the fibres aceurrad in bundles consisting of
about 10 fibres. Here there was an extansive In of fibres between the
ifferent bundles. Thus a bundle of fibres existed ay a unit only for some 10-20 yum
(mzs of the observation fleld, 10¥12 um). More proximally in the core sone the thin
mﬂzﬁg:mmmfmhmmhmd‘ﬂmur@wwmdjwm
The spectrum analysis (Table I) showed that no CNS-unm! fibres
wera wlze the fibre spactrum was f-DthnLofthn
mmdhm&hhmoﬂm-ﬂ?ﬂummmm
the PNS-CNS bordertine
An mmusual o&nﬁ:ﬁnﬁm-tﬁnhwﬁnmumm (r.b,}:m
mye] Inated um di ot atrad 1tneh
o sy beane dmmmbuhumi.z e

and vesicol

Berial

section anal showed that these myslinated profiles measured ength

@dmﬁmumwxmxummdhw; E:;O T
proxdmally the pmﬂ]e-mﬁmndmtnparoﬂ(ﬂq 1@).,,(?‘&,12“11,

completely (Fig 10d). The profiles did not sand oug £ duaagpeer

Unmyelinated fibres ot the passage of the PNS.CNS borderline
The majordty of the unm: ted fibres
ma e . yelinai Gm the PNS-CN8 bu'd!ﬂiﬁo‘i.u the

Unmyshnated flbres i the tranltional region
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Thres different modes of C-fibra PNS-CNS transition were observed. The mods of
tranmtion appeared to be related to the dimmeter of the axons.

1) Fibres less than 0 6 um in diameter These axons continued as unmyelinated
into the CNS companmmi. At'.hu point where a bundle u!C-ﬂbreumabmnto

cross the PNS-CNS e the cell cy d the
individual axons attenuated and terminated (Fige. Eﬂ-d)- At the transition some
fibres were covered y by strands of Schwann cell cytoplasm and partly by

few pm e PNB-CNS borderline and wers closely apposed io its
paighbour uxnnn in the bundle (Fig 3c) or ran solitarily being covered only by a
basement mem

Atthupdntufhndﬁonnvernlu.nm tad fibrea revealed, when crom-cut, a
pleture mumilar to that of a croes-cut small node of Ranvier thatis the axon was mare
or Jean :mdedbymdinugamnzoddalmm:ﬁngur-l&mcym ¢ processes
500-1000 A thick (Figs. 3b 4b ¢, d, 5 9b) These processes were

astrocyte Lg\.ﬂb c). Other fihres lost thelr investing Schwann cell coata
y to

astrocytic ongin
and reached to within less than lcl)Atrumtbauohmml.Betmt.hadpufn
procees and the axon b thers were of ely electron
dense material. At these sites, 0n the L ic side of the axol there was

material of a high electron density (Figa. 5 9b). In contrast to a genuine node of
Rnnﬁn&eoccurmnmofpmmmmhidadtocuﬂainpmofthluangl

tg tion of series of tive cross and longitudinal sections
showed nzd:anatmcyﬁcmmhﬁmethin»hnﬂmmmmdm
which ren along the axon for distances up to 20um (Fig 7)

The arrangements given above were prevalent and more elaborated outside
axons (> 0 4 pm) than outmds snaller ones The latter were ns a rule surrounded
some blunt astrocyte processes lacking membrane specializations (Flg 3¢).
axons { 0.4 um) were at the transitiona often separated from therr neigh
axons by astrocyte extensions (Fig 5) and were closely spaced with other axons a

2) Fibres 0.8 yum or more in diametsr These fibres which constitated some 5% of all
mmyelinated axons in the PNS compartment, could not be recovered as
unmyelmated an the CNS side of the boderline Insiead, carefnl serial section
un.nlyrlnhnwtdthnt they became m: teduthuyumedthcbodurllnamd
entered the CNS (Figs 7 and Sa<) eir myelin sheaths consisted of up to 10
dlae.ThemunmyeanuiodmlwA(SDloA,n 35) (cf Hildebrand, 1972).
The internodal length ranged between 10 and 40 um (Fig 7). In the approximataly
E:.mngaphutwvend:ePNSannncdlconﬂnglndtbeCNBmyvllnlhnththm

leallets < 25 described above in sechion 1 (Fig T
'Ihonoduofﬁunvmdmahdmmpmﬂmlﬂyl]ungthmﬁbru( 7) showed

a rather simpls architecture with broad nodegaps containing oceasonal
extenwions | e. they appeared quite Hke the commonly described amall CNS node of
Ranvier in the central nervous system (cf Bunge 1868).

3) Fibres some 060.8um m diameter Moat of these flbres showed segmental
myelination of their CN8 part. Here short myelin sheath cuffs 3-20 y4m long were
in in an jrregular manner betwesn onmyelmated stretches (Fig 8) Some
Eflru:lhowlg&eamnxemanuofuxomo.ﬂumormcmindhmetarltbnt.hmdl
o my®!
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DISCUSSION

Redistribution of C-fibres, In full oll agreement with earher observations (eg. Gasser

Peyronnard ef al, 1673; Aguayo et al. 1976) the Bchwann cell internoclear

d#h‘mamubouilmpmnndmmajorlhtfhmmmdmthe and

of CAbres gt their possage the root balfway betwosn the spinal

ganglion and the spinal cord. ong the TR, o the other meant
that the C-filres deserted the central parts of the an

to its outer laysrs and in particular to its ventrolateral (Berthold and

the glia fringe closs to the PNSCNB

12pm. of = 8¢t ca“’ lens di that i» soa 0.1

mmltdmwmtmmmmtmmmsﬁmuﬂn

nnitlmmhunmnﬁndaduminthemtbnnintbomtypep‘noftbﬂmh

was found that the average nomber of wnm fibres connectsd to &
perikaryon

matter has
phmommﬂutmld:tbti.umlvedinmmlgu

Cﬁbma:tlhtCNSmtmnat:PNSuH apectra ahow that BO-BO% of the
unmyelmated axons measured 04-07um (TableI). About 5% of the axona
measured 0.8 um or more (upper limit 1.2um). CNS spectrs thow a eimilar
dhiﬂmﬂonuupﬂurthnnmnﬂuhlah:ku{mmmonthnﬁ%&.ﬁumthﬁ.
Berial section analysis showed that dl of

mmued flbres at lovels in the TR to un;
lp'prrdlh]u extent on CAibre termination In combinstion mﬁ
nchh:a

of small myelinated fibres.
ul section reconstructions, however mvuladt.hnubamlﬂocrﬂhuc—ﬂh-
s il B e b T

toa
ym L

mln:dmyvltnl!odh(h-(mspmp«hunkn Howevar sincs thess fibres
mlnnlon\d&uﬂmtﬂhm muﬂlhculddlﬂdliublmnmm‘:::-ndﬂ
branch and since means a d filrrw size (Lahs Iﬂag‘)ithnm
unlikely that C{lbre lination might be a ph pecular to that fibre

U myelinated fibres m the tranaltional region
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segment which extends between the PNS-CNS borderiine and the first branching
point in the CN8. The xame sarguments apply to the segmentally myelinated C-
fribres measmming 06808 um in diameter Beveral internodes of the latier fibres
mlm'.hnnlo in length, a size com e to that of the very ahort
da.cx'ﬁfdhyann(lm)in teleost brain. These chaervations
mnybeufnoma{ntumiwi regard to the debats on the »seignal for myslinations
(see, for instance, Speidel 1964 Matthews 1868 Friede 1972; Weinberg and
Spencer 1976) They show that this signal whatuvu—hmightba,givurlutul
stuation which appears to be strikingly dependent on axon size feline
nnmycﬁmladPNSum( size limit 1.6 um) mcquired a more or less complete
myelin sheath in the CNS if they meagured more than 0.6 um.
The functional significancs of myelin investment of thin axons has been much

d. Ruah (1851) calenl “t.hltuon.l]ml‘hlnlumindinmswrwould
tranemit impulses faster if nnm mg. It han been suggusted that the increase
in conduction velocity that place during development Is not

postnatal

directly related to myelination (Conway et aL. 19&9) Kole- lnd
computed the theorstical effects of demy of {;
and found that even a few myelin hmullue are ot 1mfu'rtnnua fm- co'ndudion
properties. Btone nﬁ:: Elmmn SV(H) tnunu(}j;n “l‘m; 1 :
veloaty between the Intrareting exn-n:ﬁnnl (m;
paﬂu!rvmthullmtwndnzﬁngﬂﬁuwb.zdl tramdn.urgol:idon
proscmably had a diameter less than 1 um (sse also Shme and Hollander, 1671).
According to the theoretical mlcnhﬂtmjb‘yWumlnnmlem(IWZ)co ucﬂnn
velocity shall accelerate when an d fibre is d. the
vnlod:ymcn}culamdtnbe-ppwxlm‘uly?jﬁmuhrxuinnnmyelhmmdﬂbn.
lumd d 1 ym axon {(Waxman, 1575).

Azﬂmthub:ckxmndltunbemmﬁnlywmnthemodooﬂmpuln

d that velocity in large C-fibres as
they enter the Cﬁﬂwmpurtmmtaﬂhe’l‘ﬂ..hmrdlnzm the meagre data relating
receptive properties to CAfibre aize, the large (>1um) axons should tranemit
mechangrecepto;

af
nn]ybythanarmmllbcdy the dendnites and the receptors but also by local
of the 1 fibre.
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LEGENDS TO FIGURES

|
:
i
H
i

Ap satrocyts process
Ax axon

BM basanent membrane
o] collagen fikres

G wiiosoms

My myelln

M mantle xons

R nods of Ranvier

8

All pletores besdde Fig 2 are  lectronmicrographs.

1a Crosseection. Bundls of PNS unmyelinated axons, Most axons are separated by
wann cell septa (x33000)

Fll.lh Crosssection. Bundle { CNS unmyselinated axons. clossely packed
and accompanied by astrocyts procrsses (Ap) mdmaﬂmynﬂmudﬂhtu(xa'm
2 D 1t f"“ call nudesr langth snd the distribution of
wann cells along bundles of il flbres in the 1 region. Thres bundles
each of thres apscimen (K1026, K1038 k1040) wern used.
Figs 3ad Foar differant crose levels selected from ots
sections ‘Tha section number s g1ven in the lower laft corner
of each thickrnoss b about 700 A. A bandle of 12 axons is followed from the
PNB to the CNS compertment in the part of the TR Each 1s indicated by ».

number T‘b-m.nunmchﬂ.)u(dn m;-rhn-nthoh-urv-dhn.be}awrputoﬂhn
“tures. Croas cut collagwn fibrea (C) are seen in the endoneural

apace. uunlm
unded by Schwann esll cytoplasm (3) Mmmmcuabmdnumm;
m\hxﬂ"w k) m%umpraﬂm‘llﬂthnhdnﬁumhdlum&,ﬂhnlh.ﬁ;ﬂ‘l

invested by Bd\mnallt;i:(ﬂ)mdpnrﬂy broad {rregulari;

or alender d finger- Y {Ap). At the placs of trusdtion
fram the PNB to CNS(“L&')mmmFmdm.l the Jevel representad in Fig. 3b, fibres.
124 5,7!mnbund)to(:lovaly;-:h‘l The bundle i mﬂlndod by
procesess of Schwann y by deHea

cytaphnmtﬂ)w

mantle zons (MZ) Proximal to the PNB-CN8S Hna (Fig 3d) and 46 mﬂrmﬂnlﬂﬂl
represented in Fig the nxons are closaly packed 1n & bondls -m'mlmd.-r! by the satrocyts
processes of the mantla zane (MZ) (x22000).

Fig 4s{ Sx different cross levels selected from a com) serisa of consecuhve cTom-
section through the TR Sectlon number i given in the left corner of each pletwre
Bectlon. yehna

astrocyte
Mu]ﬁphlkmﬂnlmyuhmdlndclv-‘l&um-“ [(¢]

rected towards the fibres (Fig. 4b, c, d) Th ﬂhr-mimndmmcusmmz
furm-lﬂumm'- 4b e, d) In Fig. 4f eome 22 um proximal to the ted in Fig,
4a the fibres sre aguin invested by Beh muﬂ:ytophm(ﬁ’)intha%ﬁmwhnﬂn

A of unmyelinated f{brew inveatsd by Schwarm exll cytoplasm

('ml.l'tm inthew dhﬂmhhmdﬂﬂlmmmﬁﬂnnﬂdmh
sltugted at the 8 borderine. The Sore s prtly byab

(BM) and radlally arranged dalicats finger-ilkes processes some 500-1000 A thick, dectved

mm(a)lﬁwmmm]mmmhlmuﬂﬂdm
aide of the b where the

dectron density Y
pntnuu.rwndlth mim)(‘mX
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Fig 6 anﬂﬂmdmyﬁm&dm(h)hlmdhﬂdﬂnﬂm&-

Ay through e 08 pm thick the

(hatched Hne) In the kower of the phctore the fibre is xumyshinated

and fnvestsd hy Schwann cell [1:)8 most distal CNB part, the unmyslinated

fibre is Invested by Py (Ap). Some 4 proximal to the
CNB borderline the nxan s linated (My) and thes a small

Occasional processcs ure seen In the broad node gup, The internodal Jo 10 um and
the myelin s seen to i both dal ends in a Toanner (x11000).
Fig.8 Photomaon! section through a tod axon (Ax) in
the mantl rone of the tranltional region The fibre is abowt 0.6 um in
the Jower part of the pictore 1s about 6 um long. The is procesess
(Ap) In ita unmystinatad part (x11000).

Figs,0a,b, Three levels from & complets cross section serien through the TR, showing a
nerve fibre, 09 um thick passing the PNB-CNB borderline.
)mﬁ?ghunmnﬁnlhddhhltnthtbwdnﬂnamdmnddhyﬂchmncﬂ]

the fibre fe
of the rsaatle sooe. Socne Jum more proximaly (Fig ﬂ:htbcﬂbnhimuhd‘hy

frregularly shaped and alender Loaflet astrocytic procssess
MpLMhmehtﬂmdmamﬂddmhhcmHntbcnmmhﬂm ut those places
where the seafletkes astrocytic procsases are doected towarde ‘arrows). Bome
10um proximal to the Jevel ahown & Fig %thaumhmy‘lhuhda’![ k)um

Fhm.d’n&edudm-cﬁm.Amnﬂman.deNSﬂh(x)mlmmfm
ouicular entites (Fig. 10b) Ahwzsmmdmnwmwmmmm: Lboﬁhnhu
has disappenrsd

tzpnrdaﬂtnhndv(?k 10cnd soms 3 pm more proxtmally the fibre has
completely (x18000).

Figures at the end of this volume
Running title Unmyelinated fibres 1n the transitional region
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Actn physiol. scand. 1877 Suppl. 446
From the Department f{ Anstomy Rarolineka Instiatet,
Btockholm, Bweden

Observations on the Marphology at the Transition between
the Peripheral and the Centm.l Nervous System in the Cat.

A light mf pical and histochemi ‘nndyofB,da'rulmqﬂmindumhph:l
Tittena

by
C-H BERTHOLD snd T CARLSTEDT

ABSTRACT
C. H. BERTHOLD and T on the mo at the
uuuﬂanbdueenlhepﬂ'l)phtm.landthccmlml system inthecat V A
light {eal A hemical study of S dorscl rootiets in developing

ey s e o i:n;d.n‘f.edbysk.a:if ! epinal roles
o as mod years
.ﬁa(sxndmd,weoa,b .;d.,-.wsc)lndmdubynowmﬁn o per ba-lnllsm

(koglund and Romero 1865 Ekholm, 1867 wisler 1967
Berthold, 1968, Nywtrbm, 1968), motor nnmm maturation (Conradi 1963;
Mellgtrdm, IWL}hmmn.rben. 1975 Ronnevi, cantrul nerve fibre maturation
(HIldebrand, 1968;

1876) can
s S e Ce
mmﬂmwh}ﬁmdndunmﬂrmd%?’gmdm;:ﬂz:{ndﬂﬂnuﬂ

Fh“mgn is
m“mddmfﬂﬂ!wnlmmfnﬂymm

demmm
»
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puttsmndminathabth-&hpochmulmhsotumltwdiumnﬂh‘nbun
devoted to th tal d of the feline transitl 1l region (TR) Le. that
pnrtuﬂ.hemmtun the from the CNS
to the PNS pattern. The only nmlnbledlt-uondndmlopinxmu-em-mbethn
vmbyHennchmﬂBlG)lnurmdyunumuﬁcmhnnmwhmhacommmh
t the extent of CNS tissue into ths eighth cranial nerve of the infant ls
conslderably shorter '-hu] that of the adult.

ultrastroctare h
Clﬂ:tedLlB’ﬁn,b‘Berﬂ\oldandCadnadt,l a, b) the undertaking of a survey
nudyo{ﬂndmloping region becomes more or less a matter of coarse.

The present communleation deuh wﬂ.h the development of this reglon as ltudiad
Ughtmiammpmnyin-mnhhinled:bmdphsﬂcmbeddadupodm:
reports the ’-“fn:l':d:‘ emical tests on the occmrrenes of myelin

The reaults, which strongly umphmiln the need of further ultrastructural
annly‘h of tharpnumatnl]y developing tmnliﬂcnm] region are mninléodhm-ad n

vty Iyﬂ:um of the Kitten (Berthold and siwiund, 1068, Berthold, 1973¢).

MATERIAL AND METHODS

hmammpﬂmm@mhn wure weed. All animals were ansesthetized

(€ d
‘betorw) were d tn 2% Oe0, in 300 mOsm buffer for
four hours, dehydrated in  graded series of scatans and smbedded in Vestopal W

mumumégurd%lrnm (see Adams qu &m
obtained on &n ratome® were immersed t l&mhrmn mlmmulm
1% Oe0 tndhﬁﬂdnm.nmAc’lrixm mdirﬁncdwm( o. ) "

Ad.m._lmmntdrrv.nnb mrl.n-dlurl
short time fn a phosphate bnﬂnmmmdm.m-muu-ﬂmd-bhm
naphthylamine at 37°C for 510 mmutes. OTAN staining wes oaly in kittens.

wections directly after gintaraldehyde ton or after additional

‘WT® 1N
troatment in 0 25% OsO mﬂmm
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MWWMIM Inmnmtlndﬂkiﬁuu(ﬂﬂ 14,21 30 and 45 dayw old)
the perfoen

In'a Q.1 Hmﬁiz to buffer
.djumdmanm&mhyua-dd:ﬁmofm(:mdm 2.7% Low-mo dextran.
The glutaraldehyds stock solution was purified by shaking with ctive charcoal (Fahimi and
The mﬁm-mdmﬁmwmwmmnﬁm“
concluded by a rinse with the buffer remaval the

lacking glutaraldehyde After '-F;flm“
were sectlaned into kangitodmal slicss (lb-mrlm thltk)mmOﬂlgg)Vfbﬂtumi alices

on glase
mblﬁouurminmh-hd!nnmndllmvhkhhﬁ:dnm

RESULTS

Tolsudine-blue-stasned semi thin sectiom
Afer toludinebl ining all Vestopalembedded spec Ted

myelin sheaths with fairly smooth tutcmodnl contours and of an intense blmsh-
black colour CNS-myshn sheaths, on the other h.lnd,

mrmr- contours
and a with a more pale bloe colour These differen m,jfgrﬂu
inden tlon of the PNS-CNS borderine (Flgw. 17). A
tud]mﬂycntmhnnmmdthauﬂnpmdnummdntnnh

Tegend (cf Berthold and

Iuﬂﬁtnlluutbnnnwmkufm 2-6)ﬂmpmximllmd_|u{ rootlets wers
mmnMdyfnon!CNB NS mysimated flbres extended

u;everylnnlufﬂ:emadat ]uncﬁmLPNBn:ynH.unhuﬂumwnrbtmﬂy
much thicker than CN! Slhuth-umninthoumaﬂhunnthatwodduuftbl
PNS-CNB barderline. Numm unmyahnltadlmwmm maam-tnz

60pm In mgth PNS and
Smin ulxrdsdlm 'I‘ha-xnnlu{mm-al fibres (2
um

mdmlihb:ihmhignunboﬂlddfmu{u‘

730> To thia stied ha ecrmmrmmcsof A1 ety Barthold,
Q & OCCUTTENCS afew d
8.160 and 1680k In Jemath, e ey TR shortand yery shart Lnternodes

&)
During the 2nd and 3rd posinatal weeks CN2 tisgus entered and ocoupied an
o{zzdln.wm&mmtuf&omxia:ﬂmmmtdthnrmﬂcﬂ(ﬁxﬁmwm
rootlets diapla .daﬂmumnm.ln.:m(ﬁfw in bength and the
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Dunng the subsequent month (postnatal weeks 4 to 8) the CNB compartment
increased gradually in length (Fig 6) and measured well above 100 um in several
rootlets in the 2 month-old kitten

A close to mature overall picture seemed to be present alresdy in -old
animals At the beginning of this period, howsver ltwuwmmanto thin
hundles of only a few CNS fibres accompanied by som Such rays of
(‘NSﬂuntpmjed.edfuﬂhardhta“ythanﬁ\omninpnnuf S compartment
(Fg D

March: and OTAN staining

In the adult cat Marchi treatment zavu pale yellowish: myelin sheaths (Figs

11) The PNS-CNS borderline was characterized %numher ufbm-dcrum
nodes and the less well preserved condition of the adjolning CNB myelin aheaths (f.
Carlstedt, 1977a) In the CNS compartment there wers numerous black Marchi-
positive bodles 2 10 um in elze 8). The bodies were concentrated in the mantle
zone and were less abondant in core rona. Brownish-black highly
Mardﬂpmlﬂwgnnuh]mthnnlumindu.mmintham
compartment. In the PNS compartment soHtary Marchi positive bodies and short
rows of Marchi positive granules were confined to the Schwann cell cytoplasm of a
few paranodes.

Mntennlnmimmto{hh:dﬂ‘xmﬁvtbod:umdmnuluwmnmfomdm
specimens which after the glut: fixation were in 0.28% OO,
(Fig 8) Examination of specimens treated only with glutaraldehydas revealed the
occmrrence, particularly in the mantle zone, of round bodies with a texturs similar
to that of the myslin sheath (df. Fig 16) These bodias measured 2 10 um in xire and
will be referred to es myelinold bodles (cf. Berthold and Skoglund, 1868,
Hildebrand, 1971).

During the first postnatal month Marchi-pomtive bodies and Marchi-positive
granules were observed in large numbers just distally to the PNS-CNS borderline
(Table I Fig 12). After OTAN staining the blackness of these bodles and granules
‘hec-mu more intense and (hemyehn sheaths appesred redbrown and much more

tinct than after star thnMardumuﬂumulana.Inthﬂrﬂmktb!
Mard:d pcdﬁvity mé:& mainly of Marchi

occurrence of ﬁwtywunotsdin'.hebdmd fltnmlwmh,thm
condlﬂnzm‘inlyof Marchi pomtive bodies. From the 4th week onwards the
Marchi-posittvity of the PNS compartment declined and the mature pletore
ap) at the bq;innﬂ‘a{ the pecond postnatal month (Table D)

poaitive e were found in eumplu pnmnnd.u (Fl: 13} in very
short internodes 14) and 1n unclasdfied
between the more partJn{umodet-nd the PNSmmrhnant of its
transitional region showed that the occurrence of Marchi-positive very short
nternodes st the latier site Indeed was remarkably high.

In the CNS compartment Marchi positive material was scarce during the first
postnatal weeks (Figw, 12, 13). It occurred mainly in the farm of Marchi positive
mnule-.Mnmh:pmldwbodlubqlnh)acmmnlnwuthoundofumﬁntmomh.
They then becams increasingly more numerons and the adult pattern was present
at the end of the second month (Table I)

Gomon staning

Lntbﬂldultutd&lﬂm;nmdlugtoﬂuﬂomodmﬂhod(ﬂn15,18)g-vnrlnoto
a finely ﬂn dark brown preciptate (reaction prodnet) occurrng on a

Ring l.nd cre-cmt-uhnpad -ccumuluﬁom o[t.be reaction ;rmdmt were related to
nmgmytllnddbodh(?w 15) 8chwann cell perfkarya and the mantle rone
ined a few scatt ction product 1}
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The preei m&nrdurtdmnbvnmnmmthmﬁdmmhhmh
noted elsew] (Berthold, 1973b) control 1 ahowed the ofa

postnatal
n.ntﬂu:ebepnnmguﬂhauhmk,w itdad.lmd..rmchhw(hudulﬂwnl
at about the end of the second mon!
Innowbumk!ttem(ud.uy‘ufm)ﬂnrncdm product appeared as 0.5-2 um

lngunohtmybmwn—blackmnu}uwbod!um‘.lnumtudhfmdchuhm
PNB-CNS dert few H.nd.

Accumulations ufrmcﬁ.onpmhdmf rings and crescents were
Duﬂnxtbeanand&dpo-mnhlweabthewcmmmuanmyGanud-
pudﬂnmnulud:cmnnui.lnﬂudﬂ:mmlhls mmo{ﬂnﬂ—md
crescent-shaped brown-bl terinl t gl Z-G;u:nl:n
ese ch ristic profiles of t were often ged in
clnﬂmurmwldtuabdlnthﬁmmplupamnod-nndinverylhminumodu
(Figs. 18, 16).
In the CNS compartment, whers the occurrence of acid phosphatase activity
remained uwduﬂngthavholemmmﬁcmptwu-.thumcﬂonpmduﬂocmrmﬂn
the gia cells and sinted of tiny

DISCUSSION

The present reaults hg:j;m the principal features of the postnatal development
of the felne transti al reg:tn‘nuﬁndiadlia_lfm—mhmmpicnﬂ

¥ 1n
sections and after hi the Marchi and OTAN
hods for the d don of d ting m. to Gomori s method far
the d i acid phosphat. vity Methodological aypects on these

act)
pmcorln.ru ulp}iiedeNSnndCNBnmﬁhuhanbeendimnod t length
and 1871 Bcg.l.nki. 1973-). Brlaﬂy it hu been

4 phntphnune
Friede, 1006 1 o an T Novibo, 1067 Moweitoa 1973b). el (d
In agreement with

‘bodles is full
mnimtﬂthmu electron-microscopic anal
mdc-ﬂ.nd;,wmxm-bmdnmdufmﬂ'd 'd"hm(.ﬁf""’“

Development of the trsnmitional region "
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Durlng the subsequent month (postnatal weeks 4 to 8) the CNS compartment
inerensed graduslly m length (Fig 6) and measured well above 100 um in several
rootlets in the 2 month-old kitten

A close to mature overal] prcture seemed to be present already in 4-5-week-old
animals. At the beginning of this period howevu i{t was common to find thin

bundles of only a few CNB fibres accompanied Buch rays of
CNSLluuzpmjadtdmrLberdhtallythxn(.hamuinpanoﬂhn compartmaent
Fign

Marchs and OTAN stavung

In the adult cat Marchi treatment gave pale yellowshgrey myslin sheaths (Fige.9-
11) The PNS-CNS borderline was characterized by the high number of borderline
nodes and the less well condition of the adjoining CNS myelin sheaths (cf.

1977a) In the CNS compartiment there were numerous black Marchi
poaitive bodles 2 10 um in sixe (Fi l&?).’l‘hebodlmmumnmntmtodlnthemnﬂl
20n8 and were less abundant in core zone. Brownish-black highly refractile
MurdﬂpmﬂnmnululmthnnluminmmnmﬂinthaCNS
compartment. In the PNS compartment solitary Marchi positive bodies and short
rows of Marchi positive granules wers confined to the Schwann cell cytoplasm af &
few paranodes.

Material reminiscent of Marchi tive bodles and granules were not found in
specimens which after the gla dehyds fixation were immersed in 0.25% 030‘
(Flg 8) Examination of specimens treated only with gluiaraldehyde revealed the
occurrence, ly inﬂnmnndamua,ofmundhodklmﬂllmhundmﬂu
tothntoh.hemye].mnhmt.h(ct?iz 16) These bodies maasured 2 10 um in size and
will be referred to ms myelinodd bodm(tf.ﬂa".boldnndﬂlnihmd.lm
Hildebrand, 1871).

Duning the first postnatal month March! poaitive bodies and Marchi-positive

granules wers observed in large numbers just dustally to the PNB-CNS borderline
(Table I, Fig 12). After OTAN staining the blackness of these bodles and granules
became more ntenss and the myelm sheaths appeared redbrown and much mors
distinct than after staining in the Marchi medium alone In the first week the
Marchi pomtivity consisted mainly of Marchi positive ules. The

t
appenred at the beginning of the second tal month (Table I).
The Marchi pomtive bodies were found nocrmplup;mmdu(Fiz.lB) in very
short internodes (Fig 14) and in onclassified I cells A
betwmlbammdumlpamufnmm.latlndthuPNSmmmrhnmtdiu
transitional region showed that the occwrence of Marchi positive very short
internodes st the latter aite indeed was remarkably high.
In the CNS compartment Marchi positive material was scarce during the first

granules. Marchi positive bodies began to accumulate at the end of the first month.
then became increamngly more numerous and the adult pattern was present
at the end of the second month (Table )

Gomori starung

Inﬂ:anduhutlmmmzawurdlnzmthnﬂanoﬂmﬂhudtﬂnlﬁ ld)g-ver{uw
a finely ular dark-brown
mmd.

Ring- and crescent-ahaped sccumulations o! the resction product were related to
some myellnoid bodies (Fig 168) Schwann cell perfkarya and the mantle zone
contained a few scattered minuts reaction product granules.
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activation or facture myelm dingly slowly during the first ta]

needs slectron-microscopic exploration. An traltnmturll c
analyxis of develg, TRnurnﬁl:runhoup{'pun undu'tnkingl.u
view of the In debats on ths »eignal yelinations (see, o.g Friede

The ocourrence of unmyslinated and/or poorly myelinated fibre stretches inter
connecting well m; tadﬂrma{mnmh of latent causes of
particular interest in terms of impulsspropagation. A rough exirapolation of the

vﬂma}mhtdbyholunndﬁ.mhm(lmhthalmmdlramnodal
dmid(mﬂmthatmldindncnmd hlock in a large rat PNS fibre to
oping that i d ch ®

rru or more In the sitostion in
t.hammlzhttum uttohacrud-l orlmpn.{f p-nﬂonrlurln the first month
after birth. It ahould be noted that the length of the dem: axon segments
whl&mumdmhwmmdahmwhm)mlym
20 um. This should Induce fmpulse retardation rather than bl

@ N linati Hminats 5 4

claimed to be {nherent features of a maturation step — the nodalization -
a nerve flbre a number of ly spaced

nodes of Ranvier and whereby the primitive node-paranods the alfeady

animals like the rabbit and the d
1974 mhlahwcurrmmlnd distribution of short c:'lg
d of unm large
aterial and the nband howpl dinnprodndlntbc
proximal pert of the 8 dur-lmd.l:lhdurlngﬂuﬁntpamhlmﬂ:
strongl, that 1yel part!
: : tl clnﬁn:dj(f;;rdmld, e natione) Khi .
It was recantly 1973c that local demyehnation and Bchwann
call elimination in developing feline spinal roots ars the effects of

Lntamodnlmwdinxhwuzh!uboubynnlncn.ainlntmod;]lmnh
.xcadsthatu{thorwf.(h)cainhlymu:ﬁnomwthuf ulcul:al]n:;);l;y1
overpopalated axcne t well provoke an the d
femm—u.’l'hcaxtantu‘l Bd:unnmﬂdlmh‘honinﬂnmnmds,hmm
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The octurrence of Marchi-positive material shifted d the first two postnatal
months from the PNS side of the barderline to the CNS side The main part of the
PNS Marchi-positive material mppesred to have developed as an eoffect of
nodalization and in analogy wnth the situation {n the root proper
1973 c) it was found m decllna rapidly towards moe'ndof'.haﬁrltmonﬂl.nghé{
at the same time paranodal Marchi positivity started to increase
Hfidebrand and Bkoﬂlund.. 1871) The close-to-adult pleture was at hand in the 8-
weekold animal. Thus it seems that the focal demyelinating features of
nodalization of the developing TR are restricted to the PNS compartment and do
not affect the CNS compartment.
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Tuble |

Occurrence of Marchi-positiee materls! (Marchi-positive bodies snd
March! postiive granules) In the tramaltionsd region of 5, dorss!
roots of kittens snd cuts

D = distal to the PNS-GNS borderfine
P = proximal to the PNS-CNS borderline

Age in cays

BOEABUNRERNEE RS S o rwwwa—
++++++++++¢IIIIII$$I$I$iiiiii o

$$$$$$$IIIIII++++++++++++++++ hd

+ = low occurrence of Marchipositive materisl
++ = modersts ocourrsnce of March-posttive materisl
+++  high occurrence of Marchiposttive matwial

Deveiopment f the trarmrtwnal reghon
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LEGENDS TO FIGURES

Abbreviations used in flgures and legends.

BN node
~ 0 erntral nervous fibes
N8 central nervoos sysiam
core Tone
Z mantle zone
P peripheral narvous fibre
PNS peripheral nervous system
N node of Ranvier
8C spunal cord
All pictores { longitudinal sections through th 8 dorsal root-#pinal
eord | nehon. Figs. :’m.ﬂmmmmwm semn!thin ssction of Vestopal-

m 1 Addltemt CNSd.-mprumduuku-um-&omthndondmaMmmldemcﬁon
the proximat part of the rootlet. This purt of the rootiet, where PNS and CNS tiseve occor
dd.byddnhd-moirdLhn tranxtional region (TR). The CNS compartment of the TR (CNB)
consists of core sone (CZ) surrounded by the mant! zone (MZ) rich in The perve
fibres pewsa from the PNS to the CNB type of orgamuration t bordevhne nodes situsted at the
oater sspect of the mantls zone (x200)
}MZ thuen.PNBﬂbruwhhdhﬂnnmycﬁ.nlh-ﬂu with an abundancs
of coll lar fvmklnd-mnotaduth-mduuﬁnﬂmtd)‘unc&m.m
borderline 15 situated at the yurface of the spinal cord (x450)

3 ﬁdmmumﬂ;lAmynhmmdﬁhcn{PNBWﬂ’)ummﬂbmbdmm
(];%S(C)txl

Hz,l Dnr't!k-oldhﬁ.!n The CNS tiseue out intn the proximal part of the rootlet.
450 tral mysiinated flres have thinner m; sheatha than the peripheral myelinated
un-( 3

¥Fig 5 Samespecimen 1n Flg. 4 A very short intarnods of PNS type contalning a highly
eomplex and tortons myelin sheath i dtoated at the PNB.CNS hunﬂ'hm(x.lloo).
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Ons-month-old Kiten Eﬂdﬁﬂhnmﬁmhr\nﬂdqﬁnﬂwﬂ
moulnmh-mnmﬂp-nmh.m and CNB fibres appesr with about svealy
thick myelin sbenthe ( 450).

Fig 7 Bame a1 in Fig. 6. A thin bundls of CNS-fibres into the PN8
compartment. PNE-ndCNEmydlnlhdmuth-ﬂh-m‘td nodse of
Ranvier (asrows). An astrocyte nucleas is found fn the apper left cornar (x1100)

8 Adalt eat Bpecimen treated with 0.25% OO, lﬂnlhtlnldlbydlﬂnﬂm.ﬂﬂnll
1 o the et Tho Totsad ine Yadiongee the PNSCNS boedarine. Tha CNB commpartmant

(CNB) is statned Lightsr than ths PNS compartment (PNS). No Marchi-positive material ia
obeerved (cf. Flg. 0) (x200).

Hl.B Adult est Marchi method. There are many Marchd positive bodies in the mantle zope
thmlrkmﬂxPNB\CNEbwderhm(mJ).

Fig. 10 Adult cat. Marchd method. pmiﬂnbodiumdmndtudncmu-d
p.rlnnd.l]rtdmdu.hlh'wmnml (BN) (x1100)

Flg. 11 Adult ent Marchi method A Marchi positive body is aiteated closs to the bardertine
ode (BN) (x2200)

Flig. 13 id kitten. OTAN method. A high ocrurrence of Marchi ve bodles
and pasltive granules i obeerved just distally to the PNS-CNS (x1100).

Fig 13 Ten-day-old ktten. OTAN method. Marchi positive bodies are ssen in two complex.
paranodaa distal to the borderina nodes (BN) (x1100).

F g 14 Twelveday-old kitten. OTAN method A very abort internods sitoated distally to the
b“;i)immd (BN) ta filled with Marchi pesitive bodiew znd Marchi positive grennles
{xl

Fig 15 Adult eat, Gomorl method. Ty mmmnmmsmdaim.mm

rl.n{. errecent Liks mecum
mﬁvﬂy)hmhﬂmmdbwmm(ﬂm(um
Pk_lﬂ Ad-.htnLRlnglnd accumulabions of precipitate (arrows) occur
outxide bodles of the same myshn, ey myshnold bodies at the CNS paranades
proximally to th P'Ns{mﬂhrdtﬂma(xlajh

Flg. 17 Newborn kitten. There {s a ocowrrence of whes and bodies in
compertment of the TR (x1900). Het o e the PN

Flg 18 Tenday-old kitten Ringlike acrumulat] u(pﬂd tate (arrows) ars situsted
ot piex paranoie closs f the bordstin wodl (BN (el ooy e (o) 4 -
Fig. 19 Twsbvodayld kiien Riog and evecentabaped socvamlations. £ pevt
presest i ey ahot e denated cose i e Tod gy P IPAe are
(x1400%

Figures at the end of this volume
Running title Development of the transitional region

Developarent of the transitional region
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Figuresto 1

Observations on the morphology at the transition
between the peripheral and the central nervous system
1n the cat. I. A preparative procedure useful for electron
microscopy of the lumbosacral dorsal rootlets

Runming title EM preparation of the transitional
region
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Figures to 11

Observations on the morphology at the tranmtion
between the penipheral and the central nervous system
1n the cat. I General orgamizatior of the transitional
region 1n S; dorsal rootlets

Running title General orgamization of the transitional region






General organization of the transitional region
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Figures to III

Observations on the morphology at the transition
between the peripheral and the central nervous system
1n the cat. III Myelinated fibres 1n 8, dorsal rootlets

Runming title Myelinated fibres 1n the tranmtional
region
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Myelinated fibres in the transitional region




Figures to IV

Observations on the morphology at the tranmtion
between the pertpheral and the central nervous system
1n the cat. IV Unmyelinated fibres 1n 8, dorsal rootlets

Running title. Unmyehnated fibres 1n the transitional
region
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Unmyelinated fibres in the tranmtonal region







Figuresto V

Obaervations on the morphology at the tranmition
between the peripheral and the central nervous system
1n the cat. V A light microscopical and histochemical
study of S, dorsal rootlets 1n developing kittens
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BUMMARY OF INVESTIGATIONS

The present suxdy was deigoed to Incremse our
knowiedge of cotaln asppectn of glomearnlotubular
balance.

1 The relstionship between serum protein concentrat
fon and collold osmotic pressure was measured in the
rat and found to be In complete agreement with the
Landis-Pappenheimer formuh dertved from messure
mants made with huoman plasma Establikhment of the
validity of this formuls permitted further calkculations to
be made,

2. A mathematical analysis of the hydrodynamics of the
renal

I erterlal haematocrit and plasma protein concentret

lon,

I hydrodynamic reststance of both the afferent and
eilerent arterioles

ur hck of the gk lar mem-

brane;
IV hydrostatic premae In the proximal tubule
V  hydrostatic pressure In the paritubuter capillaries;
VI arteral bood pressure.

Nephron GFR was predicted to be very semdtree 10 the

concentration of arterfal plaxma protetn. The cakculated
change in glomerulsr capillary pressare accompanylng



3. The influence of intratubular flow rate on rate of
pfoﬂmllfhﬂdmbtorpt.lon(RPFR)mmxﬁed using
free flow micr By introducing &
mﬂdwhprwdmﬂhﬂmhrhydmﬂldcprm
mephron GFR was increased. The resulting Increase in
tubular flow rate waz not accompanied by any change
in RFFR.

4 The function of proximal convoluted tubules was
studied after infuston of anglotersin 11 Into adjucent
peritubular capillaries. Infutlon of angiotensin 11 result
ed in a substantial redoction In RPFR which was
assoclated with a significant Increase In hydrostatic
pressure In both the adjacent proximal tubules and the
Infused capillarics.

5. Simllar peritobular infirsion experiments were carr-
cdcmndngmlmqoniﬂmmﬁownﬂnumrenﬂn
of thess expert Nia
phrmmurmhwahydmmmmmme
proximal tubule and the perittbular captlaries. No
evidence was found of a tonic mfluence of anglotensin
Il on RPFR,

Full Gotad of the ieThamgurs smpiored b the mkTopemcrare siadies
£re viabereted w pepers 3. knd 5



GLOMERULOTUBULAR BALANCE IN THE
RAT KIDNEY

A pearly constant ratio has been mesnired between the
gromerular flitratlon mte (GFR) and the rxte of fhuid
reabsorption in the proximal tubate (RPFR), despite the
ocrurence of large veriations in GFR. This retho, usnally
termed glomerulotubuler batance, remalny ahmoest con-

obstruction (1 2, 3, 4 5) The spontanecus rubale to

tubule varfations in GFR and RPFR do not, therefore,

appear 10 be cauved by diferences in glomerulsr sire

end tubale length Furthermore, the hydrostatic pres-

sure In the proximal wbule gensrally varies very little

regardicns of large varlatioms in GFR (6,7 8,9 10,11}
A 4 of the physiologh "

km of belence requires an cxaml-
naton of the influencing GFR, RPFR snd

pressure In the proxdmal tubule For thix
parposs, it s Imtructive to make a mathermatical

fystem with reapect to thelr charscted-
mMndaennd:ﬂam}yﬂ:myt.hmberhnpﬁfkdby



gho
mc;lomeruhrrcd:hncechhexhzkne-phmnbyﬂw
total aumber of nephrom within the kidney approxi
mtcllenant(ﬂ 18). Equivatent Henle boop
T ined simitarly Collecting duct resistan
mmbom-}mntobeloc-wdrm}n}ylnt.hutcrmlnd
cone:ﬁngdm(m,:m/\mmn; that the coliecting

duct y terminal, an approxim
vake for the ,' g duct r Is
gven by dividing the resl of the single collectin

kidney approximatety 20 In the rut (18)

In sofar as all nephrons are axsumed to function in
an Kentics! manner these cakeulations involve oversim-
plification. But they do provide an appropelsto first
approximation ss indicated by the recent finding that
the hydrostatic pressure in the loop of Henle of the
Juxtamedullary rat nephron is stmilar to that of the
superficlal pephron (19).

From tal mensurements kn the hydrope
mic rat (6, 13, 19 21 22, 23, 24 23 26). tho following
values may be dertved. equivalent glomerular reshstan-
ce 5 x 10*mm Hg ni- min; loop of Henle resistance
15 x 104 mm Hg nH min; collecting duct resistance
700 x 10# mm Hg nH min. The hydrodynamic rest-
tance of the glomerular membrane is thus very small
compared with distal tubular reshttance.

An incresse in GFR 1 known to Incresse the urine
flow rate, but the percentage of edditionsl filtered Muld
reabsorbed will be smaller than the percentage of fuld
resbnorbed previcusly Taking this finding together
with the calcalated dutnbutio  of hydrodynamic resist
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ance within the nephron gives the cquivalent nephron
definite characteristics (16, 27 28). Hydrosiatkc pressure

hmp.rhonwlmbomdm-wldbaroqdmd
to drive & dimilar quantity of fluld acroes the resistance
of the entire nephron. It follows that the flow of fluld
which overcotes the total nephron reastance, Le. the
urine flow rte, and the hydrostatic presure In the
proximal tubule will be onty sEghtly affected by changes
fn RPFR. Even ¥ dramatic changex sre induced in
RPFR, the effect on ths proximal intratobular pressurs
will be

the glomerular propultive pressure will
Increass GFR and urine flow rate, but only a emall
proportion of the additional Muld filtered will be
reabsorbed in the tmbules. A Lurge part of the additional
Mudd fltered mest consequently ovorcome the entire
nephron restitance, which o moch greater than the
average resistance to Muid being resbsorbed Accor
dingly the incremant In glomerular propalsive preswre
required to Indoce an increment of | ml mim! In GFR
will be greatly in excess of the unht pressure head

One oy conclude that glomerulotobalar balance —
tho nearfy consiant rato found to exist between GFR
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and RPFR — merely expresses the fact that GFR
cannot change significantly unless some alteratlon
occurs in RPFR, saruming tubular reslstance to be
constant,

Comparison of predicted valves with
experimental resulty
Experiments have shown that decreating the arterial
blood premure bekow the lovel of renal autoregulation
in the hydropenic rat results in a redoction In the
caplllary pressure (9 11 29). Thls redoction
was anociated with decreased renal blood flow and
hence a reduced glomerular propubive pressure in the
nephron (9 11 29). The percentage decroae
n glomerular caplllary pressure wm comiderably
amaller than the coocurrent reduction bn arterial blood
pressure (9 11 29). Hydrostatho pressure In the prod
mal whole remained aimost constant (7 9 11 25)
Accordingty a enbstentlal reduction in nephron GFR
was recorded (3 29), and RPFR decreated in proport

there was a sobstantial ncrease tn the collecting duct
rexistance (T)

EVYALUATION OF INTRATUBULAR PRESSURE
Stabilt of the hyd p in the proximal

nate to the distl tubule and n the urine flow rate.
These events leed to a reduced lom of body Muld sod
may seTve to mamtain the extracelhular fluid valume
during hypat omon. Converely the decrease in tubular
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resistance observed doring saht loading (20, 24) may
incroaso sodium and water excrstion and restore fhid
homeortagts

ance, gince the resistance of the loop of Henlo
coettitutes oaly a small part of the tubular reshitance.
The meochankm proposed for stabilizing the Intratubu-
ur presgure requires that the tubular resistance bs very
semitive to the transmural hydrottatic presmure gradh-
ent. The loop of Henls and the collecting duct have &
resistance to flow which has bosn shown to be very

prexsurs and flow In perfused sperficial loops of Hende

glomenar
pulive pressurs thw myolves an mirarenal ferdbeck
mechanism which stabilizes the mpply rate of sodum
chloride to the dmial tubule. The hnxtagiomerular
sppurats, having both vascular and mbaler constit-
""’""'d]mmﬁﬂ-rokln-nh-!nd'h-ck

between
tlomu—ul.umduimhrfumm(ny 35) Realn bn
the hotaglomerular apparatus could serve to mediste
thess sdjurtments with remn actvity determintng the
local formaven rat of the potemt vasocomnstricior
ragiotensin IL (7 3¢, 37 38, 39, 40, 41). Angiotensin 11
might control the propubitve pressurs (7 36,

37 38, 39.40,41 42.43) and so stablize the flaw
the distal tubule. e o

for 1he exint of this 1 mechan-
W derives from exportments In which the loop of
Henle of the mperfical nephron was perused with a
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caplllaries (59) (paper V). An anglotensin I antagonist
was infuzed Into the peritubular capillaries and hydro-
static premsure was measured both In the infused

tubules; the most striking fall occured In rats with
relatively high levels of plazma renin sctivity (PRA)

pmpﬂsivepnmnhubtmlhovn\ubermh\edby

This fm b
up:bkofdeprnﬂn; glomerular propalsive press-
ure when the flow rate to Henles loop is Increassd
above that of normal but produces no change when the
flow rate ls reduced betow pormal. Feedback response
Is lowered daring expantion of the extraceltular flukd
volome. The feedback mechanhum appears to prevent
overclevation of the flow rate in relation o the
reabsorptive capacity of the distal tubule and coflecting
doct hence potentlally dangerous lomses of malt and
watcr are p For le, crculs y changes
during feoding and mmcular sctivity may be expected
to change the glomerular propulsive pressure with the
result that flow rate to the distal tubule increases. In

producing a further increasa In fhild excreton
EVALUATION OF RFFR

The obicrved decrvaso m RPFR accompanying the
reduced GFR duning sortic comtriction might be elther
a direct consequance of decreased GFR or related 1o
changes in the pentubular concentration of some
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humoral sabstance. A alight reduction in GFR might
possibly Induce a docreaso In RPFR, which In turn
wouidruuhlnlmherrcdwdonlncmu.lpoﬁdw
feadback loop. Such an induced decrease in
ﬂﬂlﬁibelcnummceo!lnlnmmhoramindc
tubular mechanism,

INFLUENCE. OF TUBULAR FLUID FLOW RATE ON
RPFR

The lnflueoce of flow rat oo RPFR bas been examined
in soveral stcies employing in vivo and in vitro pump
perfoion of ndividual segments of proximal coavohrt
cd tuindes. Most of these pdies have shown very Hule
or po Influencs of perfusion rate oo RPFR (B0, 61 62,

recioction In flow rate of tubular foid way amsociated
with an average reducton of 29 per cent in RPFR. On
the other hand, soctic constriction sufficient to decreate
tho filtration rate by 50 per cent has been shown to

An Incressc in GFR coald concetvably alter RPFR
by changing the Miered amount of ghacose, smino acids
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and bicarbonate, since a proportion of the wbular
sodlum reshsorption b known to be coupled to the
transport of these solutes (67 68,69,70,71 72,73,74 75,
76) The concentrations of organic soluics In the
ultrafiltrate are Jow so that only bicarbonate may
significantly affect the reabsorption of fluld under
physiologica! condition.

A mathematical analysts of flow through folded
membrane structures has shown that the degree of
stiering within the folds may affect the solute concen-
watien profiles within the folds, resulting in sitered
solute Now through the membranc (77). An Increxss In
the flow rate of tubular fuid has been proposed to
increxse mixing of the unstirred diffualon barrier within
the crypts between the microvilll (652 Thi mbdng
might In tum the sodium atlon in the
diffasion barrier and enhance sodhum diffusion imto the
cells, with the result that sodium reabsorption Increases.
This theory Is fundamentally similar to that of Ketman
(7¥) who suggested that RPFR b proportional to the
flow rate of tubular fhuid.

EFFECT OF PROTEIN COLLOID O8MOTIC PRESSURE
ON RPFR

A decrease In GFR might cause RPFR to decrease

concentration. Experiments indicate that sortic con-
striction reducet the fTitration fraction In the uperficil
tat nephron {9 23 79) this will vreduce the protein
concentration and hencs the plasms collokd osmotie
pressure m the efferent arterfole.

The Inflrence of coflold ostotic pressure on RPFR
has been studied extensively employing both in vitro

wing

convotuted tubules have shown that changes in the
ambient protein colloid osmotic pressure exert &
marked effect on RPFR even when the cuplitary
network it absent (50, 81 82) Thrs interpretation has
becn challenged by the resmits of a similar In vitro
microperfusion atedy which suggesied that the effect
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on RPFR axcribed 10 the protein collold oyxmotic effect
per so was actually cauted by umidentified protein
nceederators and inhibitors of whular flokd tranypory

In vivo stndies have boen carried out smploying

mmoﬂ:prm[ntbnﬂmttypcdupalmmuRPFR
wus derived from pump perfusion of tobular segments
(84). An effective hydranlic conductivity La, of 005 nl
mirt mm_tubule lengtir! mm Hgt was recorded in
theso experiments.

In the caxpeciments with pa-hu!:mhr pt.rrh.dom

dmph(ta:hnlq\-)(ﬂﬂvm)-orfrmdmcd thtative
eollecdons of [id from the end of the proxrmal
convolntion (83, 89 90,91}

A change in RPFR of 003 nl mbr! tubule length
mm He! was found from experiments in which RPFR
waa asthoated by simultaneous tubular
“b)"-h”mnﬂid-mpkln:dmlque(uaﬁ,u)_

von (89) According to this study appr 40
cent of the decrease in RPFR observed during sortic
1o ributed to the tated

prote
Cmmﬂu(mfow-dRPFRmnmcdb,
the peritubalar protein concemtration between
reroand 13 g%
Stmilar abseoce of cewpomse was obusined In an-
other carefully exoauted study (50, 91) nephron GFR
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and RPFR were recorded in the same tubules, before
nnd dm‘hu sortic constriction, employlng the re

b In oow group of
nephmm.ﬂnpedutuhrupﬂhryl’bwrllcn\d

microperfislon in which peritubular flow rate and
protein concentration were allowed to change. Similar
changes in nephroa GFR and RPFR were induced in

results bave been obtained (66)

Collold osmotic pressute of efferent arteriolar
blood in the soperficial rat nephron has been found to
decrease by 6 mm Hg sxsociated with a reduction in
nephron GFR of 8 nl min ! during sortlc constriction,
with a decrease in the femoral artery pressure from 120
to 80 mm Hyg (9) Gliven the assumption that the TF/P
inufln value of 2.5 was unchanged, RPFR wouk! have
decreased by 48 nl mirt With a tubular length of 3 mm
and a change In RPFR of Q03 nl min! mm tubuke
lengthr mm Hg collodd osmotic pressure! the decres
sa In cfferent arteriolar protein concentration would
have remilted in a reduction in RPFR of 15 nl min!
which comprites only 31 per cent of the expected
decrease In RPFR. Reduction i the peritubular protein
concentration therefore appean unfikely to sccount
entirely for tho decrease In RPFR during sortie
constriction.  Nevertheless, the Influence of protein
collold osmotic presture on glomenulotobular balance
remainy & controversial subject

EFFCCT OF HUMORAL SUBSTANCES ON RPER
Thnrunhcrpombahrynnuﬂnnhcdoannb:RPFR
d with aortc cor humo-
raDyTbedlmhwucumﬂownuo(ubuhrﬂuldwlht
meewmmmbnhnbemm
ed 10 activate a fesdback mechansm resulting tn an
wltered perituh of & humoral sut
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an
(37). The «ffect of anglotenain IT on RFFR has been the

which influences RPFR (3). Anglotonsin 11 has been
in this feedback hanf

proaimal slts and the flow rate to the distal arbule was
nltered, sither by making partial collections of fluid at
the end of the proximal (60) or by gl
the pomp perfusion rate (61} These experiments
thowed that RPFR In the perfused segments of the
proximal tubales did not change when the Oow rate to
the oop of Henle was sltered.

No effect of anglotensin IT on RPFR was found
durtrg Intrevenous infuslon of subpressor doses of

11 (96). A marked
inbibition of RPFR was abwo found in & later stody
cmployln(pcndnlmhrmﬁmonwhh high

5 It (37)
(PIPEW)'RPFRwudﬂwod(mmdmndcnum
of tubalar fluid from the end of thro proxamal convohued
tubule.

In an atterapt to determino whether angiotersin 11
wxerts a tonke nfluence on RPFR, mmilar peritobutar
hfmmummmlmm.mw.

n
(H)(nwwmmmmrmwwme
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effect of exogeneous anglotensin 11 on RPFR, but
peritubutar infuston with the anglotensin 11 anslogue
did not Incresse RPFR. Thete resuts fall to provide
evidence for a tonk influence of angiotensin 1l on
RPFR.

Summary
The decremse in RPFR during aortie contriction could
occur elther as a direct consequance of the decrease in
GFR or be Induced by a humoral substance. A decrease
in GFR might lfuetwe RPFR by an extrimic or an
tntrinsic tubular An Intrinsic mechanism
has been excluded by cxperiments which demonstrate
that altering the flow rate of whbular fluid Induces a
dnngelnRPFRwhlchhtoonmﬂmlccoummth'dy
for tha ;bcmnﬂombuhr bthncc observed

cingh to!heu:buk
:ho-p-panunl‘[kdymberupomﬂﬂcforﬂomcrulom—
bular balance experimental remuhts indicate that the
decrease in RPFR caured by & measured reduction In
perttubular proteln oncotic pressurs during sortic con
striction b Insdequate for this purpoye. Angiotensin 1
has bean proposed to mediate changes in RPFR during
lort\ccnmtﬂc(jonf'_xpcﬂmmulrmluhmnotpro-
vided of a toule Infh in {lon
RPFR.Anummﬂdendﬂcdhumonlmh:unoamty

the result of contributions from afl of the above
mentioned variables.
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THTRODUCTION

Bince the demonstration by Hering {1923) of the barore—
ceptor reflex fupctionof the carotid sinuses Inowledge about
the physliology of the reflex control of circulation has ao-
cumnlated at an eaver increasing rate The methods of study
0of barorsceptors and baroreceptor reflexes have been described
and sumarized in numercus publications MNotable is the mono~
graph of Heymans and Welil (1958) which provided a much needed
foll discussion of the role of baroreceptor reflexovgenic zones
in the control of circulation Integrated aspects of cardio-
vascular reflex control have been presented in more recent
Teviews and wonographs s ¢ those of Folkow HNeymans and
Weil {1965) Henry and Heshan (1971) EKormer (1971) Kirch-
beim (1976) and Oberg (1976}

The information pre ently availahble on cardiovascular re—
flex control has predominantly besn derived from experimants
parformed on anssthetixed animals whers it has been possible
to atudy separate reflex mechanisxs while inpats from other
afferant yones have been maintained constant or eliminated
(for review ses Haymans and Weil 19%8) Even though such
experiments are basic to any thorough apalysis of circula-
tory control they must ba followed by studies on intact con-
exious man It is well known that aneathesis as well as sur—
gical trauma can alter the responses of the cardiovascular

system to a varisty of physiologic stimuli (for recent re-
P



views ses Vatner and Braunwald 1975 Kirchheim 1976) A
number of direct and indirect methods have therefore been de—
valoped to make possible the study of baroreceptor reflex
function in unanesthetized man A physiological and simple
way to challenge circulatory homecstasis familiar to all
physiclogists is to tilt a subject from the supina to the
head-up position Indeed many reflex mechanisms involved in
postural changes in the circulation have been studied exten-
sively and have bean aptly reviewsd Ly Ganer and Thron (1965)
To achieve more clearcut but still reversible circulatory
responses the gravitational pull in the head-foot direction
can be augmented by exposure to increased gravitational force
on the human centrifuge The baroreflex involvemsnt in cardio-
vascular adaptation to accelerative stress has bean reviewsd
by Gauer and fuidema (1961) and Howard (1965)

Circulatory reflexes evoked by a shift from the recum—
bent to the head-up position are due mainly to arterial hypo-
tensmion in the upper portion of the body and to a downward
displacemant of blood volume from the intrathoracic space
Such reflexes can be stodied separately The reflex effects
on the heart of a drug-induced decrease in arterial pressure
have been studied in the supine as well as the erect posture

{Robinson 2t_al 1966 Pickering et al 1972a b) However

the trictor e of the baroreceptor reflex can-
pot easily be evaluated by this method of drug-induced arterial
hypotension since it is masked by the direct affect of de-
pressor drugs on vascular smooth muscle A more physiological

pathod of changing the stimulus to the carotid sinus barore



ceptors in man was first devised by Erngting and Parry (1957)
who incrasased the carotid sinus transmural pressure by de-
oreasing the pressure in an airtight box anclosing the neck
This method having subsequently heen amployed in several
investigations (Bevegird and Shepherd 1966 Delser et al
1970 Eckbery et al 1975 1976 Eckberg 1976) was further
developed by Thron et al (1967) to permit also the applica-

tion of positive pressurs on the neck thus simulating carotid
sinus hypotension (Magner ot a2l 1968 Stegemann Busert and

Brock 1974} Finally the offects of direct carotid sinus nperva
stimulation have bean studled in anesthatized (Carlsten at al
1958) and conscious man (Fpstein et al 1969 Eckberg Flet-
cher and Braunwald 1972) It must be borne in mind however
that the affeots of electrical stimulation of the sinus nerve
result from both chemorecaptor and baroreceptor nerves which
coaplicates their interpretation

The clrvulatory responses to a decrsase in intrathoracie
blood voluma can be studied with tha body in the supine po-
sition by exposing its lower portion to subatmospheric pres-
sure This method of applying lowsr body negative prassure
{LENP) to simulate certain circulatory effects of gravity
vas first devised by Greenfield et al (1963) and may pro-
duce oconsiderable pooling in dependent veins with little 1if
any effects on the arterisl blood pressurs at head level
{for review see Wolthuis Bergman and Micogosaian 1974)
Regative prassnres of 40-3%0 ma Hg have been used to produce
physiological changes conparable to those cbserved during
orthostasis and hasd-up tilt (Gilbert snd Btevens 1966



Bamieloff Browse and Shepherd 1966 Hurray et al 1968 Wolt-
huis Hoffler and Johnason 1970 MHusgrave Zechoan and Mains
1971 Rowell at al 1972} Indesd pressures of this magnituds
have been sxtensively used in many space missions to simnlate
the effects of normal gravity on the body in the weightless
condition (for review see Pestov and Gerathewohl 1975) Few
investigations have involved the application of negative pres-
sures of greater magnitude (Brown et al 1966 Stevens and
Lanb 1965}

Bince few of the above-mantioned investigations have in-
volved the simultansous measurement of cardiac output and
arterial pressure little is known about the relative con-
tributions of cardiac output and total peripheral resistance
in the cardiovascular reflex control in man Thus the ef-
fects of incrouxsed gravitational force aoting in the head-
-seat direction on cardiac output and total peripheral re-
sistance have previously only been studied by Lindberg et
al (1961) who found that exposure to increased gravita-
tional force in the sitting poaition elevated maan arterial
pressure at heart level due to a marked increase in total
peripheral resistance while cardiac cutput was only modera-
tely decreased

Ernsting and Parry (1957) using the direct Pick method
and Bevegird and Shepherd (1966) employing the dye dilution
technique examined the effects of increased carotid sinus
transmural pressure on cardiac output and arterial pressure
Ernsting and Parry (1957) found no significant effect on
cardiac output; the reduction in arterial pressure evoked by

10



increased carotid sinus tranmmiral pressure was therefore
attributed to vasodilstation probably in ths splanchnic
area Bevegdrd and Shapherd (1966) on the other hand who
noted a significant decrease in cardiac output when nagative
pressure was applied to tha neck suggested that the decresase
in systemic arterial pressure with carotid sinus stipmlation
results from a slight decrease in cardiasc cutpat and some
dilatation of resistance vessels Electrical stisulation of
the carotid sinus nerves by means of an implanted stimulator
was found to reduce pean arterial pressure by reflexly decrea-
sing both vascular resistance and cardiasc output in the work

of Epatein et al (1969)

whereas only cardiao ocutput was re—
duced in the stody of Farrehi (1972)

60 far po information ia available as to the affect of de—
oreased carotid sinus transsural pressure on the oardiac oatput
in man However Roddie and Shapherd (1957) exsmmined the affects
of compression of the carvtid arteries below tha level of the
carotid sinuses on the vascular resistance in the limbs 8ince
vascular rasistance in the forsarm calf and hand wers unchanged
or slightly decreased during tha increass in arterial pressure
elicited by carotid artery compression these authors ooncluded
that the pressor response was dus to incrsased cardiac output
or increased peripheral resistance in othar vascular heda or
both

Msagurements of oardiac output and arterial pres ure dur-
ing lower body negative pressurc have previcusly been carried

oat by Bteven and Lasb (1965) MarTay et al (1968) and ®~

wall st al {1972) It wos observed that LEwp may prodve? *



parked decrease in cardiac outpat with mean arterial pressure
essentially unchanged due to a corrssponding increase in total
peripheral remistance In the study of Rowell et al (1972) it

was concluded that approximately a third of the increase in
total vascular resistance was due to splanchnic vasoconstrio-
tion Stevens and Lamb (1965) and Murray at al (1968) extended
the exposures to LBNP unti] the occurrence of presyncopal signs
or vasodepressor syncope respectively and found that the fall
in mean arterial pressure associated with impending syncope is
primarily due to a fall in systemic vascular rasistance It was
concluded by Stevens and Lamb (1963) that the individoal s abi-
lity to maintain his blood pressure through peripheral vascular
mechanisms determines the couras of events during exposure to
LBNP

Following the introduction of selective beta-adrenergic
blocking agents the use of suwh agents and of atropine has made
it possible to pharmacvlogically isolate the heart from sympa-
thetic or parasympathetioc influence or from both This oppor—
tunity has been utilized tostudy in conscious man the rolati
ve roles of the two segments of the autonomic nervous system
in the baroreflax control of the heart rate in varicus condi-
tions In such studies the tonic restraint axercised from the
carotid sinus reflexogenio areas has been deliberately altered
by applying some of the methods descoribed above Likewise au-
tonomic cardiac blockads has been utilized to study the relative
roles of cardiac and peripheral sffector mechanisms in certain

conditions such as hypertension (Julius et al 1971 Ellie

and Julius 1973 Korner et al 1973) exercise (Cummings and
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carr 1966 Rordenfalt 1971) and the Valsalva maneuver {Korner
Tonkin and Uther 1976) Bowever it seesw that beta-adrenergic
or combined autonomic cardiac blockade has so far not been uti-
lized to study the relative importance of cardiac affector me—
chanisns in the ciroulatory adaptation to such conditions as
increased gravitational forcve bidirectional changes in the caro-
tid sinus fransmural prassure or lower body negative pressure
The cbjectives of the present investigation were to study
in oonscious man the funotion of certain cardiovasoular reflex
mechanises in experimentally induced disturbances of circolatory
homeostasis Such disturbances were brought about by axposing
subjoote to different experimentsl conditions yiz 70° head-
=-up tilt (II) a threefold increase of the force of gravity
(I III) bidirectional changes in the carotid sinus transmural
pressurs (II) and lower body nagative prassurs (IV} In this
way it has besan poseible to study different reflex effects cn
the circulation primarily induced by changes in the trans—
mural pressura at the level of the carotid sinuses and by re-
ductions in central blood volume separately or in combina-—
tion In order to elucidate the contributions of cardiac effector
machanises to these effects tha cardiovascular adjustments to
the above-nentioned conditions wers cbserved befors and after

beta-adrenergic and/or combined beta-adrenergio and parasyspa~
thetic blockads



METHODS AND PROCEDURES

Desariptions of the methods and procedures used in this
investigation to challenge circulatory homeostasis and to
suppress the participation of cardiac effector mechanisms in
osrtain reflex responses to such challenge have been given
in detail in papers I-IV and are therefore only briefly sum—
marired below The expsrimantal conditions to which the sub-
jects were exposed in the separate studies are presented in
Table I

Subjects In all 20 healthy physically well trained
male volunteers were studied Beveral of tham took part in
more than one of the series of axperiments Dimensional and
functional data for the subjects have besn reported in the
individual papers Tha subjects were thoroughly acquainted
with the experimental procedure before their informed con-
sent was obtained The design of the investigation has been
approved by the Ethical Coomittee of the Karolinska Insti-
tutet

Formal and increased qravitational force rFor studies
on circulatory responses to the force of normal gravity a
tilt table with a foot plate was used were subjects could be
passively tilted from the supine to the 70° head-up position
To produce increased gravitaticnal force the human centri-
fuge (radius = 7 4 m) at the Rarolinska Institutet waz osed
Fig 1 shows the position of the subject in the centrifuge

14



TABELE I Experinental conditions to which the sublects were

exposed in the separate studies

Stndy

Ir

11

Type of tresa applied
70 bead—mp tilt
Increassd gravitational forve
30 resting

Inoreased gravitaticnal force
3@ exercise

Inorsased gravitational f roe
30 resting

Changes in carotid inus trans
miral pressure 40 =By aupine

Changes in carotid inus trens
sarul prassure 240 mdq  erct

Lower body pegative

Beta adrenergl and
paresyspathetic

Bata-adrenergic

80 mmng

Lowar body neg tive pressus
20 -y

Bata adrenergic and



gondola The gondola was allowed to swing cut frealy during
the centrifuge runs so that the resultant force was always
acting in the hesd-tc—seat direction The speed of rotation
was chosen so as to produce a threefold increase in the gra-
vitational force (3 G} this force being well tolerable for
subjects which have besan made accustomed to the subjective
sansations of sustained accelerative stress Tha gondola was
equipped with bidirectional cormunication facilities as well
as with a television camera for continuous supervision of
tha subject The actual G-force as wall as the circulatory
variables studied ware continucusly monitored and recordsd
outside the centrifuge via a slip-ring arrangement To make
ley eaxarcise possible during the centrifuge runs the gondola
accommodated an electrically braked cycle ergometer with the
corank axis at the lavel of the gondola seat

Changes in carotid sinus transmural pressure The caro-
tid arterial stretch receptors wers axposed to different
transmural pressures according to the mathod of Thron et al
{1967) using a plexiglass helmet enclosing the neck and the
head The subject breathed air at normal atmospheric pressurae
through a mouthpiece attached to a hole in the helmet by
means of a short rubber tubs (II: fig 1} The pressure with-
in the helmet could be changed in sither direction and was
monitored continucusly by a strain gage manometer The time
to reach the desired pressure was kept at about 4 sec

Lowsr body negative pressure (LBNP) The device to pro-
duce LBNP consisted of a wooden box with an elliptical ope-

ning at one end in the main similar to that described by



Stevens and Lamb (1965) A rubbar sesl was provided at the
opaning which fitted hermetically around tha vaist at the
lavel of the iliac crast The subject rested supine stradd-
ling a narrow paddsd ssddle which providad support during
the suction exposures Tha box was connected via a pressure
regulator to a remotely located presvacuated low pressure
chamber which made possibls the application of gradasd naga-
tive pressure The time to reach the desired negative pras-
sure was kept at about 30 sec A strain-gage manometar was
used for contimuous momitoring of the pressurs in the
Texperature inside tha box vas also monitored oontinuously
and was kept at smbient room temperature within 10 5°C
Catheterisation proceduras For recording of arterjal
Pbressure one radial artery was entered percutaneously at
the wrist by & small Teflon catheter (length = 7 cmy OD =
~115omy I D =0 75 mm) PFor withdrawal of arterial blood
during cardiac cutput determinations by cuvette dsnsitomstry
(see below) the contralateral radial artery was catheterized
in & similar way using a catheter of acmevhat larger caliber

{OD =145 ,m; ID =~ 1 03 xm) A venous catheter (length =

=30 cm)y 0D =17pm ID =12 xm was introduced per-

1y into an ant ital vein and advanced so that its
tip was locatad in the axillary vein

Cardimo output vas dstermined by the indicator dilution
technique using indocyanine green (C&rd.lo—ar-on®) and a
Waters dichromatic densitometsr (Model X-300 in ntudy I
D-401 in stodies II-IV) Dye injections as well as the subse—

quent withdrawal and reinfusion of arterial blood through



the densitometer cuvette ware made by a remote-controlled
injection system described elsewhere (Rosenhamer 1967 1968)
The amount of dys injected for each determination was 1 ml
of a 0 5% aqueous molution of indocyanine dye and the rate
of withdrawal of blood from the radial artery through the
cuvette was 20 mil/min In study IV dichromatic earplece den—
sitomatry was used (Reed and Hood 1967) this method having
shown satisfactory agreement with results obtained with ar—
terial cuvette densitometry (Reed and Wood 1967 Bchneider
Cheikhzadah and Hiller 1967 Wallgren 1975) A dichromatio
earplece (Waters XE-302) was then attached to the ear aftar
rubbing the pinna for one minute with rubrifacient ointment
(Trnnm-m@) and was socured in position with adhesive
tape The method for dye injection and the amount of dye
injected wam the sare as described above

Arterial pressure at hsart level was obtained by means
of a differential strain-gage manometer (Statham P 23 H)
one of the inputs being connected to a radial artery cathe-
ter and the other to a plastic tube taped onto the skin along
the mid axillary line and filled with saline up to the level
of the insertion of the fourth rib This technigque afforded
automatic compensation for the hydrostatic presasure differ—
ence betwsen the heart and the fixed strain gage and thus
permitted accurate recordings of the mwean arterial pressure
and its changes at heart level irrespective of changes in the
G lavel or body position Mcan arterial pressure was derived
electronically from the arterial pressure recordings

Heart rate was obtained from chest olectrodes and recorded



by means of 2 lipear beat-to-bsat cardiotachonater {Lindbory
Wigerts and Sdmen 1969)

Racordings All signals wers displayed oo a mltichannel
strip-chert recordar (Rrush Mk 200) and recordsd on magnetioc
taps {Ampex FR~100 C) for atorage and subsequent detalled
analysis of the variables under study In addition tha dys-
~dilution gurves were indoribed on an X-Y recorder (Hewlett-

Pagkard 700 AH) at a papsr speed of 4 mm/s

Pharsacological blockade Beta-adrensrgic blockade was
produced by tha 1 v administration of 0 25 mg/kg of propra=
malol (I.nd-ul@) TO aghieve parasympathetic blockade
atropine sulphate was given i v in doses of 0 03 mg/kg (II-
~III) and 0 04 mg/kg (IV) respectivaly

Gynaral procedures The experimental copditions to which
the subjects wers axposed in the separate studias may svoke
2 conyiderable amotional ippact which may influence the re-
flex circulatory responses Care was therefore taken to ac-
Custom the subjects to tha subjective sensations of the cir-
¢ulatory stress to be applied During the course of 1~5 wesks
praceding the day of the axperiment ssveral preliminary sas-
#ions were thersfore conductsd on separate days with each
subjeat Ko experiment was parformed before the subject rw—
portad that ha was completely familiarized with the subjec-
tive sensations involved in the procedurs Furthermore no
4ppreciable apprebension was present during the actual ex-
pariment as judged from the aubject = resting heart rate

After the catheterl ation proceduras the subject was

allowed at least 10 min of rest bafore any airculatory stress

.
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was applied Following the administration of propranolol
and/or atropine no measurementa were made until 10 min had
alapsed

The time of exposure to acceleration stress was 5 min (I)
and 4 min (III}) respectively to changes in carotid sinus
transmura) pressure 2 min and to LBNP 4 min

Calculations Cardiac output was determined from the dye
dilution curves according to the method originally deviced
by Kinsman Moore and Hamilton (1929) Heart rate and mean
arterial pressure were averaged during the inscription of
each indicator dilution curve Total peripheral resistance
was calculated as mean arterial pressure (mm Hg) divided by
cardiac output (ml/sec) The statistical significance of
differences botween mean values were evaluated by applying
the t-test to the intraindividual differences (of Fisher
1948)



RESULTS

The results are presented in four main sections dealing
with ciroulatory responses to head-up tilt increased gravi-
tational force changes in carotid winus trangmural pressure
and lowsr body naegative pressure respectively In erch seo-
tion the effects of beta-adrenargic and/or combined beta-

sdrenergic and parasympathetic blockade on the circulatory
responmes ars presented Absolute and percentage changes re-
fer to group mean values For detailed additional information

tha reader should consult the individual papars (I-IV)

HBead ap tilt (II)

Effects of a shift from the supine powition to 70° head-
up tilt (6 min) were studied in six subjects bafore and
after combinsd cardiac effector blockade

Mean arterial pressure at heart level was alightly in~
Craased (73) following changs to the head up position this

increase not being affacted by autonomic blockade The in-~

Creasa in hsart rate normally following head op til: was al-

most completely abolished by the blockada Cardiac output

was decreassd by 51% when assuming the upright position after
blocksde as compared to 26V in the unblocked condition How

ver due to a potent increase in total paripheral resistance

(113%) (fig 2) the eaxaggerated curtsilment of cardiac cutpat
after bleckade was fully compansated
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Fig 1 position of subject in the centrifuge gondola with
approximate hydrostatic pressure differences between the
hydrostatic indifference point (B) the carotid sinuses (A}
and the legs (C) respectively at normal gravity (1 G) and
during a threefold inorsoase in the gravitational forve (3 G)
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Fig 2 Changes in total peripheral resistance (TPR) Induced
by 700 head-up tilt (n=6) exposurs to increased gravitational
force (3 G m=8) and lower body negativa pressura (LENP n=8)
before and after cardiac effector blockade
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Increased gravitational force (I III)

Two separate axpsrimental series were performed In the
first six subjects were studied in the meated position be—
fore and during a 5 min exposure to a threefold increass in
the gravitatiopal force (3 Q) Cardiovmscnlar reésponses were
investigated bafore and during lag exarcise and before and
after bets-adrenergic blockade The work load was preset in-
dividnally to correspond to spproximately 50% of the subjects
aercbic working capacity The second saries cowprised eight
mubjects exposed to 4 min of 3 G bafora and aftar combined
cardiac effector blockade

Exposure tv 3 G in the sitting position produced aa in-
Craage in moan arterial pressure st heart lavel from 99 to
126 om Hy (I) and from 102 to 127 mm HBg (III) respectively
Bata adrenergic blockade 414 not affect the blood pressure
Yesponse £o 3 ¢ (95 to 125 mm Hg) which was however signi-
floantly decressed after combined cardiac effector blockade
(104 to 118 rm Hg) During exercisa exposure to 3 G caused
an increase in blood pressure from 115 to 139 wn Hg before
and from 105 ¢o 130 mm Bg after propranclol {fig 3) G-
~induced incressa in heart rate was 52 (I) and 45 (III)
beats/min respectively Propranolol reduced this response
by 62% whoreas propranclol and atropine reduced it by 78%

During exercise the G-induced heart-~rate Tesponse was re-

dnced by 92% by propranolol (fig 4) Ginduced rednotions
in cardiac output were augmented by 25% after propranolel
and by 308 after propranolol and atropine The absolute ¥

loes during exposure to 3 G wera 6 3 and 6 1 1/min ( tulie®
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Fig 3 Changes in mean arterial pressuore (MAP) at heart
level induced by incrsased gravitational force (3 G) at
rest (n=1l4 before blockade 1=6 during propranclcol n=8
during propranclol + atropine) and during exercisa (n=€)
by positive and negative pressures on the neck (n=8) and
by lower body negative pressure (LBNP n=8) before and
after beta-adrenergic and combined beta-adrenergic and
parasympathetic blockade

rig 4 Changes in heart rate (HR) induced by increased gra-
vitational force (3 G} at rest (n=14 before blockada n=6
during propranclol n=8 during propranolol + atropine) and
during exercise (n=6) by lower body negative pressure (LENP
n=8) and by pressure on the neck (n=8) before and after
beta-adrenergic and combined beta-adrensrgic and parasympa-
thetic blockade
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1 ap4 TII) in the unblocked situation 4 2 l/min after beta-
-adrenergic and 3 9 1/min after combined beta-adrenergio
apd parasympathetic blockade Total peripheral resistance
increased markedly in all conditions following exposurs to

3 G (Fig 2) Although the percentage increase wam greater
wfter combined blockade than after propranolel only the
absolute values ware almost idanticsl 1 85 and ) B6 units
respectively

Changes in carotid sinus transmural presasure (IT)

Bight subiects were studied during 2 min periods of ex-
pOSurs to a 40 mm Hg increase or decroass respectivaly of
the axternal pressure over the neck both in the supine and
70° heag up position Bix of the subjects participated in a
second experimental sesvion where the above-ventioped ex-—
poSures were rin sftsr oombined cardiac effegtor blockads

Positive pressure of 40 »m Hg on tbe peck produced an in-
Crease in moan arterial pressure of 16 ra Hg whersas nega-
tive preswure of the same magnitude caused a reduction in
artsrial pressure of only 8 pm Hyg {fig 3) The arterial
Pressure responses obtained by charnging the transmural pres-
SUTe Wers essentimlly the same in the supine as in the 70°
head-up position Furthermore combined autonamic blockada
did not affect the reflex changes in mean artarial prassure
in either position A 16% indrease in heart rats accompanied
the increame ip mean arterial pressurae doring positive pres-
sure an the neck in the supine position During hesd-up tilt

the corresponding incresse wa only 6% (fig 4) Heart-rate
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responsa to negative pressurs on the neck was -6% in the
supine position but negligible in the head-up position
Antonomic blockade drastically reduced changes in heart

rate accoupanying changes in carotid sinus transmural pres-
sure although they were not completely extinguished Car—
diac output increased significantly during positive pressure
on the neck (10% in the supine as well as the head-up posi-
tion) Autonomic blockade completely abolished this increase
During negative pressure there weré nc changes in cardiac
output neither before nor after blockade Whersas the arterial
Ppressure response to increased carcvtid sinus transmural pres-
sure was due sclely to a reduction in total paripheral re—
ajlstance a significant increass in cardiac output thus con-
triboted to the more potent pressor response to decreasad
transmural pressure Whan the increase in cardiac output wvas
abolished by autonomic blockade a compensatory increass in
total peripheral resistance maintained the preseor response
}nt the pre-blockade magnitude

Lower body negative pressure (IV)

Eight subjects ware studied before and during 4 min periods
of exposure to 80 mm Hg of LBERP before and after beta-adrener-
gic and combined beta-adrenergic and parasympathetic blockade

LBNP produced a slight decrease in mean arterial pressure
towards the end of the exposure (9%) (fig 3) Propranolol
augmented this decreass the absolute value at the end of the
suction period being significantly lower than before blockade
{78 rmx Hg and 83 mm Hg respectively) After combined cardiac
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affector blockade the pre-LEAP valus of mean arterial pres-
sure was significantly increased as compared to the unblocked
condition and that with propranolol alopne During LBWP how-
ever thare wvam a clearcut reduction (218) wso that the value
at the end of the period was the same as with propranolol
alone Heart rate inaressed gradoally doring LBHP (+24 beats/
/min after 30 ssoc +39 bests/min at the and of the pariod)
Propranolol reduced this response by 518 whereas combined
blockade reduced it by 87¢ (fig 4) In spite of the increase
in heart rate dnring LEN? ocardiac cutput was reduced by 33t
jn the unblocked copdition due to & 60V decreass in stroke
volume at the end of the exposure FPropranclol augmentsd the
decreass in cardiag output during LENP even though the de—
oTease in stroke volume was less pronounced than before bPloo-
kade After combined blockade the percentage dacreasa in car-

disc output was 46% the sbsoclute value during LBNP however

not being significantly differsnt from that obtained with pro—~
pranolol only Total pariphaeral reaistance ahowed s prompt
inorsase by 30% at the application of LENP byt then gradn-
ally decreased to a finsl level of 40% at the end of the ax-
powurs This phencmenon which was alko observed after com-
bined blockade was responsible for the gradual fall in blood
pressure Absolute values Of total peripheral reaistance at
the end of L2#P wars 0 S5 1 16 and 1 20 units before and
sftar propranolol apd coebined propranclol and atropine
respectivaly



DISCUSEIOH

A Mathodological considerations

In the experiments with increased gravitational force
the 3 G level was chosen since it has been found to produce
profound circulatory changes yet being well tolerable to
subjects having been made accustomsd to the subjective sen-
mations of sustained accelerative stress (Bjurstedt Hansson
and Strdm 1959 Rosenhamer 1967 Linnarsson and Rosenhamer
1968 Bjurstedt Rosenhamer and Wigertr 1968)

The adjustments of the circulation to an increase in the
gravitational force are dus largely to the effects of in-
craased hydrostatic pressures below and decreased hydrostatioc
pressures above the hydrostatic indifference point (HIP)
the HIP being defined as the point whare the intravascular

)prnturn- stay constant when the direction or magnitude of
the force of gravity is sltered (cf Gauer and Thron 1965)
In the sitting position the HIP for the vencus as well as
the arterial system is located approximately at the lavel
of the diaphragm (cf Gauer and Iuidema 1961) Assuming a
hydrostatic pressure difference between the HIP and the le-
vel of the carotid sinuses of approximately 20 mm Hg (fig
1) an abrupt threefold increase in the gravitational force
will increase this pressure difference to 60 ma Hg 1 e
the mean prassure in the carotid sinuses will initially be

lowered by 40 o Hg Likewise the hydrostatic praossure in
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the borisontally oriented legs (fig 1} being 25-30 mm EBg
higher than that prevailing at the laevel of the HEIP during
normal gravity will be increased to approximately 80 mm Hyg
during the 2 G runs

Evidence bas besn presented by Thron et al (1967) that
with chanqes in carotid sinus transwural pressure acoomplismhed
by the technique employsd in the present experiments the pres-
sure transmitted to the walls of the carotid sinuses is 1i-
nearly related to the appliad heloet pressnre when the latter
iz changad in the range -60 to +60 mm Hy Furthermore Eok-
barg (1976) found that meximum reduction of the internal jugqu-
lar velin pressure was nearly squal to the reduation in pres-
sure on the neck It can thus be assuned that in the pre—
sent expariments the application of positive and negative
pressures of 40 sm Hg in the helmet produced equal trans-

moral pressure changes over the carotid sinuses in opposite

directions froc tha norrml

When the external pressure over tha hesd and neck is de~
creased the driving pressurs in the enclosed vascular ag~
mants approximates the differsnce between inflow and outflow
prassures axcapt initlelly for as long as it takes for tha
enclosed digtensible veins to f£111 and the Pressure in thess
vessals to approxirste the outflow pressure eo that flow is
resuned Thus at steady state a subatrospheric helmet pres—
sure doas not affect the driving FTessure in cerebral oir-
cuits However Wwith positive pressure in the helmet the
pressure in the downstresn ends of the snclosaed vaacular

segments 1% close to that of the surrounding pressurs This



is due to the oparation of the waterfall effect which
characterises the outflow from collapsible veins when the
surrounding pressure is higher than the outflow prassure

(of Peroutt and Riley 1963) This means that with a posi-
tive pressure in the helmet the transmitted portion of this
pressure was lost from the normal driving pressure (inflow
pressure minus outflow pressure) The functicnal iwplications
of such loss of driving pressure have been considered in
paper II (p 502)

The technique exployed to produce lower body negative
pressure has been used extensively during the last ten years
(for review see Wolthuls Borgman and Nicogossian 1974)

The application of LENP causes an elevation in lower body
vascular transmural pressure the magnitude of which is di-
rectly related to the level of reduced pressure applied
(Coles 1956) thus producing pooling of blood in the disten-
sible veins of the lower body and a oonsequent reduction in
central blood volume To make possible a comparison be-~
tween the results obtained in the LENP experiments and those
observed in the experiments with increased gravitational
stress a level of negative pressure was chosen that would
produce approximately the same inoreass in vascular trans-
nural pressure in the legs as that obtaining during 3 G in
the sitting position with the legs horizontally oriented
¥ir 80 »m Hg (see above and fig 1) gince blood pooling
during accelerative stress ocours primarily in the legs
with little if any pooling in abdominal vessels (cf Howard
196%) it can be assumed that B0 rm Rg of LBNP will produce
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approximately the same degres of blood pooling in the legs
as will exposure to 3 G Such pooling reduces central blood
volupe and this is reflected by a proportional change in
atroks voluma (8iDstrand 1953 Milnor Jome and MoGaff 1960
Levinson Frank and Hellems 1964 Levinson Pacifico and Frank
1966 Ellis and Julius 1973) It is of interest that the va-
lues of stroke volume during 3 G and LENP were alwost identi-
cal {40 arcd 43 ml respectively) when the heart was deprived
of autopnomic influence This observation supports the assiump—
tion that the degres of peripharal pocling and reduction of
central blood volume was approximately the same during the
two exparinmental conditions

gince external temperaturs ia known to strongly influence
the amount of blood pooled (Henry 1951) care was taken to
keep this variable constant during the experiment This was
achieved by means ©of continucus ventilation of the LBXP-box
during the ocootrol period as well as during the exposures to
regative pressure Temperature could thus be kept within
10 5°C in the box throughout the experiment

Bata-adrenargio and parasympathetic blockade of the heart
A salient feature of the present investigaticn was to study
tha contribution of cardiac effector mechanisma to circulatory
bomeostasis in certain conditions of gardiovascular stress
Yor this purposa beta~adrenergic and parasympathetic influ-
eance on cardiac aativity vas offset by the intravapous admi-
nistration of propranclol and atropine

Ssparately and in
combipation

Epstein et 21 (1963) found that 0 15 ng/kg of propranolol



intravenously produced a degres of blockade that caused at
least a tenfold reduction in the sensitivity of the heart to
infused isoproterencl Josa and Taylor (1969) found no further
decrease in resting heart rate when inorsasing the dose from
0 20 to 0 25 myg/kg Howevar the latter dose would seem pre-~
ferable in conditione with a high sympathetic background ac-
tivity such as presumably existed in the present sxperiments
on cardiovascular effects of increased gravitational stress

with and without exercise and of LENP Robinzon &t al (15966)

who investigated the effeocts of axercise and postural chang-
es on the heart rate used a dose of 0 25 mg/kg This dose
has been used throughout in the present experiments Unlike
certain other bata-adrenergic blocking agents propranolol is
devoid of any intrinsic sympathocaimetic activity in the heart
(for review see Gibson 1974)

The primary actions of atropine on the heart are blockade
of vagal negative chromotropic and inotropic effects (for re—
view see Higgins vVatner and Braunwald 1973} However apart
from its cardiac vagal blocking effects atropine has several
other sites of action (mee further below) which may inter—
fere with the cardiovascular reflexes 8ince these effects
of atropine may affect tolerance to stressful stimuli such as
those employed in the present expariments a dose as small
as possible to produce effective cardiac vagal blockade was
chosen (0 03 mg/kg) The dose required to produce maximum
inhibition of vagal control of the sincatrial node has been
reported to be in the range 0 025 to 0 04 mg/kyg (Chamberlain

Turner and Sneddon 1967) Jose and Taylor (1969) found that
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ingreasing the dose trom © 03 to O 04 »g/ky raised the rest-
ing heart rate by only 0 8 beats/min In pilot LENP experi-
rants (6 subjects unpublished obsarvations) preceding the
Present investigation a substantial slowing of the heart was
noted after release of LENP during cardiac effector bloc-
kade fince it could not be excluded that this effeat on the
heart was dus to defective vagal blockade the dose of atro-
pine was inoreased to 0 04 wg/kg in the present LENP experi-
wents It was found howsver that ths increksed dose had no
significant influence on the post-LEAP slowing of the heart
rate

It is wall known that both propranclol and atropine
exerts othar influences on tha circulation than those resul-
ting from blockade of cardiac effector mechanimss Thus pro-
pranolol as well as atropine may interfare with the cirdula-
tory reflex control by prevention of beta-adrensrgic and
cholinergic vasodilatation respsctively even though the
significance of such vasodilatation in the barorsflex ocontrol
of vascular tome in man i uncertain (Brick 1966 Hahon 1966
Johnsson 1967 Price Coopernan and Warden 1967 Folkow 1953
#oddie and Shepherd 1963, Uvnlls 1967) Furthermore atropine
May affect certain cardiovascular reflex responses due to its
central ganglionic and paripheral sites of action {for re-

views sees Azbache 1955 Eger 1369) The importance of thess

effects of propranolol and atropine will be discussed whers
relevant in later sections



intravencusly produced a degree of blockads that caused at
least a tenfold reduction in the senmitivity of the heart to
infused izoproterenol Jose and Taylor (196%) found no further
decrease in resting heart rate when inoreasing the dose from
0 20 to 0 25 mg/kg However tha latter dose would seem pre-
ferable in conditions with a high sympathetic background ac—
tivity such as presumably existed in the present experiments
on cardiovascular sffects of increased gravitational stress
with and without exercise and of LBNP Robinson et al (1966)
who investigated the effects of exarcise and postural chang-
es on the heart rate used a dose of ¢ 25 mg/kg This dose
has been used throughout in the present experiments Unlike
certain other beta-adrenergic blocking agents propranoclol is
devoid of any intrinsic sympathomimetic activity in the heart
(for review see Gibson 1374}
The pripary actions of atropine on the heart are blockade
of vagal negative chronotropic and inotropic effects (for re-
)viw see Higgins Vatner and Braunwald 1973) However apart
from its cardiac vagal blocking effects atropine has several
other sites of action (see further below) which may inter-
fers with the cardiovascular reflexes Bince those effects
of atropine may affect tolerance to stressful stimuli such as
those eaployed in the present experiments a dose as small
as poseible to produce effectiva cardiac vagal blockade was
chosen (0 03 mg/kg) The dose required to produce maximm
inhibition of vagal control of the sincatrial node has been
reported to bo in tha range 0 023 to 0 04 mg/kg (Chamberlatn

Turner and Sneddon 1967) Jose and Taylor (1963) found that
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lume by loss of baroreceptor—induced inctropic drive to the
heart (Sarpoff et al 1960 De Geest Levy and Zieske 1564

Glick 1971)) it has boan shown that exercise—induced augmen-
tation of the contractile state of the smyocardium is dimi-
nished by propranclol (Sonnenblick at al 1965) and that

beta-sdrenergio blockada dixinishes cardimo cutput also when
Meart ratse is kept oconstant by fixed rate artificisl pace-
makers (Bloomfield and Bowton 1967 Donoso st al 1967 Lund-
-~Laraen st al 1968) Bince in the present experiment on
Oironlatory adjustments to a change froa the supine to the
erect postare the exaggerated curtailment of cardiag out-~
pat after blockade wvas well cormpansatad for by a concomitant
increase in vascular resistanoe it is concluded that cardiac
effector wechanisws are not of sssential importance for the
maintenance of arterial preseurs during orthostasis Thig
oonalusion is in agreemsnt with the results of several in-
vestigations conocerning orthostatic tolerance in man during
beta-adrsnergioc blockade (Sannerstedt Julius and Comway

1970 Cuthbert and Owuso-Ankomah 1971 Fuooslla et al 1971
Maksud et al

1971 S8podick Meyer and Bt Plerre 1972)
¥hen the gravitational forca acting in the long axis of

the body is further increased (I III) the clirculatory re-

aponses are Dot 20181y exaggerated but In part qualitatively
different from those obtained by head up tilt Thus at 3 G
there ia & mOre pronounced increase in heart rate (Biurstedt
Hansson and Strdm 1959) conoomitant with a decrsase in atroke
volume which leaves cardiac cutput omly slightly or modarately

depressed (Lindberg ot 21 1969 Rosenhamar 1967) Due to a
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potent vasoconstrictor response mean arterial pressure at
heart leval is not only maintained but is actuallay increassd
sonetimes quite markedly (Lindberg et al 1960) Thase find-
ings are confirxwed by the results obtained in the present
experimants (I III)

The fact that the circulatory responses to increased gra-
vitational force before blockade wers alwmost identical in
studies I and III makes & comparison batwesen values cbtained
after beta-adrsnergic and comhined cardiac blockade respecti-
vely in the separate studiex justifiable although the axpe—
rivents were performed on different days and with only some
of the subjects participating in both studles After propra-
nolol alone the responee of the heart rate to 3 G was only
38% of that obtained without this drug (fig 4) The impaired
heart-rate responss was accompanied by a more olearout cur-
tailoent of cardiac output than ocourred before blockade In
spita of this mean arterial pressurs at heart level rose to
about the same lavel before and after propranolol due to a

pore marked trictor r after blockade (fig 3)

The fsot that the G-induced vasoconstrictor response was so
precisely adjusted to coopensate for the impaired response

of the heart indicates not only that the central regulation
of the arterial pressure was intaot after propranclol; it

also implies that cardiac sympathetic drive is not an essen-
tial mechanien in the circulatory defense against increased
gravitational stress This concept is further emphasizod by
the observations of the G-induced artorial pressure response

during exercise; this response was not affected by propranc=
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lol even though the heart rate response to increased gravi-
tational forge during exercise was completely abolished by
this drug (fig 3 and 4)

After cosbined cardiac effector blockades the G-induced
increass in mean artarial pressure at heart level was signi-
ficantly reduced (fig 3) Since propranoclol alomedid not
affect the blood pressure response the explanation for the
dafective regulation of arterial pressure at 3 G after com
bined blockade must bo scught in possible deloterious actions
of atropine alone or in combination with propranclol on
cardiac output or total paripheral resistance Since the me—
chsnisn of action of atropine on the heart is blockade of
Y2l neqative chronotropic and inotropic effects 1t appesrs
lass probable that any redustion in cardiac performance at
3 0 aftar combined heart blockade was due to actions of atro-
Pine on the beart On the other hand it has been suggested
that atropine may impair cardiac £illing in ortho tasis due to
inoressed blood pooling in infracardiac vessels (Kalser Frye
nd Gordon 1954) Furthermore othar possible actions of atro—
Fi%e such as interfersnce with some of the actions of acetyl-
choline on various parts of the cantral nervous system Or a
Partial ganglionic blockade (for reviews see Ambache 1955
Eger 1962) may have acted to prevent the baroreceptar-induced
YRsoconstrictor responss from fully developing as required for
the maintenance of artsrial pressure bomeostasis

Ooe of the salient effects of increased gravitational
foroe in the head-seat direction is a fall of the mean ar-

terial pressurs in the cranial portion of the body It was



)

therefore thought of interest to study certain oirculatory
responses to primary pressure changes at the level of the
carotid sinuses (II}) BSuch changes were produced by altering
the pressure in a helmat enclosing the head and neck It

was found that a deorease in carotid sinus transmmral pres—
sure produced a much stronger arterial prassure response than
a corresponding increase in transwural pressure (fig 3)

The finding that the ocarotid baroreflex acts as a predomi-

nantly anti ve hanism is in agr t with the

results of Thron st _al (1967) and Stegemann Busert and

Brock (1974) who used a similar techniqua bunt contrasts
with the generally held concept that the stimmlus-response
relationship of the oarotid sinus reflex is a sigmoid curve
which is symmetrical about normal arterisl pressure (cf
Heymans and Neil 1352) However this concept has arisen
from findings in anesthetized vagotomized animals with sur—
glcally exposed and isolated open loop carotid sinus prepara~
tions; it is generally agread that anesthesia as well as sur—
gical trauma may interfere with the barcreflex response cha-
racteristics (of Vatner and Rraunwald 1975 Xirchheim 1976)
Concomitantly with the stronger pressure response to de-
creased transmural pressure cardiac output showed a signifi-
cant 10V increase whereas no change in this variable was ob-
sarved whan the transrmural pressure was increased Thus the
difference between the magnitudes of the blood prassure re
sponses in the two cases was asscciated with a change in the
ralative contributions of cardiac and peripharal affector
mechanisms After combined cardiag effector when
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sny intervention on the part of the cardiac effactor mecha-
pisme wes praventsd the difference in magnitude betwean the
blood pressure responses to increased snd decroased trans-—
wairal prossure was scmevhat less evident Bowsver ths fact
that the reflex blood pressure responsss to changes in trans-
muirsl sinus pressurs wers not greatly impaired in the ab-
wance of cardisc effector mechanisma indicates that these
mechanisms are not of critiecal importance in the buffer func—
tion of the oarotid sinus barorsceptors (fig 3) This con-
clusion is in agreepent with the results of Ernsting and Parry
(1967) who increassd the oarotid sinus transmural pressurs by
suction in a box anclosing the neck only It is also concor—
dant with the cbsarvation of Epstein

et al (1%63) that elec—
trical atimulstion of the oarotid sinus nerve in ran cauvses

a fall in systamic arterial pressura even when cardiac cutput
is kept constant my mild exercisa

and with that of Egkberg
ot al

{1972) that the artarial pressure response to carotid
sinus serve stimulation i not affected by antonomic heart
blockade

Besidos itw lowering effect on the arterial pressure at
carotid sinus level gravitational stress in the head-seat
direction produces a dowmeard displacement of blood volumze
froa the intrathoracic space to infracardiac yeins The re—
flex circulatory responses o a reduction in cantral blood
volune without an aocompanying fall in mean arterial pre -
sure may be studied by lowaring the exterpal pressure over
the lover part of the body In the smpine body posstion P
maneuver may produce con iderable pooling of plood in 4¢P



dent veins with little if any effect on the arterial pres-
sure at head level (for review see Wolthuis Bargman and
Ricogossian 1974) 1In the present expsriments a level of
negative pressure (80 mm Hg) was chosen that produces blood
pooling of an ordar of magnitude comparable to that produoed
in the 3 G experiments It was of interest to note that 80
oo Hg of LENP produced a more clearcut reduction in cardiac
output and a less pronounced vasoconstrictor responss than
did exposure to 3 G (fig 2)

After propranclol tolerance to LENP was reduced as jud-
ged from the blood pressure response i s mean arterial pres-
sure was significantly lower at the end of the LBNP period than
it was before blockade (fig 3) This difference can bo ex—
plained by the blockade of cardiac aympathetic effector mecha-
nisms and a resulting reduction in cardiac output Although
there was a more potent vasoconstriotor response to LBNP after
propranolol it was not sufficient to maintain arterial preas-
aurs at the sane level as before blockade This finding is
notable since the exaggerated curtailment of cardiac output fol-
lowing exposure to 3 G after propranclol was well compensated by
a concomitant risa in paripheral resistance (I) It is believed
tharefore that the carotid hypotension associated with expo—
sure to increased gravitational force initiated a stronger over
all sympathetic ocutflow than did exposure to LENP

Hith combined cardiac effector blockade heart rate car-
diac output and rmean artorial pressure incraased consider—
ably these findings being concordant with those of othor

experiments concerning autonamic heart blockae in the ra-
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cusbent position (Cumminge and Carr 1966 Julium st al

1971 Ellis and Julius 1973 Xorner et al 1573 Xorner

Tonkin and Uthar 1976) FEowever following application of
LENP there was a drastic reduction in cardiac cutput and
mean arterial pressura to the same levels as obtained during
LENP with propranolol only although the heart rate remained
elevated (fig 3 and 4) These findings clearly whow the
dependence of the central blood volume for the capacity of
the hsart to increase its output by means of an increase in
its rate and are in agresment with earlier results oconcer-
ning atyopina and LEAP (Murray and Shropshira 1970) and atro-
pine and postura (Weissler Leonard and Warren 1957) It is
thue concludsd from the LENP axperiments that cardiac sympa-
thetic effector pecharisms were essential for the maintsnance
of arterial pressurs

In summary the present experiments on the effects of
head-up tilt increased gravitational force and locally lowa-
red carotid sinus transmural pressure have shown that car-
diac effector mechanisms are not of essential importance for
the reflex blood pressure regulation assoociatad with such
wanauvers In all thess cases carotid sinus transmural pres-
sure was markedly rednced On the other hand cardiac sympa~-
thetilc drive may be essantial for the ciroulatory homecatasis

in conditions with redoced cantral blood voluwe soch as

LENP when mean arterial pressure at carotid sinus level is
only slightly affected



Effects of posture and exercise on baroreceptor-induced
¢hanges in heart rate and mean artarial pressure

There ie still considerable controversy as to what ex—
tent postural changes and exercise may modify baroreflex
control of heart rate and arterial pressure ¥hen in the
present experiments tha carotid sinus transwural pressure
was increased or decreased by nagative and positive pres-
sure on the neck respectively the ensuing heart-rate re-
aponses ware markedly sltered by a change in posture Thus
during head-up tilt the heart-rate response was only half
that obtained in the supine position This is in accordance
with the findings of Pickering et al (1971) that the reflex
bradycardia in response to a drug-induced rise of arterial
prassure is decreased in the erect posture but is at vari-
ance with those of Eckberg Abboud and Mark (1976) who re-
ported that the decrease in heart rate evoked by negative
pressure on the neck is the same in the supine and standing
positions In the latter investigation however cbservaticns
were linited to the first 3 sec of suction on the peck in
order to minimire cardicacceleration resulting from reduc-
tion of aortic baroreceptor activity by reflex hypotension
In the present axporiments on the other hand neasurements
were cbtained after 30 seo of negative pressure 1 e when
the barvreceptor-induced reduction in mean arterial pres-
sure was folly developed The discrepancy betwesn the results
obtained in the two stodies may thus be explained by differ—
ent contributions on the part of the aocrtioc baroreflex on

the heart-rate responses
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In the present expariments it was cbsarved that exer-
cise reduced the G-induced cardioaccelaration by nearly 50%
{#ig 4) Analogue results were obtained by Pickering et
al (1972a) in their studies op the affeats of axercise on
the transient increase in heart rate inresponse to a drug-
-induced decrease in arterial pressure while Robinson st &l
{1966) found that the changes in heart rate that followed sus-
tained altarations in arterial pressure weore of similar mag-
nitudea at rest and during exercise Howsver whareas the

changes in heart rate studied by Robinson et al (1966) and

{1972a) were induced by alterations in ar-

Pickering et al

terisl pressure the G-induced acceleration of the heart is
tha result of central bypovolemis as well as carctid bypo-
tension A comparison betwssn results cbtained by the two
mothods is therefors only of limited relevance

The above observed effects of posture and exercige on the
heart-rate responses were not reflected in me’ al-
terations in tha baroreceptor-mediated changes In arteria]
Ppreasure Thus the pressor and depressor TospOnses to posi~
tive and negative pressure on tha neck TeSPectively were as
potent in the supine as in the 70° beadup poggegon Further—
T e e

47 exrreige (f1g 3)

It can be concluded therefore that the
CArot1d bargrefiex re—

sponsiveness

1n torms of 1t butfering Specity of acute
changes in arteri i



mansuvers These findings give further support to the conclu-~
sion drawn in the previous section viz that cardiac effector
mechanisms are not of essential importance for the reflex
arterial pressure requlation associated with changes in the
carotid sinus transwural pressure Or exposure to increased
gravitational force

It was found in the presant experiments that the pressor
response to a threefold increase in the gravitational force
was much more potent than that following positive pressure
on the neck although the decrease in carotid sinus trans-
mural pressure was essantially the same in the two situations
(fig 1) sSeveral explanations to this disbrepancy must be
considered A more potent G-induced pressor response might
be expected from stronger ischemic stimulation of carotid
chemorecaptors due to local reduction of parfusion pressure
(cf Landgren and Heil 1551) This seems less probable how-
ever since the perfusion pressure at the lavel of the caro-
tid bodies was essentially the same in the two situations
Furthermore thera is no deorsase in arterial oxygen tension
or increase in arterial carbon dioxide tension during expo—
sure to 3 G (Rosenhamer 1967) The possibility must there-
fore be considered that the extarnal pressure applied to the
neck in study II was not cooplately transmitted to the walls
of the carotid sinuses TNowever if this wers to explain the
entire difference in magnitude betweon the pressor response
to 3 G and that of positive pressure on the neck respoctive
1y the extornal pressure must havoe been greatly attonuated

during the transmission through tho tismues of the neck to
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the walls of the carotid sinuses This appears less probable
since Eckberg (1976) found that maxiwmm reduction of the in-
tarnal jugular vein pressure is nearly equal to maximum ra-
dnotion in neck chamber pressure

The validity of the comparison between exposure to 3 G
and 40 = Hg of neck pressure is based on the assumption
that the intrasious mean pressurs was lowsrsd by 40 mm Hg
by the transition from 1 G to 3 @ (cf fig 1) Howaver
if this pressure reduotion was in reality greatser the pres-
#OT response to 3 G would presumably be more potant than that
obtained by 40 mm Hg of pressure on the neck Finally changas
in the carotid sinus transsural pressure produced by altera-
ticos of the external pressurs on the neck will only affest
the static component of the carotid baroreflex Exrposure to
3G on the other hand also alters the dynamic componsnt
2e to drainage of blood from the intrathoracic space and
A8 ensuing dsoretse in pulse pressurs It is well known
that alterations in intrasinus pulse pressura constitute
Potent stimli to the carotid inus baroreceptors (Eed Greer
a0t Neil 1952 Soher and Young 1963 Gero and Garova 1967
Angell Jame and Daly 1970); this may therefors form an
explanation why the pressor response to 3 G was morw potent
than that during 40 mm Hg Or neck pressurs

Ralative contribation of sympathetic and parasympathetic
influence in reflex heart-rata control
Although there ha been considerable interest in the

Dachsnism by which the heart rate is altered ip response to



postural changes and stimulation of the baroreceptors the
question concerning the relative roles of the two divisions
of the autonomic nervous aystesm in mediating these changes
in conscious man has not yat been mettled Whan subjects
were sxposed to 3 G in the seated position on the centri-
fuge it was observed that propranclol reduced the normal re-
sponse of the heart rate to increased gravitational force by
62% (fig 4) Thus G-induced cardiocacceleration im predo-
minantly but not entirely due to sympathstic stimulation
The fact that the addition of atropine raised heart rate con~
siderably at normal gravity but only slightly at 3 G indi
cates that there was a considarable vagal restraint at 1 G
which was almost complately withdrawn at 3 G (fig 4) When
exercise was performed during exposure to 3 G the G-induced
heart-rate response was almost entirely of sympathetic origin
since propranclol redoced this responsa by no less than 92%
™ During exposure to LENP propranclol reduced the reflex heart-
"')—nr.. response by 51% However the addition of atropine im~
creased heart rate considerably not only before but also
during LANP indicating the existence of stronyg vagal re-
straint even during LENP (fig 4) It can thus be conoluded
thet the reflex heart-rate response to a reduction in central
blood wolume separately or in combination with an unloading
of arterial baroreceptors is of both parasympathetic and sym~
pathetic origin the ultimate balance however being depan—
dent on the preaxisting level of background activity The ob-
servations of & reciproval control of the heart rate i#¢ in

agreesent with the findings of Glick and Braunwald (1965)
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Wbinson et al (1966) and Scher at al (1970) but ara at

variance with those of Leon Ghaver and Leonard {1970) and
Pickaring et al (1972a) who claim that barorsceptor-induced
changes in heart rate ars entirely of parasympathetic ori-
9in Tbe last-mentionsd groups studied transient effectam on
beart rate whareas the present results refor to sffects
studied over several minutes It is well known that parasym
pathatic coptrol of the haart rate ia extresaly fast sympa-
thetic control being considerably slower {Mang and Borison
1947 warnar and Cox 1962)) thus the relative contributions
of the two divisions of the autonomic system may not be the
MIe for transient s for the sustained hesrt-rate responsas

The finding that the heart-rate responses to 3 G amt
LWP were of similar magnitude whereas thowe following iso-
14tsd changes in carotid sinus transmaral pressure were much
1638 consploucus (f1g 4) auggests that the main component
reponsible for the orthostatic heart-Tate control ia the
d4cTease in cantral blood volume the lowering of intra-
$itus rean pressurs being Oof less importance On the othar
batd intrasinus mean pressurs eams to be an important fag-
tor for the vasopon trictor reaponse to orthostasis since
the increame in total peripheral resiztance was much pare
Couspleucun following head up tilt and 3 G as compared to
12uP (wee above and fig 2}



SUMMARY

The objectives of the presant investigation ware to study
in conscious man some of the functions of cardiovascular re-
flex mechanisms in certain experimental conditions vir 70°
head-up tilt (II) a threefold increass of the force of gravity
(I 1III) bidirectional changss (* 40 mm Hg) in the pressure
surrounding the neck in the supine and 70° head-up position (II)
and lower body negative presaure (LENP B0 mm Hg) (IV) 1In this
way it wam possible to study different circulatory effeots pri-

marily induced by in the 1 pressure at tha
lavel of the carotid sinuses and by reductions in central blood
volupe separataly or in combination

Intrasrterial pressure electronically derived mean arteri-

1 pressure heart rate and the actual G-level or the external

JYessura applied to the neck or the lower part of the body were
recordsd continuously and simultanecusly Cardiac cutput determi-
nations were obtained by the dye-dilution technique BStroke
volume and total peripheral reaistance were caloulated from
simultanecusly obtained values of cardiac output and heart rate
or mean arterial prassure respectively

In order to further elucidate the contributions of cardiac
effector mechanisms to the reflex effects on the ocirculation
the abova-mentioned circulatory variablos were observed before
and after beta-adreanorgic and/or combined beta-adrenergic amd
parasympathetic blockade as induced by tha 1 v administration
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of propranolol separately or in combination with atropine

After combined cardiac effector blockade s shift from the
npina to the 70° head-up position caused a greater fall in
cardiac cutput than bafore hlocksde Howaver mean arterial
Rressure at heart level was pot lowered and the exaggerated
curtailment of cardimc output was tharefore fully compensated
by & greatsr increass in systemic vascular rasistance

The respanse of the beart rate to increased gravitationsl
fores vas zarkedly reduced by propranolol The impaired haart-
tAte respones wam accorpanied by a morse clearcut curtailment
©°f cardiac output than occurred before blookade In spite of
thix mean arterial pressure at heart level rose to the sawe
1a™sL 48 before proprasolol due to a more marked vasoconstric-
$9T rexponse after blocksds Combined cardiac effector blockada
feduced the G induced arterial Pressure response This effect
1% discumsed 1n tarmn af actions of atropine on the baroraceptor-
induced Vasaconsirictor response and/or on the degree of infra-
cardiac pooling

A decTesse in carotid sinus transmural pressure produced
* »ch stronger arterial pressure responsa than a correspond ng
incresse (n transmoral pres ure Th s ind cates that n man the
CAIOtid minus reflex acts as a predominantly antihypotansive
Rechanien  Whereas the depressor respon & to 1norea ed trans-
Rrml pressure was dum solely to a reduct on 1n vascular Te-
*stance an incresse in cardisc output comtributed to the
FOT  potent pre wor response to decrensed transmuiral pressu o
The pressor oo depressor responses to changes 1n the trans—

Mral pressure were a potent in th supine as n the 70° head-



=-up position Combined cardiac sffector blockade abolished t
effect of reduced transmural pressure on cardiac output with-
out impairing the blood pressure response

Tolerance to LBNP was reduced by beta-adrenergic blockade
as judged from the exaggerated decrsase in xean arterial
during LBNP after blockade Combined cardiac effector blookade
elevated pre-LBNP values of heart rate cardiac output and
arterial pressurs as compared to values obtained after beta-
-adrenergic blockade alone; however tolerance to LBNP rem |
impaired

From the experiments on the sffacts of head-up tilt
increased gravitational force and locally lowered carotid ei
transmural pressure it is concluded that cardiac effector me—
chanises weres not of essential importance for the reflex blood
pressure regulation associated with these manauvers In all
these cases carotid sinus transxural pressure was parkedly
reduced However during LBNP when mean arterial pressure at
’cnmtid sinus leval im only slightly affeoted but tha cantral
blood volums is effectively reduced cardiac syspathetic drive
seemed to be important for the maintenance of arterial pressure

Experiments with bata-adrenergic and combined autonomic
haart blockado showsd that G-induced cardicacceleration was
predoninantly but not entirely duva to sympathatic stimulstion
When eoxarcise was performed during exposure to 3 G the G in
heart-rato response was almost entirely of syapathetic origin
Thero was a considerable vagal rostraint at 1 G at rest which
was almost completely withdrawn at 3 @ The hoart-rate responsc

to LBNP was cqually attributable to withdrwal of vagal tono and
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incTeass in sympathetio drive s considerabla vagal restraint
still remaining in this condition From thesa findings it is
coocloded that the reflex hsart-rate responss to a reduction

in central blood voluse separately or in combination with an
wnloading of arterial baroreceptora is of both parasyspathetioc
424 eyspatbetic origin the ultimate belance baing dependent

o the presxisting level of background activity
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Preface

About six blind ment of Indostan who approsched an ekephant for the first time-

First biind man falling against the elephant s side
“God Wess me! but this elephant
Is very lika g wall”

Second blind man feeling the tush
“This wonder of an elephant
Is very like a spear”™

Third blind man grasplng the squirming trunk

Isee  quoth ke “the efephant

Is very llke a smake

The fourth Bind man clasping the knee
“This Is clear enough the elephant
Is verv lke a tree

The fith blind man catching the ear
“This marvel of an elephant
Is very like a fan

The xixth sel.ing the swinging tail.

1 see  quoth ke  the elephamt

15 very ltke a rope

And 50 these men of Indosan

Disputed boud and long

Each (n his own opinion

Exceedingly st{J and strong

Though each was partly in the right

And all were i1 the wrong

(William Shenstone 1714—1763)



1 A Short History of Cholinergic Biology

The orgm of cholinergic biology can be traced back to the experiments by Hunt
and Tavenu (1906), in which the physiological cffects of different choline
analoguet were cxsmmed. They observed that the most potent vasodepressor
analogue was the acety] dervative acetykholine (ACh).

In 1914 Sir Heary Dale suggested that ACh was a substance of importance for
the function of the peripheral nervous system and in 1929 were Dale and Dodley
abic to ksolste ACh from mammafian tmse.

A pupil of Dak, Diksidt, wat to my kpowiedge the Tint to sugpest, on ex
perimental grounds, that ACh had a function es & transmitter substanee in the
central pervous system (CNS) also (Dikshlt 1934), However convincing data
were sparse for 2 ong time, but & became more and more generally accepted that
ACh was in fact a transmirtter m the CNS (Feldberg 1945).

The final of ACh in bram had to await the applica
tioa of gas aphy fn binatfon with mass y (Hammar et
al. 1968).

During the last few ycars thers has been a rapid aceeleration b the develop
ment of new methods for Ch and ACh detamination, as weil as for sacrifice of
anmoab, turmover calculattons, mappng of cholinergic structures within the brain,

fract determiination of ACh releass, sterotaxc mtracercbral

: of druga, and phyiok ! methods for bral stlmula
ton and dlng. In bt with neurophar logical experiments these
ds bave almost lly bn. d our ledge of the importance of

the central cholinergic mechantume.



2 Determination of Ch and ACh

2.1 Bioassay

Up to the end of the 1960°s bloassay was the oaly method available for determina-
von of ACh In the small quantrises present in most thsues and tlssue perfrates.
Some of these ataays arc very sensftive, but the selectivity Is always questionable
to some degree since it s well known that other endogenous substances (for exam-
ple serotorun and histamine) will also resudt in a biological resporse. In phar
macological experiments drugs will be present, mostly in unknown concen
trations, in the test solutions and may increase or decrease the biological response
(Hamn and Jenden 1966). Only when the specificity s carefully controlled can
bloassay be used with succest

2.2 Radioisotopic Procedures

All radiolsotopic methods for determination of Ch and ACh are baved on the en-
zymatic convermon of Ch to & radiwactive product whose activity 1 messured
after isolation. The methods began with the development of sensitrve radicen
zymatic techniques for Ch determunation (Smith and Ssckent 1967 Schuberth et
al 1969 Ewelz ¢t al. 1969) and these prmcipis were originally applied to ACh
measurement by Felgenson and Saelens (1969). The different steps in exusting
radioenzymatic methods are summarized beiow

A Separation of Ch and ACh

a) Ekctrophoretically (Fergenson and Sackens 1969)

b) Enzymatc con of Ch to ph ykcholine (Goldberg and McCaman
1973 Shea and Aprison 1973)

€) Scparation oot needed (Massarelli et al 1976 Paper 111).

B Hydrohsisof ACA
#) Base (Fegenson & Ssckens 1969 Massarefl et al, 1976).
b) Acttyicholmesterase (AChE Goldberg & McCaman 1973 Paper 111).

C Comersion of Ch 1o redwactive product
2) Choline acetyltransfernse (CRAT) Ch US43 jabefled ACh (Fergenson
& Saclens 1969 Papers 11 and 111 Massarcll et al. 1976).

b) Choline phosphoknase” Ch o, i s, **P phosphorylcholine (Ewetz ot
al 1969 Red ctal 1971}

10



D Separation of labelled precursor from product

2) Electropboretically (Feigenson & Saclens 1969).

b) Liqukd cation-exchange chromatography (Shea & Aprison 1973)

¢) Column anion-exchange chromatography (Red et al. 1971).

&) lop-palr extraction, with K,Hgl, in beptanon(3)(Paper Iy with
tetraphenyibovon (Foonum 1969) in butenenttrile (Shea & Apron 1973)
wfﬂltwuphmylbumlnmonﬂrﬂcfmlnme(}?mm 1975 Paper IIf) with

aphenylboron in (Magsaredl et al. 1976),

2.3 Gas Chromatographic Procedures

Beveral gas chromatographic procedures for Ch and ACh determination have
boeen described (Jenden et ol 1968 Hammar et sl 1968 Hanin et al 1970
Hanin & Skianer 1975 Szilagy et al 1972) The most spectfic of all methods for
assaying Ch and ACh 18 probably the appbeation of gas ch aphy in com-
bination with mass spectrometry (Hammar et ol. 1968 Hanln & Skinoer 1575),
tant in view of the extreme cost of such equipment i cannct be expected to come
fato use & & rogtme nstrument in most laboratones.

2.4 Other Mcthodologrcal Approaches

Several other methods for Ch and ACh determinatson have been described (sco
Hank 1974) for example: #) Polarographlc (Masiova 1964) b) Photometric
(Schumacher & Ehl 1970- Eksborg & Persson 1971ab ¢) Fluorometnc (Fellman
1969) d)Ion par parution chromatography (Ulin et al 1976). None of these

methods have yet been of any great importance for the recent development of
cholinergic blology

25 Methods Used 1n Present Studies

2.5 1 Broassay of ACh

In stcdy 1 a strip of the dorsal muscle of the leech was used In a microbath (Szerb

1561) for the determination of ACh, As portted out earlior the specifichy of the
analytical method had to be checked m several ways

2) When known amoumts of ACh were added to the tsse extracts no potentia
tion or inhbition occurred.

b) Extracts treated with alkall (pH 11—12) had no blological effect.
c)Addnimd‘drup(hxbpu-ldnlmdlpomu-phme)mamdidm(mhm
istion or inhibition of the beok [ retponse @ ACH.
d)Somoquuouu(btmcm-acuml}ncdbyguch!M/muim
trometry gave valocs slmilar to those obtained for bromgimll, wiquots.
The bioaisay procedure had a very low capacity howein,. sud further the




progreas of our wivk scemed 10 be more and mors dependent upon 8 good leech
seaton in Hongary Thes lprred o8 to develop a rioenzymatic methad for Ch
and ACh sssy (Papers I and [l see below).

2.5 1§ Results and' discussfon. As the sxpenuments in stady f were performed
befors the Intraduction of mi irradt for the ®ablization of Ch and
ACh jevels, the endogenoas vahuwes of ACh sre considerably Jower than those
obtuned in subsequent Rudies, in which the animals were killed by mikrowave
irradiation (Paper {1 see btiow). This is probably due to rapsd postmortal
hydrolysis of an AChE-acnsitive ACh poot {(see Nordberg 1977, The kevels ol en
dogenout ACh obtained i stody | are of the smme magrutude (cortex
10nmol g* stratom 29 amal £ ) as those reported earlier by other authors using
deeapstation of near-freeczing methods to kil the ammals (oe review of A ACh
congentrations (o rat and mouse bralns published earfir 3¢ Saclens and Simke
1976).

252 Determination of free Ch in plasma (Paper IT)

i study il & simple and rapid esaay system for plasms Ch baved on radioen-
zymatic detcrminatyon i eo nitrafiitrate was spplied In an investigation on
hextthy volumteers.

1321 Ultrgfiliration of plasma The jon of free Ch k od
probably due to & enzymuic procesy, when plasma and blood were keft st roam
temperature. In plasma and blood kept &t +4°C and in a proteda-free aXeaflitraie
of plasta kept 4t 22°C ne incresse in Ch concentration was detected (Fyg. 11
Thus, rapsd cooling of blood sfier P followed by vt jor of the
plasma, seemed to be & good way o obtan & stabie plasma sample for further
proocsung. An moresse m Ch concentratson has alwe been found (o occur &
plasms from expenmentat animady (Warg and Haubech 1975 Spanner et ol
1976}, Spannier & ul. (1976) med forme seid fon of the pr ot
plasma sample (0 obtam & stable vahue, This method seems 10 be nseful for that
Puspose, bot 2 18 very tme-conueming. However the piasms concenirations ob-
toned i thew study (Spanner et sl 1976) are extremely fow (~0.8 nmol mi ¥ in
bumas plasmua), The reason for this setmat 10 be uncxplamsble at present. Wany
nd Haubrich (1975) boded plarma for 15 min is an stempt (0 get stable Ch
valses This method o raph, but as shown m paper 11 # seems to rexult By
signdicantly hgher vates than those obtauned wath the oftrafiiation procedure
probably dut 10 w rapwd il release of Ch from Ch-contaimng compourdt.
Unrafiltsstion of plasma, 0n sthe other hand, separates Jow mobecotas weight Ch
contaming compounds from the enzymes catalyzmg the Ch fiberation without
A%} FICIEAN 0 inmperature or changes oo other phytical propertics. The concen
tranon of Ch m the ahtrafiltsats probably eorrexponds 1o free Cly of plasma, whxch
exquilibrates phy Sodogically with other Ch eosmpartments 1 the body

&
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Fig. 2 A typecal standard curve used in Ch
& Each

the

" mean of 1wo determinstions. S.EM at

i each pomt b besy than 2% of tho mean

O o ) / Teee 1=099 k= 15004 2% (£5.D) (from
prol  cholne paper 1ML

2322 Results and discuxsion. Using two inations at five differant Ch

a dards, the ¢ lon imit of Ch in a typecal standard curve

(fig. 2) at a 95 % confidence level (Hubsux and Yo 1970) is about 25 pmol.

The plssma Ch concentrations in healthy fasung volonteers lay within narrow
Emits (mean 10.6 pnol/l) A small bit mgnilficant merease was noted one hour
alter a meal (11.5 gpmol 1 ) (Tabie I). The concentration range was simiar to that
reported t an earty investigation by Bligh (1952), who used & buoassay technique
for Ch determmanon.

In three newborn infants the free Ch concentration in plasma (obtaimed from
the umbilical vein) was about doubde (24.5 pmol | ) that in older chlldren and
adults, No explanation can be grven fo this as yet but t ks known that the placen
(a i extremely nch in ACh and the cholinergic enrymes ChAT and AChE (Sastry
ctal 1976}

2.5.3 Determunaton of Ch and ACh m rat brain paris (Paper 111)

This paper desenbes & modification of the previously used radioenzymatke
procedure for Ch and ACh deterrmnation (Feigenson and Saclens 1969 Goldberg
and McCarman 1973 Shea and Aprison 1973). Afier lon palr extracuon of the
! C ACH formed, uung tetrapheny Iboron (Kalgnost™), directly in the scintilation
sl (Foanum 1975), rad dy s d by Lquid il countmg. In
one ahiquot of a bram extract endogenous ACh s speaifically hydrolyzed by

"
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Fig. 3 Free Ch follow Ing incubation with ‘ [
acetylcholme exterase (ACKE) for dafferent

/
danT'C,pHx&!Jnrmdhmnp— "~
mie V-V a solobon coctaming 2000
penal phowsharylcholne and 200 pmol Ch —_—
-0 strutal bomogenate with no AChE - o=
added (from paper ) (—t

means of ACHE (Fig. 3) and the total Ch content of the sxmpie b determined The
content of end Chix in an unhydrotyzed abquot and the ACh
Sevel is then obtained a3 the dufference in Ch content between the two allquots.

2531 Microware [rradiatfon for stabilizing Ch and ACh levels Since the
Ch and ACh concentrations m braln change extremely rapidly post mortem
(Ewetz et al 1969 Schuberth ct al 1970, Dross and Kewitz 1972, Nordberg
1977a), it is necessary to usc & technique which quickly inactivates the enzymes
responsible for these changes. This can be donc by rapid heating of the brain by
microwave imadisbon (Stavinoha et ul 1973 Butcher and Butcher 1974a,
Guidottl et al 1974 Schomdt 1976, Nordberg and Sundwall 1976, Nordberg
1977a). It has been ehown that a temperature of 80—85°C is sufficlent to inac
trvate brain AChE and ChAT and therchy efiminate post mortem alterations m
ACh steady state levels (Behmidt et al. 1972, Schnidt 1976, Stavinoha etal. 1974
Nordberg and Sundwall 1976, Nordberg 1977). Howerer as shown by Schenidy
(1976) & brain temperature of abowt 95°C must be attamed In arder to halt the
post mortem wcreass in Ch concentration in rat bealo. This indicstes that the en
zyme(t) cespoasible for producing post-mortem ereases (o Ch are more hoat
stable than both ACHE and ChAT In stodies 111 and IV & beam of microwave
(5kW 2450 MHz) was focused on the rats beads for | 7 5. This resuhed in a
hamogenons brals temperature of aboot 95°C However the possiifity cannet be
ruled out that changea still take place during the irraciatron period or during the
time while the animalt are being restrained immediately before death. A stress-
free” method of kafling cannot be achieved at present (f ever).

2532 Results and dl. The radi oethod n

Paper T was found 10 be & tapsd (120 swrapies/day) and simopie procedure {or the
mensurernent of Ch and ACh concentrations in small parts of brain thsue. The
dn:uionimhofntypblumdardcurvenn%%conﬁdmlﬂd(Huub‘m
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Table [T Recantly published mbies for Ch and ACk comcentration in rats and wmice tacrificed
by microwase brradiation

Cartex Striatwm
Amiytical proced v Aathors @ ACh n ACh
nmolg £ S, L0
Radloenzymatic Prownt paper 23125 16110 3312 76124
=18 we=l18 a=2} =23
Haubeich et al. 1975 17 14 29 3]
Qa3 chromatognphy  Welatrab et al 1976 - 16 - 64
Racegei tal 1976 - - 19 51
Modak et ol 1976* - 26 - n
Schmidt 1976 2 ] n 4
Gat chromstography/  Batcher und Butcher 1974 - - k1] 98
XM IPACITOMS try
Bloxsary Nordberg and Sundwall
1977* 31 1 4 T4
Moaw

and Vos 1970) Is about 25 pmol (Fig. 2). The calculation of ACh concentration a3
1ho difference in Ch concertration between a hydrolyred and an unhydrolyzed
lﬁqnmobdﬂndxupanﬂnuofchfmmAChbychmmno;nphynrdcc
» ds, which arc time pr that imes do not give
compicte separaboa of the two pounds. The cth dure for ACh
described by Fonnum (1975), where ‘C AChhscpnrlwdfmm HC-acetyl-CoA
drrectly in the scomillation visls prior to Fqud scmtflation counting, was foond to
be yery convensent and rapid. The partial purificaton of CRAT takes one day and
results in an cxzyme batch for more than 4000 determmations. The endogenom
Ch and ACh concentrations obtamed in study [ are in closs agreement with those
reported by other anthors using microwaye irradistion for kilfing the anmmals (Ta
bie T1). Recently a similar approach for ACh ¢ ination was described by
Muszarell et al (1976).




3 Estimation of Bran ACh Turnover Rate
In Vivo by Isotopic Procedures

The alm of the estimation of ACh turnover rate i rivo is to meanure the behavior
of cholinergic synapses during normal a3 well the hon of the
system to cavironmentsl changes. These changes can be impased by the actions
of druga, external stimuli or perhapa by aiterwtions in precursoc avallability

3 1 Basic Principles of Turnover Analysis

311 Concepts and definthons

Ziversmit and co-workers have published soveral articles regarding the design
lndmnlyd:o{hxnwupu'imum(rmrcvhuelﬂwnmh 1960), and some of

the do hythnelmm'lmnmulzedhdcw

Spﬂ:ﬂ'chCffW(S)R the gmount of radicactrvity per mit of eb-
stance. It is peeesed a3 dpm per le of the rub
measured.

Steady State In a siteation in which the rate of entry of a molecule by syn-
theew or transport equals the rate of ext by breakdown or transport, the concen-
tration of the mbstance remaint constant and a steady state ks snd to exist, Anin-
crease in concentration may result from an increase in the rate of formation
and/or from a decrease in the loss of the substance.

Twurnaver This term refers to the process of renewal of « substance in a given
compartment. Renewal may take place n two different ways 1) a substance may
be rynthesized in & grven compartment, or 2) the substance may be transported to
the compartment.

Turnover Rate. The rate at which & substance (X) is belng renewed In a given

{amount per un#t of time, TR,

Fractional Rate Canstant The turnover rate i atways a function of a constant
(K,) termed the fractional rate constant and denoting the state of activity and iy
vahue bmplicates the proportion of the compartment that b metabolired during the
ualt of tune considered. The turnover rate then equals K (endogenows concentra
tlon of X] (TR,=K [XI.

Turnover Time The turnover thne of & substance s the time that i required for
the turnover of & quantity equal to that present in the compartment. During the
turnover time onlty 63 % of the  old™ molecules have been replaced by “new” onas
(et K, t=1 in equation 4 below).

o
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312 Defintions of symbols and condiuons

({Ch} and [ACh] represent the total amourt of Ch and ACh present in 2 pven
compartment, and Ch  and ACh represent the total amount of radio-
active mokecules In the same compartment. Thus Ch /ICh] = S, and
ACh /IACH] = S,

TRe, ad TR, denote the turnover rates (nmol  mm ' of Ch and ACh,
respectively In a given compartment, The fractional rate constants for Ch and
ACh are deseribed K = TR/ [Ch] and K = TR ./ [ACh] respectively Thua
the fractional rate constant is the fractson of & glven compartment that & being
renewed per unit of time.

It 1t wrsumed that the following condsions for Ch and ACh In brain exmt
a) Free Ch m brain tssue is the immediate precursor of ACh.

b) The system is open, Le. the itotope is coatmuoinly lost from the system by
dilution with unlabelled material and by subsequent excretion.

©) A steady gtate cxists, which means that the total rate of mfow of ACh equah
the rate of outfiow (redease and hydrolysis, transport ete.) and this rate cquals

TRy
d) The turnover rates of Ch and ACh are constant during the experimenta!

penod.
e)Rundombrukdownpm:ﬂs‘Le.thcbrlmdoexrmdmhumhbcmm

t ive and pon rads les, noe does 1t differentinte between
newly syntheazed and old mokculen
f) Chand ACh in bram arc each present in a b poo! and radk

Ch and ACh are evenly distributed in thess pools.

3 1.3 Mathematical analyses
The above assumptions have been incarporated into the following model

4 k
——Ch ACh A&,

e !

where Koy=kewtbotnd K=k cut ki

The rate of entry of radioactive Ch fnto the Ch pool u Indicated by k,. The
change of S, will be expected (o tako place with time a3 shown {n the followmyg
equation

4 )
dt A caBox = Sacn)

Thus, smee K ¢, B constamt, the changs of 5, with time wiil depend upon the
difference between S, and S, The problem bs to know how S, changes with
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thme xnd thos to be sble to solve equation (1)1 This problem can be handled in
teveral ways

a) lrhuusmncdthnsnhkcp(mufumdunngﬂnupcnmulpcnud.
Sa=C equanon (1) will be-

a5
by )
—(-’1‘-[— Koen(C-S

AQ:)
whach after integration grves

S CO—eTAD T @
Since Sy=C equation (3) can be drvided by Scy on both sides
Shonay e Taen ¢ “)

3a

IfS , and S, ere measured At a pven time pomt, K, ¢ can casdly be cakeulated
by menns of a small desk computer

b) It may be axsumncd that S, & described by a given function of time, for exam-
ple wiven Ch o infused at a constant rate a change n S, with trme Is expected to
be described by the {ollowing equation.

ds,
2k -Kg S %)
After determinanon of Ky, K, can be calculsted. However K, must first be
determined from multiple potats during mfusion (Recagni et al 1974),

€) 1f the equation whach describes the Sq, change with time is pot know, bat it b
possible to measure 5, and S, at different tane pomts after ftroduction of the
radiosctive precursor mto the system, another approach can be wsed. The func
ton [, b assmed to be any functon of time which describes the change in 5,
and ths function s imserted m equeaton (1) to yiedd

ds

£ Kyl ~S,q) @
Equanon (6) may be unegrated between two umes, 1, and 1y, as folows.
n
flSAc\d‘] @)
The difference at the keft s equal to D in Frgs 4 and 6 and the quantity between the
square brackets b equal to the shaded area In Figs 4 and 6 Thus K, =
DAshaded arca), which can be solved graphically or by using & computor With
thhy method ¢ is possibie to estimate K, o, and TR ¢, without any knowledge
about induced changes in Ch kineuca

How vatid arc these equations w hen applied to ACh turnover within the bram?

r
Sacmy ~Sacmt “Kac [ 'u )y dt -
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Fig. 4 Sc, end S, -, in the siriatum of rats infured with saline of unlabelled Ch for 15 min
poos to anmfudon of 'THChuo— S, W—R S, K —aug oo (from paper 1Y)

Unknown components are the nature and number of vanous “pools  of Ch (paper
1) and ACh (Jenden ct al. 1974 Nordberg 1977a). It 15 also known, at least in
sitro that newly synthenzed ACh is prefercntially released (Colfier 1969 Potter
1970, Molenaar and Polak 1976), which thus diagrees with condon ¢) under
paragraph 3 12 above. However publuhed data nevertheless appear to fit the
madel described xbove, at keast during the first 20 mm after labelling (Jenden et al.
1974 Sacensetal. 1973 Cheney etal 1975),

32 Vanous Isotopic Approaches Currently Used to Study
ACh Turnover In Vivo

The observation that ACh in the bram can be {abeiled with mtravenously {njected
nﬂm:nve Ch (Drom and hewhz 1966 Schuberth of al. 1969) contributed 1o the

P of the motopec approach to the study of brain ACh turmover in rivo
The first application of miravenous injection of labelled Ch for this purpose was
made by Dross and hewitz (1966) and proncer work m the development of &
uteful method for the estimation of ACh tumover m o was carned out by
Schuberth et al. 1969 The calculatians of TR, m this method were based on the
assumpton that an intravenous pulse injection rapidly (withm seconds) glves a
constant S m bram (m addeion to the general assumption for analyss of
otopke axperiments grven m paragraphs 3 1.2) and that the followmg relationship
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exmts during the first minutes after the injection. TR ,q,=ACh [Ch)/Ch t.5lnce
TR, =K,y [ACh] this is an estmation of K e t by the following formula
Sre/Sa=K  t (compare with equation (4) above), wiuch s only valid when
SacalSca quotients are mall (for cxample ot S ,c/S,=0.2 the calculated K oy t
value 3 10 per cent too low and at §,,/So,=05 k o, tis about 30 per cent too
low a3 compared with the values obtained when equation (4) is solved for K, 1)
What alyo may hamper this metbod {s the fact that S, {n beain 1 pot constant
following an fntravenous pulse mfection (Initial haif fife ~30 5, paper I) and that
drug indoeed changes m Ch kinetics (Nocdbery, 1977b) may resukt jn muleading
alterstions in caleuleted TR, o, However (his method has been used succesfully
in severa] imvestigations in whxh the dfTeet of drugs on relative changes in ACh
synthetls has been studied (Schuberth et al. 1969 Schaberth al 1970, Aquiloaius
¢t al 1973b, Nordberg end Sundwall 1975 Nordberg end Sundwall 1976,
Norndberg 1977a).

Jenden and co-workers (Jenden ct al. 1974) used the following variant of equa-
toa (1) for ther mathematical enalysls of expenmental date abtamed after a pulse
fecton of deterum-labelled Ch dACh /M=TR (S Sacs) (quation
(1) maltipbied by [AChIL TR, , was calculated from the sope of the Ime ex
prexsed when dACh /dt was plosted agamst (S, S,5). However since a non
tracer amount of deuterated Ch had to be injected wn thrs study the steady-state of
brain Ch would be perturbed (Racagm ct al. 1975) and this should therefore can
bon against the valdity of applymg pemcipies of steady-tiate tracer kinetics in
caltulating TR e

Racagni and co-workers {1974), who used a constant intravenous Infusion off
radicactive phasphoryicholine, wiich i rapidly hydrolyzed to radoactive
chaline, made the assumption that Sg, changes with tme were described by the
follownng equation. dSo/dt<k, Ko S, which 18 mserted in equation (2) above.

Cheney et ab (1975), using an fntrmwenons pulse mjection of radioactive
phosphocyicholine, apphed the same basic equation as above (equatlon (2)) for
calcutating TR 5y, but they also introduced the Ch kinetre i plasma a3 a transler
factor in order to compensate for drug-induced alteration of plasma kinetics

33 Present Mcthod (Paper [V)

Tn ¥udy TV & constant intravenous nifuson of & tracer dose of tritimted Ch CH
Ch) was given for 2 and 3 min before the anfmals were kilked by focusing a beamn
of microwave on their heada K o and TR 4, were cakeuilated from equation (7),
b which K o, equals D/(shaded arca) in Fig. 4 Under the sppraximation that the
mmmsamsmbﬂwcmZdemhmunurKAalndTR‘n‘:re
bewd hl The tx ical error {ntrod by this

3 Degly of the exper errorhm:hsnnmsmnjue_
T}:mbodmkunponﬂiewahumeKmtvminhcchkmuhm
bylnﬁmonofunhhcﬂcdchofhymeeﬂmufdm;LHmme.mruun
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Fig. 5 "True TR, 20 8 foncton of percentage of anequiibeated blood withm cercbeat
tiood verelt The 8, in arterial blood were subiracied by & computer from Se, In the
brain thaue homogenates prior to calenlabon of Ko, and TR, .

specific radicactivity (dpm-nmel 10}

time {min}

Fig. 6 Time coume of S, and S, -, w1 brins of mice given an Ly pulse lnjecton of phosp-
boryl (Me MC) chofint (dats from Cheney et al 1975)

22



of course still be at steady state.

When Sq, In brain thsue is being measured ft must be kept in mind that the
brain is composed of ~54 9% parenchym a and ~6 % blood, and that the 8¢, In
arterial blood fs abaxt 10 times as high as the beain 8, doring an intravenous in-
fusion of "H-Ch{unpublished ovservatrons). Thus, o the Ch in brain blood is not
completely equilibrated with the Ch in beain tissue, a brain extract can be con-
tarmnated™ by & soall Ch compartment of hugh specific activity which does not
carrespord to the beain Ch compartment used in ACh synthesds (Fig. 5). This will
kead to toc-kow calculated TR, valucs with all known mathematic applicatons
for analyns of Botope cxperiments (Fig. 5). If the actual bral blood volume is es-
timated with *H-dextran (Papers L, IV) &t b posible to exclude st jeast major
wmmwwmhm;mﬂmmmm

blood i probably not s problem, since a prodoct
precuncrrdnbmhmmtuuﬁnbctmﬂnloulsamdsm a brain
bomogenate (Jenden et al. 1974 Chenoy et al. 1975 Nordberg 1977a, Fig. 6).




4 ACh Synthesis

ACh i3 synthetized by the tranafer of an scety! group (rom acetyl CoA to Ch. The
reaction ls catalyzed by the enzyme choline acetyliransferase (ChAT acetyl
CoA choline o-acetyhranferease, EEC 2.3 1 6). This enzyme probably largely oc
curs in the cytosol of cholmergic neurons at physlologial pH and lonic strength
(Fonnum 1973).

41 Ongmnof Chinthe Bran

For optimal ACh synthesis in the perfused carvical gangha of the rat. the Ch con-
centration In the perfusion medium is of great importance (Birks and MacIntosh
1961 Colber and MacIntosh 1969). It scems lkely that @ major portion of the Ch
which acts as a substrate for ACh synthesis u Ch that is produced from ACh
hydrolysis and i recaptured by the presynaptic nerve terminal (Coller and
Maclntosh 1969).

Bramn tiuce scems to be unablke to synthesze Ch de navo It was shown by
Bremer and Greenberg (1961) that the braun has ks than 1 % of the enzyme
:yncm o\‘ thc h‘vcr rupcruihlc for the nrpwuc methylation of

by ine to form p htidylcholi

Inl:rnccrebnl wyection of “C—cthu.nohm}nc m rats keads LO the labellmg of
the ethanolamme phospholipids but not the cholme lipxds (Ansell and Spanner
1967). A simlar procedure with C Ch kad to extenxive labeling of Ch
phospholmids (Ansell and Spanner 1968). /a rirro studies (Browning and
Schulman 1968) wso substantuate this view as bram tissue 8 unable to synthesze
Ch from unmethylated precursors such as serme and aminoethanol Thus, the
bran should be dependent upon an exogenous supply of Ch from plasma

Up to now free Ch in plasma (Schuberth et al. 1969 Sparf 1973 Hanin and
Schuberth 1974) and plasma lysophosphatidylchohine (Ilingworth and Portman
1972) are the only established presursors of bralo Ch {1 riro (Flg. 7). However
part of the free Ch n brain 18 probably spiit off enzymatscally from Ch-contmmng
compounds in the bram trsxue (Dross and Kewitz 1972, Kemtz et ol 1973 Cho
ct al 1975 Brownmg 1976), which thus mght explam the negative anterovenous
difference of [ree Ch over the braln demonstrated in dafferent species (Kewitz et al.
1973 Aquionmus et al. 1975 Chot et al. 1975).

There are probably two different Ch generating pools, as when & 30 min irfu
sion of labelled Ch i stopped, the total quantity of labelled Ch leaving the brain
greatly exceeds the quantity found unbound in the brain (Chod ot al. 1975), -
dicatng that a short-term nfusion has labelled a source capable of generating Ch
However the Ch formed posr mortem (Kewnz et al, 1973) ts not labelied follow
ing short term Infuslon (Chot et al. 1975) or after scute feeding of deuterated Ch
to muce (Haom and Schuberth 1974).
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Fa 7 Schematc daagram of the uptak  compartmentation and met botlom of Ch in the
bram Aboreslanons m text.

Recently kewnz and Plew (1976). on the basls of the observation that the S,
tn bran was higher than S, = blood after admioustration of Tabelked methionme
and etatinolamme but not after i of rad| Ch. d thata
de noro synthess of Ch occurred [n brain However the authors have not con
wrdered the fact that tympbesvhl\ﬂykmﬁmhv‘nmvhid\kfdlmdymme
strongly labelked foll g the ation of and eth
lhnnn.l‘ln'Chu\kclm()\mumdPhﬂ 1976, can act as a precursor for bran
Ch ([lingworth and Portman 1972).




411 Thefateof Chinplasma

The half life of Ch in plasma is extremely short (Bligh 1953 paper | Freeman et
al 1975 Haubrich et al. 1975a). The clearance of the pool into winch the infused
Ch 13 distributed has been estimated to be 75 ml kg ' in the rat (Freeman et al.
1975). The steady state level of plasma Ch s rapxdly sttamed following a constant
infusion of Ch and this steady state level secms to be inearly related to the Infu
slon rate (Gardiner and Paton 1972, Freeman et al. 1975 Garduner and Gwee
1974 paper 1V} It also appears that the endogenous plasma concentration of un-
deuterated Ch I8 not affected by a large exogenous load of deuterated Ch
(Freeman et al 1975 Chol et al 1975), which indicates that the efTlux of Ch into
plasma does rot appear to be subject to feedback Inhibiton. The short half bfe of
Chupbywlogjcll phnnacommtrnlbmummnnpidumxkehwdma
and to phosphorykholine, holipads and betaipe
(Bligh 1953 Sparf 1973 Gardiner 1974 Haubrich ct al l97d Haubrich et al
19758).

Since very fittle radwactive Ch is detected n the urine after intravenous ad
ministration of labelled Ch 1n tracer amounts (Sparf 1973 Gardwner and Paton
1972}, Iittle regulatory commnbution has been attributed to the kidney until recent
ly Acara (1975)showed m cluckens that the extraunnary clearance of Ch
decreased, while the contribution of renal clearance to total clearance of plasma
Chi d when plasma jons were elevated by an Infusion of Ch. At
aplasma Ch concentration of 500uM 1 the kxdocys removed more than 70 % of
the nfinsed Ch. The author suggesied that the renal tubube has a bidirectional
trensport mechanuem such that net tobular reabaorption occurs at low plasma Ch
bevels and net tubular excretion at hugh plasma levels of Ch

4 12 Regulation of human plasma Ch

Since the work of Bligh (1953) in which he conciuded that it was unlikely that any
varation m the kevel of plasma Ch could ocour under normal and pathologreal
condons, gtk attention has been paxd to the regulatton of plasma Ch in man.
Aquiloruus and Eckernfs (1975) showed that large oral doses of Ch (3-9 g
dady) resulted 1n a long lasting elevabon of plexma Ch In patents with Hunting
ton s chorea, and m view of the presence of 500—900 mg Ch in an average daily
diwet, a dictary Influence on plasma Ch could be expected.

In study II & dectary influence on free Ch in plasma was denonstrated In 20
out of 23 fastmg votunteers the plasma Ch concentrat:on (10.6 gmol | ') increased
by 1-2amol I (115 gmol 1 ) following a meal (Tabke I). Hitherto few data are
wvailabke on playma Ch levels i disease or durmg malnotrition, and nothung is yet
koown about the clnical signdicance of any such slteranons. Recently a plasma
Ch concentration about twice that of normal persons was reported in azoteme
tubjects before hemadialyss (Remmick et al 1976), a findmg recently confirmed
in oot own laboratones, (Aquilonrus, Eckernis and Sahlstr3m, to be publshed)
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4.2 Uptake of and Compartmentation of Ch

Schuberth et aL (1969 1970) demonstrated that labelled Chin the blood is taken
up 1nto the brain and Is rapkdly converted to ACh, an observation which has been
veried by a number of mvestigators (see Freeman and Jenden (1976)) As
poloted out earBier free Ch in plasma is not the only source of brain Ch Plamma
tysophosphatdykcholine, for example, it abk to pass the blood brain barmer in
tact, and 20 % of this seems to be metabolized to free Ch in beudn (Tlingworth and
Portman 1972). The proportions of free and derived Ch from plasma that act as
precursans for frec Ch in brain show spectes differences. In the rat derved Ch
seers to coatribute almost 90 % of the Ch used for ACh syathesls, whila the cor
responding figores in the rabbat and mouse have been cakeulated to be 50 % and
20 %, respectively (Schuberth and Jenden 1975).

Diamond (1971) and Sparf (1973) reported the obssrvation of & saturable up
take of plasma Ch into moose beain, whik Freeman et al. (1975) recently
suggested that a pon satorable uptake of plasma Ch mto rat brajp exdsted.
However in the Latter invesngation the plasma Ch concentration was increased to
» maximam level of about 10 000 nmol ml  The observed Ch concentration in
bealn st this plasma concentration was only about 100 nmol g Since about 6 %
of the brai weight coasssta of blood, the observed increase in brain Ch concentra
tion (1 % of the plasma concentration) may be a consequence of unequilibrated
blood within the cerebral blood vessels.

Regardless of the oclginal soures of free Ch in bram (free Ch m plasma, Ch
containmg compounds i plaxma and Ch hberated from Ch-contaming com
pounds withen the bratn) the Ch used in the synthesis of ACh appears to be free
Ch that is extrucellular (Fig. 7) to the mite of syntbens (s20 Barker 1976). This Ch
pool secma to be fabrly b af least on math ical grounds. For ex
ample in the mouse, where aboot 80 % of bram Ch 13 derrved from free Ch in
Pplasma, the S, and S, curves following and intra enous injection of labelled
precursons (Jenden ot al 1974 Cheney ot al 1975 Nordberg 1577a) seem to fulfil
the erdera for bram Ch being an mmedute precursor to bram ACh in a
homogeneous compartment (Fig. 6, Zilverumut 19601

All cell membranes sppear to possess a low affinity (L.A.) Ch uptake system
winch supplies Ch for the synthesia of phosphorylcholine (see Barker 1976), white
2 sodm-dependent high afMinkty (H.A ) system o specdically assocated with the
cholinergkc nerve termmnals and nupples Ch for the syntheshs of ACh (Haga aod
Noda 1973 Dowall and Simon 1973 Yamamura and Snyder 1973 Suszkiw and
Pilar 1976, Fig Tk It has been suggested that the H.A. Ch transport b physically
coupled directly to the synthems of ACh, and that Ch used for the synthesls of
ACh thus may pot bave a free eustence within the cholinergic nerve terminaly
(Barker 1976). However there i3 also evidence that uptake and syuthesls can be
kinctically coupled and that u free Ch pool mught exist within the cholinerpe
neuron (Susekiw and Plar 1976). No dutinction can be made between the two
models with the dats available today




421 Cortical and stratal in vivo uptake and metabolism of plasma Ch
(Paper 1)

In study T wat observed that the quotient between bram H-Ch and blood *H-Ch
increased linearty with time following an intravenous injection of *H-Ch, both In
the cortex and in the strnatum (1 2 % and 6.4 % per min, respectively), thus reflec
ting & net transport from blood to brain (Fig. 8). The results were explaned as a
consequence of duTerences in demity of cholinergic neurons between cortex and
striatumn. This theory {s supported by Carrol and Buterbaugh (1975), who have
studied the kinetics of Ch accumulation by synaptosomes prepared from diferent
reglons of guines-pig braln. They suggested that the maximal velocity (V) of
the HA system reflects the demity of cholinergic perve endings wathin bram
reglony. However In view of the suggested coupling between ACh synthess and
Ch transport (sce above), it would be tempting to proposc that the rate of Chup-
take might reflect the rate of ACh turnover in different brain reglom. In view of
the tumnover rate data obtalned in study IV (cottex 3 6 nmol g ' min' snatam
238 nmol ' min') the sccumulation rates of Ch observed in study I may re
fect reglonal differences in cholmergic activity

As pointed out carher it has boen soggested that free Ch may not have a free
existence within the cholinergsc neurons (Barker 1976) If this holds truc the s
cumulation of "H-Ch should be regarded as an “affinity™ (Le, there 1s u greater
probablllty of >H-Ch derrved from rekeased *H ACh being recaptured) for Ch
rather than as a transport mto the peurons. In the “free pool™ model muggested by
Suxzkiw and Pilar (1976) the sccumustion of "H-Ch could be explained by a com
partmentation of Ch within the cholinergic nerve terminals. However a combina
ton of affinty” and intranenronal compartmentation is also possibie (Fig. 7

In study I marked difTerences in the utlfization of *H-Ch within the brain
regions were abo demonstrated. Cortical H-Ch was converted into metabolices
other than ACh (phaspholylcholine) at a rate of 36 % per min, while the cor
responding figure in the stratum was 6 % per mun. To explain these differences it
W3 necessary to sssume the existence of different  pooks of free Ch In the brabn,
ooc localired close to the H.A uptake system and another close to the LA
system. However as polnted out earler recently publihed data indicate that
brain Ch seems to be distribated to a falrly homogensous extracellular pool and a
possible afternative explanation fs thus, that in the cortex, where the valoe of
TR ¢, 13 about sex thmes [ower thap that b the stristum  there showld be & sx
times hgher probability that Ch is taken ap by the LA, system and thus mamly
used tn phospholipld synthess.

4.3 Regulation of ACh Synthesis

Experiment wllring the cholinergse systeam in the penphery (MclIntash 1963
Collier and Mcintoth 1969 Potter 1970 Hebb 1972, Colller and Katz 1974) and
in the brain (Rommeispracher and k ubar 1974) have revealkd that ACh synthesis
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b coupled to ACh release. Most models used to cxplain this coupling have in
volved ChAT The models nchude feedback inhibition of ChAT by ACh (Kaita
and Goidberg 1969 Morris ot al. 1971) and mass acton regulation of ChAT
(Glover and Potter 1971), However there has been no direct evidence that ChAT
ia regulated in wvo

Recent observations mdicate that the availability of Ch 1s rate limrting in ACh
syothesis (Eusenstadt and Schwartz 1975 Smmou et ol 1976). In view of the
presumed conpling between H.A. Ch uptake and ACh synthess described above,
&n attractive hypothess woukd be that the HAA transport systém has s regulatory
fimction. It was thus of great interest when Stmon et al. (1976) demonstrated that
aherations in the sctivity of cholinergic pathways [ mro caused by lesbons or
drugy resulted a change 1 ¥ o, for the H.A. transport of Ch when tesied fn wiro
Foc cxample treatment with drugs that incresse neoronal activity eg. pen
tylenetetrazal or scopolamine, causc an increase m Vo, of H.A. transport imto
brain synaptosomes without any change in K .. Conversely decreazed neuronal
activity after pentobarbital, or kewon CAusEs @ deCTTase 10 Ve,

Jenden et al. (1976) reported & correlation between the rate of H.A uptake of
Ch and the ACh content of synap od that the sy

ACh concentration might regulate HA. Ch uptake. However Kuhar ot al
(197%) found that ACh coocentrations m the mterpeduncular nucleus did pot
change after aame knoos or pentobarbital sdmmigtration, bt the Ch uptake in
that reglon was nevertheless reduced. Thus, it femame to be establlshed whether
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other regulstory mechanisms exist,

Some reposted results do not seem to be explamable on the baxds of the H.AL
system alooe, and m these cases the LLA. system may play a role. For example, it
has recently been demonstrated that parenteral admmistratios of Ch can result in
incressed plasmia and brain Ch concentrations and | bram ACh concentrabon
(Haubrich et al. 1974 1975 Cohen and Wurtman 1975). Since the sodium depen
dent HA Ch uptake (K,=0.75 M Simon et al. 1976) would already be
satorated, i seems that the LA, Ch optake could subserve ACh tyntbesss, since
the L-A. system has a K, valoe of aboat 50 /M (Yamamurs mmd Sayder 1973
Barker and Mrttag 1975 Carroll and Goldberg 1975) and would not be saturated
st nocmal Ch levels, Carroll and Goldberg (1975) suggest, on the basis of ex
periments [n vitro that when the nerve terminals are depolarized, Ch can be
supplied by the L.A. transport system for the synthesis of ACh. This is in contrast
to the finding of Smnoa et &l (1976) bowever that attered neuronal actinty only
affected the V., of the H.A. transpost system for Ch. Furthermore, Suszkiw and
Pilar (1976), who studied synaptosomes [rom the ciltary cells In the brls, suggested
that cholmergic nerve terminal seem to be defickent bn the LA transport tystem,
while the cell bodies of the same ncurons src deficient In the HA.L system. Tt
remaing 1o be established however whether this &y & general propaty of all
chalinergic neuront,

431 Effect of el d plasma Ch abon on in vivo turnover rate
of brain ACh (Paper IV)

The aim of the present paper was to evaluxte the proposal recently put forward by
severa! anthors (Coben end Wortman 1975 Haubnch et al 1975b, Wurtman and
Femnstrom 1976) that increased concentrations of plasma Ch stirmulate the syn-
lhc:hofbﬂinACh.Alnudyw:mhcreucdmunm:tmthﬂhmuﬂbc
bal d by an in outflow and thus result In an increased
turnover rate of the transmitter (Ziltversmit 1960).

Rats were infused intravenousty with mline (025 ml mm kg ") or nnlabelled
Ch (15 gmol min u')ruruuﬂnmd-ninrmmur’uawuu:umod
(Fig. 9). The two Infosions were then for a further two or
three minutes. Duming the mfusions the antmals were held in piace in the bolder
withm & microware equpment (drawn very schematically m Fig. 10 The rats
were kified by focusing a beam of microwave on ther hesds 2 and 3 min after the
H-Ch infirsion was started. TR, 0, Was cakculated a3 described in parsgraph 33
sbove.

The clevated steady state concentrations of plasma Ch (~140 ymol 1 ) were of
the same magniiude as the peak vatres shown to be paralielied by increased bram
ACh concentrations in the stodics by Haubnch et al (1975) with use of in-
traperitonea! administration of Ch.

At the elevated plasma Ch kevel the Ch concentration was sgnificantly in-
creased both in the cortex and in the stristum, while the ACh coocentrations were
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increased shghily In the stristom only (Table III). However no conclumre
changes in the reglonal TR, o, Were detected (Table IT). These findings thus con
trudict the suggestion that increased plasma kevels of Ch are parafleflled by
enhanced neurona! xynthesis of ACh In the brain. These results are not unex
pected, since & woold be mlikely that neuronal functional actrvity should normal
1y be regulated by s precursor availability

The shight and significant increase In striatal ACh concentration and the rmite
reduction of stratal TR, might indicate a direct agonistic effect of Ch fself in
some receptor-close compartment. However the present findings do not
necessarlly rule out & possibility of restoring cholmergic function with Ch under
pathological conditons (Paper VI
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5 Cholinergic Mechamisms mn the CNS

51 Methods for Localization of Cholinergic Neurons

DmvmlmtmdAChu hicved by the histochemical fluor of

scems to be impotsible in view of the umple chermeal structure of
ACh. However  a vanety of methads for identifymg and localizing chollnerglc
tracts have been developed.

511 Blochemical “markers”

Buochemical markers™ Include ACh lovels, ChAT and ACHE actlvity H.A. Ch
uptake and the pressnce of choliergic receptors (sce Kuhar [976). ACh concen-
tration can, in entmal experiments, reflect the cholinergic representation at the
grom anatomncal level if special precantions for stabilization of ACh have been
underiaken (sro above). However m luman stnfes ACh coucentrations
probably cannot be used as a cholinergic marker because of the past-mortal
changes.

The actrvity of the chofincrgic enzymes ChAT and AChE can easlly be
meanred by senutive methods (Fonnum 1973). There b little doubt, however
that ChAT is a far more relevant marker for cholinergic structures than AChE. In
some beain regions, for example, there is no correlation between ACHE and ACh
concentration, while the ChAT sctivity i well correlated to ACh concentration bn
dilferent regions (Koelle 1969 Nordberg and Sundwall 1975)

Sorfmachi and Kataoka (1974) and Simon and Kuhar suggested thet H.A. up-
take of Ch sy d in synap pared from different beain regions
muhbcn:pe:dkmnkufordmhn@cnﬂnﬂm.hminvhd!hnrcccm
suggeation that the H.A. transport systent is sdapted to fimctional changes 1o the
cholinergic nerons (Simoa et al. 1976),reglonal differences In H.A. optake of Ch
might possibly reflect differentes in the functional actrvity of cholinergic nearoas
more than the relative density of cholinergio nevrons,

Arother psefnl biochemical marker for chols don i the
presence of what appear to be the cholmergic receptors. This £ x rather new area
of research and will perhaps give sddinons! knowledge aboat cholirergic anatomy
in the fisture (sce Kuhar 1676).

5 1.2 Histochemical methods

nrrtmmn]vwhhkmnhﬁ:fabaﬂxlﬁoﬂclAChEﬂﬁ;htudthﬂu’m
mh-oamph:kveh(uel(nh-r 1976). However as pointed out earlier AChE does

the cholinergic nervation. Apart from the bocahization
DfAChBhUmuﬂohi.um.ﬁcrdbulum.lnmmdlnmlpﬂcrcdom.htm




also been suggested that ACHE s present in glial cells (Hemminiki et al. 1973}

The presumably unuque presence of ChAT in chalinergic neurons thud makes it
more useful for histochemical Jocalization. The first method described for detec
uunofChATvrubucdontbep'm;iudono(CoA,whh:hhpmducadhumru
mation of ACh (and akso in other buoch ass 2ptde (Burt
1970 Kasa ct al 1970). Howover Burt and Silver (1973) later relnvestigated the
lpcdfdtylndmumadthulhkhhnchmﬂalmahodmnmmpkm}yrd{a

Anmhu h recently developed i & histochemical methods (Eng

o al. 1974 McGeer et ol 1974}, Hm-cvcr the spectficity b not very well e~
uhlhhudlxprwm(Rouh- 1975). In spite of the many problems mvolved and
the need for extensive controls, several laborrtodes arc intensively engaged m
trials with theze methods (Malthe-Sacenssen et al 1973 McGerr et al. 1975
Skngh et al. 1975 Hattori et al. 1976 Rossier 1976), and within the next few years
such techniques will probably be more prominent in cholinergic research.

52 Distribution of ChAT in CNS

The radwenrymate procedures for ChAT determinations permit amay In gg
amounts of brain tisuc (Fonoum 1973), and since ChAT has been shown to be
remarkably stablc post mortem (Paper V) it can be used In stidies on man
brain.

The first study on ChAT activity in human brains, though relatrvely limted,
was made by Hebb and Silver (1956), who used bioassay to determine the enzyme
acthvity They observed that the activity of ChAT showed marked reponal
differences, with very high vatues in the strutal system, Similar relative detribu-
tion patterns have also been found in lower animals (Hebb and SBver 1956). The
firet more detxiled shixty m primates (Rhesus monkey) was made by Fahm and
Caté (1968) and 1n human brun by McGeer and McGeer (1971) and Aquilonius
et al (1973). However at this stage all twsne samples consisted of gross
anatomical regions removed by free-hand dasection

521 Regonal distribution of ChAT 10 human brain (Paper V)

Untd recently it was necessary to dissect fresh beam to obtan tisens sampies. This
method is very insccurate, the main drawback belng that the sample from the acen
dhwmumﬂyvuypuiyddincd.mbkmtuudmzﬁﬂ'mwlh
d sub nan structure cannot be detected
Inplpch lmcthodforubulnm;wd]-deﬁmdumplafrunbnlnﬂ.nmm
deveioped and was epplied to ChAT analyxis in subregions of human brain. From
a frozen brain oriented so that 200 ¢ cryo sections are taken (LKB 2250 PMW
Cryo-Mxxotome, LKB Produkter AB, Sweren) perpendicular to the jmntercom-
missural plane (anterior and posterior commussares)and to the sagittal plane.
Tissue yamples (~0.1 mm') are then punched oit, using a small glary capillary
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(Fig. 11), aod the ChAT activity is measwed by a radsochemical procedure. The
enzyme sctlvity ks expressed in relatlon to unst of volume of brain tssus, witch is
probably better than wet weight, gince the area punched ont (and thus ordginal
volume of thans) will not change even if moksture s Jost (or added).

Several anstornical regions could be subdivided sccording to differences m
ChAT sctivity (Fig. 12, Tabie IV). Expeclally in the candate nucieus different pop-
ulations could be trmced sterically through the scctions. Litthe bs known as yet
thout possible physiological correlstes to these subnuclear reglons, but it may be
of interest (o note that choreiform hyperkinesia in the cat i ndoced afier local

of d only in the | part of the cmudate noclewns

(Cools 1972).
Th.unrunennu(lo—lwnmnlACb/nﬂnm’)o(ChAT-cﬂﬁtyfoundln
the ndi that some leus might be rich in cholinergic neurons.

The highest values seemed to be In the centrad part of the nuclers. However no
statigtically significant regions could bo ditingumbed owing to the refathely
fevmness and scattering of the punchings. Most of our findings In etudy V concer
ning intramucicar dhitribution of CHAT i human beain have recently been con-
fumed by McGeer (1976)

53 Some Well Established Central Cholinergic Tracts

ChAT s synthesized in the cefl body of the cholinergic nenron and bs temaported
by axonal flow to the terminal region. Accordingly a lesion of a chotimerake
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Table IV CHAT actirity bn different rglons of human brekt

Suuciure Popuhition D%Twmv(mhmdmh
ma om’
+SE() No
Caodste mucess ol 102783 13
a2 194140 9
cd3 151365 43
ca4 ILBT4T 77
Petonen L 2375139 147
2 3193176 M
P2 1804 £165 9
Giobus palldy hatoralis ni 124£1.0 15
n2 87103 41
n3 150118 31
Caobus palidy medlatis Pam 45102 31
Noclews snm kentforme Al LLYES 51 14
Chommwmts a 4904 9
Castran—$ —10 —20 a 10403 s
Sabstsntia nlpm per NLe 59103 11
Subtiantis mag pm reticolats NLr 3201 15
Sobthalamic muctens .Y 122£09 1s
Nocieus raber Ra 50%0.1 2
Thabrms medinl part Thm 10504 n
Thadeares lateral part Thd 64203 7
Substerte reticutari thalwnl Rt 4903 15
Amy g Am 256427 1
Gy cingull Ge 45t01 5
Gyrus otfactoous Gol 10.0£0.8 13
Imuh Catn 26106 3
Hippocarepa Hpp 136215 17
White mirstanco \ 19301 14

Fy. 12 Normal of choltoe tn (ChAT) lo different regioms of
buman bram (5 mm rostral and 3 10 and 20 mm behind the anterlor commisare).
Abbrevistioas: Al—mmciem saasa Am-amygdals, Cd—cundate noclens,

Crma—anterior commisure, Cpb—internal cupeate,

oedial part, w—white subrtance, Whhe sresswnot smalysed. (From paper V)



neuron I3 sccompamed by accumulation of ChAT proximal to the lesion and
depletion of the enzyme in the target area of the neuron.

It 15 well known that a septal-hippocampal pathway cxists (scc Kuhar 1976),
and since some of these ncurons stain for AChE (Lewls and Shute 1967)a
cholinerglc septal-hippocampal parthway might be present. Consequently lesions
in the fimbria result bn a large decrease of AChE and ChAT in the ippocampus
on the lenoned nde (Lewis et al. 1967 McGeer et al. 1969) It has been possible to
localize ChAT activity to certain cell layers of the dentate aren of the hippocam
pm (Fonnum 1970) Morcover Kuhar et al (1973) found that kesions in the
medial septal area resulted in & sharp reduction m Lhe H.A. uptake of Ch into
crude synaptosomal fractions prepared from the hippocampus, and in & concomi-
tant decrease in actvity of ChAT

Following lexions of the major known afferent parthway to the caudate nackeus
in rats 0o decrease in ACHE, ChAT (McGeer et al 1971a) or ACh (Butcher and
Buatcher 1374) could be detected In the striatum. Furthermore, when the stratum
ts destroyed no alteration of ChAT 13 found in other brain regions (McGeer et al.
1969). These findings suggest that striatal cholmergic neurons mostly ere in-
terneurons.

Leslons of the crossed and uncrossed olivocochlear bundle m the cat are ac
companied by 1 90 % reducton of ChAT activity in the membranous cochlea
(Jawser and Guth 1973), thus suppocting the existence of & cholinergic efferent
tract from the superior olivary compkex to the cochlea bair cells.

It 13 now farly well estahlished that some of the negrons In the habemulo-
interpeduncular tract sre also cholmergc (see h uhar 1976).

54 Interaction of Cholinergic Neurons with Other Neuronal
Systems in Extrapyramidal Nuclex

The neostriztum has ae of the highest demsities of chofinergic neurons found fn
the CNS and, as discuseed earlier there s considerable evidence to suggest that
these are interneuroas (McGeer ct al. 197 1a, Butcher and Butcher 1974 McGeer
e al 1975 Hatton et sl 1976). About 95 % of all ncurons In the neostristum
seem (o be Golg type 11 interneurons (K emp and Powell 1971). The neastrianum
alzo contains dopamunergic terminals orginating in the rona compacta of the sub-
stantia nigre (Andén et ol 1964 Dalstrdm and Fuxe 1964 Ungerstedt 1971) In
the rat it has been estmated that there are about 3 500 dopaminergic neurons i
the substantia nigre which produce about 16x10 nerve terminals In the
peostratum (Andén et al. 1966)

1t has Jong been known that & hroretic of ACh ent the fir
mmeo(ceﬂslumtcludnqwhuwdopambedepfaulhemnjm-:tynfum
cells (Bloom et al 1965). In experiments dopaml

agonisty decreasc ACh relexsc and turnover m the striatum while dopanine
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Table V EMo[mmmfmmmhmmen

ACh lad ACH
Treatment Jevchs ko emover
Dopm e agonists ta 29t ¢a L6 Il
Dopemine receptor blockrr 10 8, 4 1 twy
Macarmic rowept sk ltors t4 9 - s
(Ox tremoria )

Muxcariak: recrpior blockers L4y tan (3]
GARA receptor blockers (Perokmtn) 1 (107 -

Letos [ sbe medbl farcbram tm -

bundlke

Tlertrh. ttimulation [ the nigro- - e -

oeostnated puth »y

4 The cumber m the parsribeser odacats reference source of d ta

) Paperl (%) Bartholm t I (1976)

2) Conwlo tal (1974) (1) Rommechpscher md Kuhar (1975)
Q)  Mabrchetad (1975¢) @) Sethy aond Ven Woert (1974)

4 Racapot tal (1576) (9)  Schmbkit (1976}

) Nordberg aad Sundwall (1977) (10) Ladtwdky tal (1976)

receptor blocking agents incresse ACh release and turmover in this regaon (Table
V). Thus, it scems Ekely that = gi¢ nput from the sub nigra has a
tonic inhibitory influence on some of the cholinergsc interneurons in the
peostristum (se= Roth and Bunney 1976)

Data have also been presented that support a theory of a chollnergic systen in
the substantia nigre (see Roth and Bunney 1976). The orlgm of the cholivergle
system In the substantia nlgra may be intrinskc oc extringde, but in the latter case
all that can be said at this time (3 that b does not arise from the striatum (Hatton
et al 1973 Katsoka et ul 1974 Fonnum et al. 1974).

There i3 now substantha) tiochemcal evadence of & paminobutyne ackd
(GABA}-ergic input to the substantia nigra onginating ia the stristum. A levion i
the striorigral pathrway results in a marked decrease in both GABA sod glutamic
s decarboxylase in the substantia nigra (Kim et el 1971 McGeer etal 1971h,
Hatton et aL 197} Fonunn et al 1974). Recently Ladmdy o o
(1976) observed that the ACh concentration i rat striatum Incressed after ad
mustraton of the GABA -ergic blocking agent picrotoxin, Thrs supports a theory
of & GABA ergic (inbibitory )& fe (hibhory)—chotmergic ik ter




minating ln the striatum. In Fig. 13 a possible model for the interactions between
chofinergic, dopeminergic and GABA-crgic neurons in the substantia nigra and
‘basal gangHa fa depicted.



6 Huntington’s Chorea

61 Introduction
Huntingtoa’s charea (H.C.){s & hereditary dborder of unknown ctiology
charncterized by the onset of progressive chorsiform and d s

arually botween the third snd fifth decades of I
The fiest detalled description and the first sccount of the bereditary anture of
the disease were ghven on 15th February 18372 by the 22 year-okd George Hun-
tington in a focture before the Meygy and Maron Acedemy Middkeport, Oho.
The discase is jnherited in a0 autosoma! dominant fashion with complets
penctrance (see Barbest et al 1974) and involves characterstic degeperation of
small (Golgl type IT) neurons in the neostriatum (Broyn 1968).

6.2 Rale of Different Transmutter Systems

6.2.1 Cholinergic system

Several clicical observations compatibic with reduced activity of cholinergic
peuroms in H.C, have been mwde. It has boen demonstrated that central
cholinergic stimulation by phy reduce choreatic movements, while
blockade of central Teceptors the symptoms (Aquilontoy
and §fstréen 1971 Klawans and Rubovits 1971 1972, Davis et al. 1976).
Aguioaius et al. (1972) found decreased concentrations of Ch in the lombar CSF
of H.C. patcents, which might be reflective of chalinergic dysfonchon. Further
more, there are marked redoctions of the cholinergic marker ChAT in the
neostriatum of H.C. petients with this disoase (McGeer et al. 1973 Aquionius ot
al 1974 Bird and Iversen 1974 Stahl and Swansson 1974 Paper V), especially in
the rostromedial part of the candate nocleus (Fig 14 Papar V). The morpho-
logical buxis of the chotmergic hypofunction in H C. thus seems 10 be a degenera
tion of strixtal cholinergio interneurons. However loas of muscarinie receptors in
the caodate and putzmen has also been reported (Hiley and Bird 1974 Wastek et
al. 1976). At present, it B8 not known whether this & primary or secondary to the
degencration of cholinergic pevrone.

6.22 Catecholammergic system

mhmmmﬁgwmdnwhm
in H.C. Unchanged activity of tyrosine bydraxylase, & marker for

mmmwmrwmumuacmmm
et aL 1973). Normal lerels of dopamine (DA) and homovanilic acid bve alao
been ovaerved by severa! investigators (Ebringer end Homyklewkz 1960, Hor
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nykbewicz 1966, Bird and Iversen 1974 Mattson 1974), while decreased concen-
trations of dopammne limited to the caudate wers found in one rtudy (Bernheimer
snd Homykiewicz 1973).

In an lrvestigation by Lal et al (1973) the incresse in homovanilbc acid In CSF
following probentrid sdmnistration was foand to be similar in coatrols snd H C.
patients and may be taken as an indication of » preserved dopaminergic
mechanism In H.C. Thm, most data avaflable at present indicate that this
mecharmam are relatively mtact in H.C.

623 GABA-argic system

As discussed earier there s evidence of 8 DA ACh-GABA Jinksge between the
sehatantia nigra snd the stnatam. It i thus interesting to note that deficits in the
GABA coocentrations In the neostratum and subsiantis nigra (Perv ot al
1973) and mackedly decreascd levels of GABA m CSF (Glasser et al. 1975) have
beem found in H.C. A significant reduction of gltamc scid decarbaxylase In the
stristum of HC patlents has also been reported (Bird et al. 1973), McGesr et al
1973 Bird and Iversen 1974 Stahl and Swanson 1574 Urguohart et al. 1975}

I acid decarb deficits are not specific to H.C. and are
}20 seen Parkinwon s disease (Lioyd and Homylewicz 1973 Laaksonsa et al
1974) and in agening (Bowen et al 1974 Urguhart ot al 1975). Further the
decreass fn ghitanuc acid decarboxylase in H.C seems to be uniform (McGeer et
al 1973b) in stristum and substantis nigra, while ChAT reductions arc patchy
(McGeer et al. 1973, Paper V).

6.24 Conclomon

1t may thus bo suggested that in H.C the DA ACh GABA-ergic loop in the basal
ganglis might be disturbed owing to degeneration of chollnergic Interneurons in
the striatum and postibly & parallel ar secondary degeneration of GABA-crgic
neurons from the siristum to the substantls nigra
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To umderstand the effect of soch degenerative changes it may be relevant to in-
troduce the term *blological buffer capacity (Gerlach et al. 1974) to cxpress the
abifity of a peuronal system to mamiain normal fimction under different en
vironmental conditions. Thus, fn HC & can be assumed that the “tuffer
capacity” of the basal ganglia Iy decreased, at least in some parts to a kevel where
choreatho ppear In asymp bc relstrves with the
inberited gene for H.C., provocation with L DOPA can induce hyerkinesia in
some cases (Klawans ct al 1972). This could thus be explabned by a2 kess
pronounced decrease in “buffer capacity” snd concequently the hyperkimesa
oaly bemg manifested when the system s disturbed.

However mmuch move bagdc studies will be requmred to dehineats the relative im
portance of different transmitter systems durmg normal and abrormal function of
the batal gangha.

6 3 Dafferent Therapeutic Approaches

No curative for the po ive d ia and motor distarbances tn
known at present and all current therapy n symptomatic.

6.3 1 Drugs affecting the cholinergic system
834.1 Cholh hibitors Several fovest) have shown that
physostigmine, a centrally sctive anticholinerterase, reduces the choreatic
movements i H.C. patients (Aquilormus and SPstrdm 1971 Klxwans and
Rubovits 1971 1972 Davis et al 1976). However not all patients seem to be fm-
proved by physostipmioe, In & stody by Tamy ot al (1974) the chorea was
reduced In only two oot of twelve patients. Davis ct al. (1976) found that oge ot
of four paticnts was unaffected by physostigmine, and Fahn et al. (1973) saw no
improvement in any of four patients trested with physostigmine,

6.3.12 Choline Tt has been demonstrated that parenteral administration of Ch
mnnimnhmyruuhh:lnuenuhplmmmdh-hChm:ﬁammdh
brain concentrations of ACh (Haubrich et al 1974 1975 Coken end Wurtman
1975 Paper 1V nm}mfhﬁ;mdmdmmuh
sugpested that Ch could be used a3 2. cholinergic L DOPA™ I the o
postulated hypocholinergic disorders such as HC and tardrve dyskinesia

o P e . v i vt o e it o
Ch to patients & jong. 5 of the
mm&eumywbnhanl(lﬂ!)mpmaddmlﬁxo?qm
beneficial effect bn a case of tardive dyskinesis, Y

In study VI the effect of bigh oral doses of Ch (15
ftre patierds wich H.C mummhwcddzwmmmmhm&":
plasma Ch (Fig. lﬂ%«m@dﬁwﬁmmwru ing the




Ch treatment (Fig. 16). Two paticnts (AB and BZ) showed a tendency to a dosc
dependent redoction In their hyperkinetic movements, but only one type of
hyperkinetia (no 6 in Fig. 16) in one patient (AB) retumed to the premedication
lovel following withdrawal of Ch, while the other hyperkinenas (nos. 2, 4 and §
Flg. 16) were reduced even more after 8 two-month withdrawal persod. One type
of chorea fn this patient (no. 5) even disappeared durmg the withdrawal period
and a new type of hyperkincsia appesred instead. Soch a spontanecus change In
the hyperkinetic pattern might of course grve rise to miskeading interpretation of
results when long-lasting drug offects m H C are beng studied

The failure to affect the choreatic byCh can be cxplamed
m several ways. Firstly as ahown m Paper IV thar b no indicabon of an in
creased turnover rate of ACh in brains of normal anmmalbs when plasma concen
tratiom of Ch are fncreased. Thos, residusl normal newrons in the brain of &
patients with H C probably cannot merease the ACh release in order to coapen-
sate for degenerated neurons. However if the normal availabiltty of Ch at the ite
of the synthetic reaction is reduced, for cxample, duc to a defect i the HA.
xyntem at early stages of degeneraton, treatment with Ch might theoretically
restore ACh synthests. Secondly as shown In study V. the degeneration of
chofinerpc peurons in the stranm 18 pot uniform, and onc part with complete
degeneration might correspond to one type of refractory hyperkinesia. Muscarinic
receptor sites might also be reduced 1n & patchy manner (Hiley and Bird 1974
Wastek et al. 1976). Finally the complexly disturbed interaction between different
porsible neuronal systems (DA ACh-GABA)cannot be restored merely by
ahteration of cholinergic funcbon.

When preparing this survey a similar study was published (Davis ct al. 1976),
in which Ch in doses of up to 20 g dally was sdmunustered to four H C. patients.
Two patients showed a dose-dependent decrezss m choren, but In view of what
appears to be spontancous fMuctuachion in hyperkinesla, the result must be inter
preted with cantion. Nevertbeless, |t s felt that the present data conceming the
clinical cffects of Ch treatment fn H.C fustify farther studicy. Since part of Ch
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peper VI).

scems 0 be metabolized to trmmethylamine 1n the gut by bacterial acoon and in
view of the ponibie rdke of tnmethylamine n uremic toxicity (Simenbofl 1975),
stodics concerning possible toxicological effects of long-term treatment with high
doses of Ch also seern of special inportance.

6.3 1.3 2 Dimethylaminoethanol (deamol) There b much controversy
concernmg deanol a1 a “cholinergic drug  Despite the evidence that Ch ks formed
sowly U st ofl, by y of the Ch analog, hanol and
d.mqhyh:nhoﬁbmd(mlbovt)hﬂuhhmﬂh\vmhmmbm
described deanol as a precursor of brain Ch (Pleler 1959 Walker et al 1973
Miller et al, 1974, Miier 1974 Casey and Denny 1975, Haubeich et al. 1975b,
Widros and Hesler 1976).SOmCIndmhlveftpa1mmudandhuﬂm
bram ACh concentranons tn antmals (Pfieffer 1939 Danysz et al 1967 Goldberg
and Sliberyeld 1974 Hawubrich ct al. 1975b), whils others have fafled 10 substan-

tiste a coaversion of deanc! 1o Ch and ACh (Pepeu ot al. 1960 Zahiser and Hartn
1976}
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Fig. 17 Time course of ACh formanon
upon mcubsting on of human CSF
o~ umreated CSF v—y bolled CSF
(from paper VII}

2o HMWC

9]
O0

° LNWE

7
%E:i %murbanl
%ﬁ? \\\ memhrage

Fig. 18 The use of Mmicon B1S (Amkon
B.V Holland) for oblalnmg a concentra
tion of hgh molecular weght compounds
(HMWC), whie low molccular weight

compounds (LMWC) are diluted at the
same time (used in paper VIIL

Despite the controversy regardmg the action of deanol there are several reports
of the therapeutie efficiency of thes drug 1n tardive dyshmesia (Mler et al. 1974
Cascy and Denny 1975 Curran et al. 1975), L DOPA induced hyperkinesa
(Miller 1974) and Hunungton s chorea (Walker et al 1973). Other Investagors,
however have failed to show any effect of deanol on tardive dyshmesia (Escobar
and Kemp 1975) and in L. DOPA induced dyskinesia (Klawans et al. 1975}

6 3.2 Drugs affectmg the monoaminergic system

Drugs lowering (reserpine, tetrabenzines), displacing (a-methyl-dopa) or blocking
(p hiazk butyr ) the scton of hol. have all beem
reported to be of some use, albert Imoited, m H C (see Barbeau 1975). On the
other hand, L DOPA has generally been shown to aggravats chorea, except in the
mmall number of patients who have the righd akinetic form (Juvenile form)of H C
where L DOPA may mprove the neurclogical status (sec van Woert 1976)

In ammal experiments & has been shown that a dopaminergic bockade in
creases the turnover of ACh 10 the sinatum (Table V Trabucchi et al 1973
Cheney et al. 1974) and this could perhaps be the mechanbim underlying the im-
provement of hyperkinesia.
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63.3 Drugs affecting the GABA-ergic system

Sevenal tnvestigations have failed to show any clear-cut effect o H.C with
different GABA -erpc shmalating drugs (sce Barbesu 1975).

64 Early Detection

One of the aims of biochemical research in HC i the development of x teat to
perout detection of the disease long before the appearance of symptoms and, If
Postible, before the child-bearing age. Unfortanately such a goal has nat yet been
achicved, bat several approsches have been tried, for example the L DOPA load
test (Klawans cf al. 1972), “physological test battery” and prolactin secretion
followlag L DOPA (Barbesu 1975).

Smee degeneration of chollnergic neurons m the CNS theoretically would grve
rise 10 ahtered lavels of ChAT 1n CSF axsay of the enzyme activity in lumbar CSF
might be & posnble way of echieviag carly detection. In study VII a procedure
was developed cnabling the analysis of the small quantities of ChAT appearing in
normal™ CSF 1t was shown that a noo enzymatically catslyzed synthesn of
ACh, winch waa increased when CSF was bodled, appeared in ontreated CSF
during anatyms (Fig. 1 7). This could be overcome, however by a speaflc concen
tration of ligh mokecular weight compounds ja the CSF by use of & membrane
with petortive permentulsty (Figs. 18 19). The method £ naw being appled in an
investigation of CSF from H C patients aod refatives of such patkenis.

.



7 General Summary

Simple and rapid methods for the determimation of fres choline (Ch)in plasmz
and of Ch and acetykcholine (ACh) concentrations in braln ussuc have been

Basic principies for turnover analysis are discussed, and these principles were
applicd in esumanon of the tamover rate of ACh in rat brain parta following Lv
infusion of "H-Ch s described.

The ongn and compartmentation of Ch in the braln and the regulation of ACh
synthesis are treated. It s concluded that it seems unlikely that incressed concen
trations of plasma Ch are parallelied by an mereased turnover rate of ACh under
physiological conditions.

Different available methods for bocalization of cholinergie structores within the
CNS arc discussed. A stereotaxic method for thssuc sampling in human brain was
applicd m & study of regional distnbution of the chotinergic marker choline
acetyltransferase (ChAT) in human brains. It was found that several nucler of the
basal ganglia could be subdivided sccording to the density of the cholinergic
marker

Possible pathophysiclogical mechanists imvolved m Huntngton s Chorea
(H C ) are ducussed. Extreme reduchons of ChAT were found in basal ganglia of
brams of H.C patrents and 1t 13 concluded that a chofinergac hypofunchon m the
peostratum due to degeneration of small cholmerge interneurons seems to be of
patophysiological importance.

Pateents with H.C were treated with high oral doses of Ch (15 g daly), but no
thr-cmbmeﬁmldfmmnmcd.Somehypukhﬂulhuwtdulppm(

duction in fi However this might have been an artefact
due to & spontancous variation in the hyperkinetic pattern. Nevertheless, it s felt
that the present dats justily forther studies.

Early detection of HC before child-bearing age is an important aim. Since
degeneration of cholinergic structures within the CNS theoretically shoald result
wn increased levels of ChAT m humbar CSF a method for the determination of the
enzyme activity m human CSF was devdoped.
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Introduction
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trenscapiliary fluld exchange

Awtoregulation of bisod flow

Autorcgutation of blood flow [ e tendency towards maintenance of constant biood flow
during changes In arterial perfinion pressure bead has been demonstrated in variows
tispss and organs fn animals beatn (Fog (934 Rapela sod Green 1964) kudneys (Rein
1931 Selkcurt 1946) skelotal muscie (Folkow 149 Stainsby and Renkin 1961 Jones and
Berpe 1964) myocardrrm (Berne 1959) Intestine (Burgl 1944 Johnson 1960) Iheer (Tort
ance 155%) and adipose tiagoe (Hennksen Nielsen, and Paaske 1576)

Human studies indicute that sutoregudation i present In brain (Lassen 1959 Paulson
(Mesen, and Stig Christensen 1972) and cutzneous tsaue (Henrfksen of f 1973)

The mechant: poaible for of vascular bay been a matter of
much controversy The mechanism appears to be very sensltive to local surgical trauma
and to changes b local carban dioxide teosion (Higgendahl and Jobanson 1965 Paulson
Otescn and Stig Chri 1972) 1 ‘was ot abofished by acute and chronic
sympathectomy in cat akelctal empcle (Folkow M9 Jones and Berne 1964) and vas-
omotorke sctivity was still present i reserpinized cats (Folkow and Oberg 1961) Thia
Iodicates that local nervous mechanismy are not lnvolved.

As origimally propossd by Bayliss (1902) intrinske myogend xmooth mincle reactions
related t stretch might be lrvotved (Folkow 1962 and 1964) Another postiblo explanaton
h that vascubar resistance sdjustments are duo to changes In local concentration of
vasoacthve metaboiites Uberated from the tssues (Anrep 1912, Bene 1964 Hihon [971) or
variation of kocal axypen teoxion (Ross et ol 1962) Other theorics have beem proposed but
the fu natury of the mechardsm b still (Johoson 1964).

VYenows presare eevation

Venous presurre elevation of 20 mm Hy cansed 3 pronounced cresse [n vascalar re-
detance in adipose thsuc of rabbits (Henrfksen, Nielsen and Pamike 1976) Similer
findings have been obtadmed in rabbit ear (Burton and Rowemberg 1956 Rosenberg 1956)
cat akedetal mascle (Folkow and Oberg 1961 Mellender Odelrem end Oberg 1964) dog
b (Haddy and Gilbert [956) kidney (Haddy 1956) and in mesentery of differcat antmal
species (Selkort and Johnson 1958 Johnson 1959 Richardson and Zwetfach 1970) 1t was
conctuded that incrense fn vescolar rest was dus 1o arterk (Haddy




and Gilbert 1956 Haddy and Scott 1964 Richardson and Zweifach 1970 Johnson 1568
Baczetal 1974)

In humans venous siaals of 40 mm Hg cansed decrease of blood flow In skeletal muscle
and cutaneous thsee (Henriksen and Sejrsen 1976 and 1977 a)

Paralle] elevation of arterfal and yewous pressures

Panalle] increase in arterial and venous p: s jed by d in blood
flow in cat skeletal muscle (Folkow and Oberg 1961)

In Awmans panallel Increase in arterlal and venoua transmural pressures can be pro-
dweddﬂmbylmdlﬁmbabylpplylnautnmlncpﬂwprum Limb blood
flow d by venous occll d when vascular transmural
pl'vunmmdeﬂmd((}ukcﬂmdBmtonlm Oreenflcld and Patterson 1954, Beacons-
fiedd and Ginsburg 1955 Coles and Greenfleld 1956 Mellander Odetram and Oberg 1964)
The has been & d in humen skeletal muscle (Golenhofen and
Hildebrandt 1962 Balidin er @/ 1571 Amery ef al. 1973) and buman cutancous tissus
(Henriksen ef al 1973)

Mechankom

Arteriolar striction lo resp to vascular di might be due to cemtral reflex
mechanisms Pasalve tilting of & subject (fect down) cemsed decreass in blood flow In
forearm remaining at heart level Tho decrease did not oceur following sympathectomy
(Brigden et al 1950) Roddic and Shepberd (1956) and Roddic f af (1958) coocloded that
blood flow in skeletal muscle only was affected by baroreceptor activity Delius er af
(1972) observed that changes In baroreceptor activity did not influence electrical activity in
sympathetic fTbres of skin fascicles Also curotid artery occluston did not sffect blood flow
in subcutancous sdipose theue (Ngal ot af 1966 Hanley Sachs, and Skincer 197()
However DiSalvo er al (1971) found that blood flow in subcotaneous thsuo was inflo-
enced. Simituly other fvestigators concluded based on indirect evidence, that skin
veusels were offected (Moskey 1969 Beuser ef «f 1570 Zoller ef al 1972 Rowell e7 &/
1973)

Tn anioals it kas been shown that the local  vasoconstrictor respomse  to venoas stasls
‘was pot affected by central blockade (Rosenberg 1936 Haddy and Scott 1964) indicating
thatloce! mechaniznu are responsible. Haddy (1956) found that the response in kidney was
abolished in the denervated organ which suggests that the response might be doe to a local
nervows mechanism as originally proposed by Gaskell and Burton (1933) However John-
son (1959) found in dog mesentery that vascular respomc to venons atashs was unafTected
by procaine and phenoxy and fuded that the was duc to an
intrinsfe myogenic mechanism (Baylss 1902) In hamans, Gaskell and Burton (1953) and
Besconsfield and Ginsburg (1935) observed that the effect of postural changes upon limb
blood flow was mafTe by chronk sy hetk duwrv-l.inul.np-ﬂenumﬂ'cﬂmm
occlusive arterial discases oy by venous }

plethy
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Results obtained in anfmal studics dicute that vascolar response to increase in vascular
trantmumal pressure 35 dos to local mechandums. Otherwise, the resnlts are conflictng.
Venoar occlidon plethyunography etodses of mb bload fiow io himeans hxdcated that
nervons mechantims are not iavotved in vascular reaction to fncresse In vasculer trans-
mural pressore. However the results may not be conclusive because venous occlusion
plethysmography does pot give rehable cytimates of hlood flow when vems are distended
(Greenfiekd and Patterson 1934b) Venous capscity decresses markedly when venous
pressure exceeds 10 mm Hy (Wood and Ecketein 1958) The error may be influenced by the
magnitnde of blood flow becarse when biood flow is high the dumtion of the initial
sope™ of the curves becomes very short dua to fast filling of veint The problem is further
compiicated by the fact that perfusion throngh shunt vesacds s inctuded when the region in
which blood fiaw is detcrrained comprises hand or foot,

The mechanism respoasible for the vascular response to increase in vascular transmmal
pressare is will unscitled.

The bocal sotope washoat techolque (Kety 1349 Lassen Lindhjerg, and Monck 1964)
makes it povaible 10 extimate refatrve blood flow in a single tissue during venous distension.
In the present study "Xmunwun-adumwbhmhmmudmmﬂanym
sobcutancous adiposs tetue (Sejraea 1969 Niclsen 19721b)

The purpose of the present stixly was to investigate cffects of changes in vascohr
tremmuoral pressare opon blood flow in human subcutaneoas adipose tiysoe o an sttempt
to clarilfy nnderlying mechanisms,






Methods

Measerement of blood flow o subcaiantons sdipose tissue

Theoretical comsiderations When washoat of tracer from a homogencous tissue with

perfusion s cmircly perfusion Hmited G € diffuon equiibrum bs echicved
between tisue snd cfftuent blood) slteration in mean coocentrution of tracer in thasue with
time C{0 can be expresaed as

Clty=Cm) exp—{({Ay) [}

C(0) bs concentration in tissue at timw zero { perfusion coefficlent in mi/g-min and A thsue
10 blood partitlon cent fn mifg. A jons are zeTo tion of tracer
nflowing blood and traces tust keave tirsue exchndvely by effinent blood. Resmmangement
of the equation to express { per 100 g of thsoe gives

f=k % 100 (ml/100 g min) [va]
(Kety 1949 and 1951) where k fa fractioral washout mite congtant n min ~ As shown by
Sejrsen (1971) *Xenon washout from fguimil fat pad in cats follows w monocxponen-
tin) course. Nictsen (19728 and b) demonstrated that e *Xenon washout method grves a
reflable estimate of bicod flow in adtpose tissue when & i known, ) b very semsitive to
vrianons in lipid concentration of thsoe. However rehative blood fiow can be determned
without knowkedgs of &, if L remains constant. [ntravescriar blood volume in adipose
tissue was found by Psasko and Nichen (1976) to be about 3 per cent (003 mifp) It
vasutar volime increases with & factor of 2 during venons distension of 40 mum Hy this
bnplien a changs ba & of kess than 2 per cent,
A detalied dacrasion of the ™ Xenon washout method has been given previously by
Sejraen (1971)
Sowrces of error Due to decrease in Hoesr velocity of the bood during venoos stads
™Xenon might be redistributed 10 adipose Hstoe sround yems prowimalty to the site of
application. However when the detectors were colllmmied to record only from the distal
helf of the Labefled srea & decrvase in calculnted blood flow of same magnitde was
obtained Indicating that this error was insigrificant.
In cxperiments where Uidocatne or phentolaming {s hjected directly fntn subcutancous
Ussoe vesculer resctions might be influenced by injection trumm. Niddsen (1971a) showed
that blood fow m adlpose tistoe retumed 10 normal resting values between 10 and 30
wimules afier subcutancours fojection of *Xenon (o safine. The messurements of the
present study were therefore not started um] 30 minutes afver the subcutaneoxss injections.

Coutrot & were perl d with sub injection of otomic saline Re-
tults obtained were almost simllar to those obtalned from non-traomatized aress. Thiy
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Indrcates that trauma doe to {xfiltration procedures was insignificant at the time of meas-
urement.

Procedure ™Xenon in isotonic saline (3 mCl/ml) was infected intracitancoutly into an
area located on distal part of forearm or crus About 50 minntes after infecthon remaining
activity i3 located exclusively in sbettanecins sdipose tissne (Sejraem 1971) At this time
mezsurements were started. The Hmb under study was carefully immobilized in order to
avoid changes in counting geometry due to movements y-emission of P Xenon was
detected by a scintiltation detector (NaI(T1)) The detector was placed about 15 cm shave
the raciomctive fleld and collimatad to seo more than the labelled area. Polses were fed into
a gamma-spectrometer with a window set around the 81 keV photopeak of ¥Xenon.
Activity was recorded in mtervals of 10 or 20 seconds, and results were punched out.
Xenon washaoot mte constant k (Eq 2) was computed from the regression Hne calcu-
Inted from the least sguare™ method, using logarthmically transformed count mates

d foc b wctivity In & value of 10 mi/g was used (Sejraen
1971)

A sngle investigation consisted of 3 perfods of measurement, and esch biood flow
determimation had a duration of aboat 6 minutes. The sequence of the meanrements was
1) reference s, 2) test, fine. a0d 3) reference fi., (see Fig. 1) Refative biood flow was
calculated 83 fagolfins, Where fouo denotes mesn perfusion coefficent (ml/100 g min)
clotatued moder teut conditions Loy, denotes caloutated mean value of tvo TesseTtmenss
obtamed under reference condithons just before and after the test,

Changes in vasculer transmural pressore were induced by three different techniques. 1)
postural changes of u limb 2) bocal subaimaspheric preasure, or 3) venous stasls indoced
by inflating a cuff placed on upper arm or thigh.

Venous pressure
Venous pressure was menared directly {n a superficial veln on the dorsom of the hand [na

sitting subject. When the hand was elevated from 5 cm below jugular noteh, venous
pressure remsined constant st about 3 mm Hg When the hand was lowered venous
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preswre incressed by an amount equivalent to the pressore of a blood column of slmitar
begght. Daring nduced tocal subatmospheric pressare, venous transmural pressurc wa
ovumcd to Increxse comesponding 10 induced negative pressure During venous stasit
venous presars was foand to become close to oY pressars

Arterial pressare

Systolic and diastolic arterial pressures were mensured oo upper arm by means of a cuft
Arterial mean pressure was calculated as diastolic pressure phus 113 of the pulse amplitude
Dering postural chamges of the Hmb, pressare in arterial system of the Imb and thus the
tnoamumd prewstre, was wsumed o vary corresponding to the hydrostatic pressure
exerted by the column of blood During spphication of Jocal suction transmural arterial
preasre wes msumed to incremse corresponding to applied negative pressure. During
¥enow stasks arterlal pressare was ssgumed to remaln constant.

Relartve vasordar reststance

Retative vascular retistance Romo/Rire, was calculated from obtatned relative blood fiow
%Maﬂm@m&tﬂmﬂmm Rore denotes vascular resistance

durmg test conditions and R, sigmifics averapo vascular reststance cakeulated for the two
eference perjods

Startstics
"-ﬂmd!mvmmp-redbymdsmdmf-nulrorp-}wdnmpm Relative blood
¥ Lo/l Otatned under ifferent conds thon test

for umpaired samples A:kvdolwlgn}ﬂamemchmmoﬁ." luﬁvuulnthXLSD
ﬂa:otnﬁndu-ddevhﬂon.lndsl!dpiﬂulundnﬂmoﬂb:mm
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indxcates that tranma due to mfiltration procedures was insignificant at the time of meas-
urement.

Procedsre ®Xenoa n isotonke saline (3 meCi/ml) wras infected Intracutaneously hto an
ares located on distal part of forearm or crus, About 90 mimutes afier Infection remaming
activity is located exclustvely In subcotaneous adipose thuo (Sejrsen 1971) At this time
meanrements were started. The Bmb under study was carcfully Immobilized in order to
avoid changes in counting grometry due to movements y-cmissbon of ™Xcnon was
detected by a santillation detector (NaI(T1)) The detector was placed aboat 15 cm above
the radiosctive field and collimated to see more than the ebelled area. Palses were fed into
a pamma-spectrometer with & window set sround the 81 keV photopesk of PXenon.
Activity was recorded n ntervals of 10 or 20 secoads and results were punched oot
X enon washout rate comstant k (Eq 2) was computed from the regression Hne ealar
hied from the lemst square™ metbod using logarithmically transformed count rates
correeted for backgr actlyvity In cal b a A vatue of 10 mljg was used (Sejrsen
1971)

A single investipation consisted of 3 periods of measerement, and each blood flow
determination had a duration of aboat 6 mnutes. The sequence of the measurements was.
1) reference fow, 2) 163t fomn, and 3) reference fivs (tee Fig. 1) Relative blood flow was
calculated a3 fomnfloro, Where o denotes mesn perfusion cocfficient (mU100 g min)
obtained under el COBAIOn. fee denotes calculaied mean vahue of two mexsarements
obtained under reference conditions just befare and after the test

Cbanges in vascular transomml presware were induced by three different techniques: 1)
postural changes of & kmb 2) Jocal substmospheric pressure or 3) venous stash nduced
by imflating a cufl phaced on tpper srm of thigh.

Venous pressure

Venous pressure was messured directly in & soperficial veln oa the dorsum of the hand Ina
sitting subject. When the band was elevated from 3 cm below jugular potch venous
peessure remained constant at about 3 mm Hg. When the band was lowered  venous
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wmhﬁmcdbymmmieqdulm!wthemmmd:btoodmlmn(dmnu
belght, Durlng Enduced local subatmospheric pretsure venous transmural pressure was
wsomed 10 fncreste comresponding to induced negative pressore During veoous stasis
vesous presare was found to bevome close to ol pressure.

Anterlal pregrure

Snmﬁtmddhsmﬁcmuhlprummmnmdwuppcrmbywdnmﬂ
Arterial mean pretstre was calculated as digstolic prossure plus 1/3 of the pubc amplitude
Daring postrad changes of the limb pressure in artesial system of the Limb and thus the
traosmonl pressare W sssumed 1o vary conresponding to the hydrostatic pressare
exerted by the cohrmn of blood, During sppiication of local muction transmaral artetiel
peasise was assumed Lo incresse correaponding to spphed pegatlve preasure During
venoos stais arterfal pressure waa assumed 10 remain constsnt.

Kelative rasadar resistance
Relative vascular renstance an}cuintdﬁomabuhcdmhﬂwbbodﬂoﬂ
famolt o 1 extimmted arterial and venous preasures. Romo denotss vascular restsience

duriog tent conditions lndﬂmdmiﬂnnvaunvuuﬂnmmmuhuhwdfur\hewo
reference perfods.

Statlesics
"‘mﬂwﬂmcmtdbymdsmdmﬂumprdrtdumﬁd-mmw
0% faoffn obtaned nder different coodlth red by rendomization =

were pared by
for umpaired senples As fovel of signfficance was chosen 0.05 In fipures and text, SD
mwmmsammamdmanmw






Remults

1 Effect of changes In vascalar transmoral pressure (E V)

The experiments were performed on 6 healthy sabjects Changes in vescular transzmns!
preevare wers bndoced by theee diferent tectmiques.

@) Posural chenges of @ limb

Hiood flow was measurcd elther on distal part of forearmn with the rutect placed in a sitting
position or oo disial part of cros with the voltstecr pleced n a supine podtion Mesnres-
ments were underiakea al dHTerent test kevels below or abavo beart level

Resobts cbtained fn ope sulgiect sre esow b Fig. 2. Blood flow remsined comtant withia
20 cm sbove and 20 cm below reference kevel (uaputer notch) Rahaing the arm above this
range was followed by decresss i blood flow When the arm was Jowered 30 em betow
Jogitar noteh, Blood flow suddenty decreascd 40 per cent of the coatrol vahue When e
m“mmd.bbmm“mdmwwm“

wmmm(mmumdwwmwdhwﬂtﬂ
But when the arm wes Jowered 30 cm (o more) blood fiow suddenly decreed by sbout
40 per cent, Resuits were qualtitatively similay in afl 6 subjocts However in one subject
Noud Bow rormatned comsant, wiven the arm oraa knwered 40 ¢ (), xnd furiber gralics
revealed tha bood flow decreased m (his sabject, tod when the arm ws lowered 50 &nd
60 cm. Skmilar resits were obtamed i the ks

@) Local subarmetpheric peessire
mﬂdwmwwﬂ:mmm‘mmﬁdhm%‘z
Bwhmﬁmwmd(mwwwmﬁﬂwm
Detattve presssre of ~30 and ~60 mom Hi, tespectively

mepHaﬂﬂovwbyM”F"‘mw
Mwwamwp«m

¢ of
mmmmwnmwww‘“‘m
wmmmww-wmw
Lhons of biood flow b preyent (n aman s
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When the arm was lowered 20 cm comesponding to an increase in vasadar transmarl
pressre of 15 mm Hg, blood flow and vascilar reslstance remained comstant. This
indicates that vascular 1mooth minsct cells of remstance vessels had increased their active
force of contraction just suffickently to balance the meresse in passive distending forces
correspooding to the rise In vascolar ranymural pressure.
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Wbmnmumimemdﬂuednbnmﬁmmﬂnbbudnwdmcd
e 10 Encreate fn vascoiar rralstance This retponse wax seen during lowetiog of the Bmb
during induced local subatmospheric pressurs and during venous stasis, When the tssue
way bffirated by which bly paralyses smooth vascular musculature
venous stash of 40 mem Hg which redoces sriedovencus pressute difference by some 45
per cxat, Also B produces a decresse (o blood flow of onty 18 per cent inatead of 50 per
cont. This indioates that the decrease in blood flow observed in narmal subcutancous
mmkodywuywwmdbymdmphdﬂﬂmmTolmddcﬂﬂe
extent the decrease b cated by an Incresse fn visocoastrictor activity An incresse in
total vasculsr reshtiznce It in sgreement with thia

Heae moderate chamge in vasculer tramurorsd pressure fo followed by regulatory
chnges f vascolar smooth muncle activity keeping blood flow constant (mntoregulation)
Ag Incresse tn vascutar transmoanat pressire above v certaln threshold sbout 28 mm Hy s
Tofiowed by i s ioa causing 2 d I biood flow of about 50 per
cent. This hatter phenomenca will for the sake of brevity f the following be referred to
13 the  Pasocomtirictor retponse™ to e fncrease b vasculer tranameral pressure.

Such chatges in vascular smooth muscle sctivity might be doe to

1) Reflex changes In sympathetic viaoconstrictor activity doe to changat in distension of
ceatral velng and of tho right atrium of the heart (low pressute bagoreceptort)

) Spinal reflex mechamisms of local origin e.g dtension of veins in the extremity might
cuirse prieriolar comtnetion by way of B refiex arch comprising the spinaf cord

3 Loco! nervous mechanisms

4) Intrinsic vascular adputnents 10 changes tn vascotar tansmant prewnmre (nyopenic
metabolic)

In order 5 ttudy the possibie role of central mechasisms in the observed changes
Yoscuar resistance doring postural changes of a imb experiments were performed before
2ad aftar an actte spinal sympethetic blockade

1 Acste spinal sympathetic blockade (D)

Both kegs of four pormal subjects placed m & supipe poution, were studied. Spinel
fympathetic blockads waa schioved by epidural snsestheria mduced by mercaine 0.5 per
cent, without sdremibme The Dlockade was extended to involve 6th to $th thorackc
wgment. Increase bn skin temperainre (Roo o7 ! 1973) diseppearance of sympathico-
pdanic reficx (Daos «f al. 1963) and abofihod sweat production as tested by the
sichytin test (Dbunr et af 1960) were taken a3 evidencs of effectrve central sympathetc
Blockude.

Anterhl blood pressure wat measred and remaloed altmost comsta throughout the
whole tnvestigation,

Plasma of wd Hne wnd fiy
1970) before and afier blockade

were (Vadot ot a!

T T
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A scintigram of the area obtained after conclusion of an experiment showed that actlvity of
=X enon remaintrg in the fleld was confined to this area. Analgesia of akin was taken as

evidenco that effective lidocalne blockado had been achieved

(1) When the limb was lowered 40 cm, blood flow under control conditions decreased
about 60 per cent. This to incresse in calculated vascular ress of about
200 per cent. In areas {nfThr with lidocaine or ph lamine blood flow Ined

'cmt_wbcntbehxd:mdemcdwun blood flow under both control and expert-
mental conditlons remmned coostant (Fig. 7) This corresponds to a decrease i veacular
resistance of about 30 per cenit.
(b) Dunng induced extermal ncgative preasure of —30 and —60 mm Hg in coe sobject,
bhodﬂuwdcumdwmdﬂp«oem pectively in control T In areas
with ine blood flow ined constant,
() During venous stasls of 15 mm Hg, blood flow remalned constant. This corresponds
to decrease in vascular reshitance of about 15 per cent in coatrol experiments. However
under control conditions venous stasds of 30 and 40 mm Hy induced decrease in blood flow
of about 50 per cent corresponding to an increass f vascular resistance of about 30 per
o:m(FitS') Blood flow remained coastant in areas Iofitmated with lidocaine or
where d in vascular rest of about 3040 per cent was found. In
order to test effect of Jow doses of the drugs psed, another series of experiments was
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YENOUS STASIS
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Fig 11 Mama relactre biood Gow £ 1 SE aod mate reiectee won vacoier resstzsce 1 SE piotted a3 factions of
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An exampk i3 shown In Fir. 9 Hyperaemla due to injection trauma was almost identical
lumtrﬂhnmdwiﬂmnhncmdﬂdoulnc.lnlrmhﬂlmmdmlhnﬂm blood flow
fecreased about 50 per cent in all stashs perfods cocresponding to increass in total vasculsr
resistance of about 30 per cent. Lidocalne 310~ Molfl) blocked response to venous
wtasts 15 minutes after Injection a3 blood fow remained constant corresporxiing to decrense
hmummmmhmdnbanlswcmLudwpc(sxlo‘MdJDmd\mdtbe
e by app 50 per cent cor ng to a & m vescutar resd
of about 15 per cert However Uneﬂmdﬂdmmlmprmmccdwhhdm
Similarly phentolamine (5x 107 Molfl) fn two experiments reduced the effect of venows
stasts upon blood flow by 50 per cent 15 mmutes aficr the injection (Fig. 10) Results
obtained in series with bdocatne and salne are summarized in Fig. 11

Thus, In peesence of lidocaine or n very bow fons venons stasis
evoked adecrease kn total vascular restance whereas  enous stasis evoked an Increase
in vascular reshstance during contro! conditon
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Sorvrne vt o sbave Aum(uaMBSmm-ﬂUmuﬂmh«.‘:‘n%g
2oe) for vaacuty ocChasss wes placed ou (e siom ea dorval ad o forerm. The iy
S G s et Vs vt o o e o then Sourid Wt ctueed bry ek e ey
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Cowtwtents

Lidocaine and phentotamine blocked the “VAIOCORITICHC tesponse 10 by b
br trananal prevsore. This Ginding speaks agatnst the posaibility oy Yoy
Mapﬂuﬂlﬂwrﬂebyumlncnvaﬂceﬂmmwmm&m’h
et effect of phentolamine and Iidocaine on the vascular emooth msey u‘“ﬂtA
be withoat sigrsficance for the following reasons. emyy,
When the areas were elevated 30 cm sbove mid-axillary foe blood fiy
tmmmnpoo&uwmncmmmmdmmm Mgy
me-umwmlhlﬁwdmmnmm"&
wmmmmmmmw,% Bow ey
(Fig. 7) Thua, vascutar amooth ouscle cele bad ncreased vheir force of b“’%
memmdedemmﬁ,m:::“‘hh
Pressure. Under thete condition maﬂuﬁmww ey
parafiel. "‘“&zh
Significant difference in responss was found betwoen aceas
hmwmudminmmwﬁhnﬁm(mumh;: [
pezed aaimpdes) Hyperaemi dues to miecthon (raama was Mo Keppygg Uty
difference i response was due 1o presence of Hdocaine m%m%

Hdocame was probubly due to warhout of drug from the area. esq::
Hence even bn very kow concentrations Bdocatne and ock

strictor respoese”  This indicates that the respoase i doe 1o o e
mechanism 1n combination with sbaence of effect of centra i
soamesthetc

denervation (1) thess fisdings facwoat mu\.m;:’% .

g
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Crmeccy adhpom Lmsws ncesared on
as ( both mdes of et sheeld cirwg VEROUS Sias om OBC
{ fide The figures denote ommber of mrrestigations.
t 1
) hetic axon reflex hanlsm. If the reflex operates in an arce of a certain size the
should be d from an area with local venous stasis to
sdjoining arcas withoat staxh

-~
6 Local venoas stasis (VD)

~Three nomml subjects were studied togother with two patients who bad been bilaterally
sympathectomized sbout two years previewsly A diagram of experimental “set-up s
shawn ln Fig. 12. "™ Xenoq was injected intracutancously Into an area of 3x 1 em which was
located loagitudinally in the midline on the dorsal side of focearm  halfway between elbow
and wrist A lead shicld (14 cm long, 13.5 cm high and 0.3 cm thick, with the lower edgo
marrowed to e thickness of 1 mm) was placed longitudisally bn the midiino on the forearm,
thus separating the labelled area fto two parts. The shiek exerted a pressure on the skin of
about 360 mm Hg Venous simis oa one side of the shickd was induced by mesns of a
sccond Jend shield (9 cm long § cn huigh and 0 3 cm thick) which was bent into L-shape
The sccond shield was placed proximally and laterafly to the labelled area to cxert a
pressure on the skin of about 40 mm Hg. By this technique venoos pressars will rise to



CHRONIC SYMPATHECTOMY
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daacte mum perismon coelicicats
15D (100 g mia) Arm p>0 6. Lar
ram

30 min

*ﬂnwmmhth:mmmmmmmr
iﬂmwvﬂmum!dath:.hud:hprmwdwm”" Bloodna'm:n
reasared abmultaneously on both sides of the lead shiekd for vascaler occhusdon,

Results sre summarized o Fig. 13 Venoaos stasls on one side of the shleM § .
decrensa o blood flow of 40 per cent on both sides. Nerve block was without effect when
inchuced by infiltrating the tsoe with Bdocalne 3 cm proximally o the ) g
Response on fhe pog-stasis side coukd still be demonstrated when venous stasls was
indoced 1.5 cm tn radial direction from the contre of the labelled area. H bhood flow
mumﬂauadwhm!ﬁnlhidd{mvmhrmmmpwsm:u o e
mdemBMMmmm&mmMmmm’u
Proxiral border of the stasls shicid was piaced corresponding 0 the centre of the
oL Iabelied
Phentolimine (10 mg/ml) was injected on the stesls dda and t the ot
side. The respomse wies still present on the roo-imis ade me‘ mlllxlo-‘
Mol/D) njected on the stasks sk blocked the respomac to e
13) When Bdocaine wis injected oo the non-stasls ehds biood flow romained constant on
this sida bt decreased on the sido of stals.

mmnmmdanymumeM -
mﬁﬁumwmnnhmmwﬁcdwwwmmnmw

howerer decreased o the noo-operatsd control kg during mdﬂdd(n' s

Comvents
M&nﬂmuwmdmmmw“mhuwmww
side of application orly Thbs shows Gat ihe Joaglrudical shield ufiied b2 77 .,;
scpanaty the two tides 00 micTOvasCular kevel, = e
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maral pressure on ooe side waa ot transferred to the other side of the bead shield used for
vascular occluxton.

Results Indicate that a vasoconstrictor stimulus echaited during venous sisaly can be
transmitied to a surTounding noo-affected area over a distance of about 1.5 cm in the
transversal but not In the proximal direction. Nerve block induced 3 cm proximally was

withot effect, Indicating that the w strictor " depends upoo a loca! trans-
mussion mechanbsm
Ti isslon was by ph famine on stasis side whereas by lidocaine and

chronic sympathetic denervation transmisabon was blocked. This indicates that the im-
pulse fs transmatted through local nerves



General discuszion

Rty chtataed i the present stndy indicate that elevation of vascular transural prev-
e sty 3 “vasoconsirictor resporsa” 1 buman subcutaneous tissue  Simitar resutts
e obialned during lowering of the fimb during exterml negative pressure a3 weil a3
faring venoos stams. Same respomme g abwo been d In human

e (Heoriksen e1 ol 1973) and ' b skeletal rmncle (Gokenhofen and Hikdebrandt
1964 Bala ot of 1971 Amery ef ol 1973) In arimel experiments vasocomstrictor
fewonte k2 been demonstrated in adipose thsue of mbbits (Henrfksen Niclsen and
Ptk 1976) in skeletal masche (Folkow end Oberg 1961), Lo dog lmb (Haddy and G¥bert
19% Haddy and Scott 1964) tn rabbit ear (Burton and Roscoberg 193%6) tn rabbit limb
(owobery 195) end fn mesentery of varlous spacies of anlmals (Sefkurt and Johmon
19% Johnaon 1959 Richardson and Zweifach 1970 Bacz o1 al. 1974)

Nature of the ‘Tasocoustrictor response”

The “vasocomtrictor rerporse Inhnmuhtunmeomuﬂpmeﬂnncmcﬂdtcdwhtu
wmmnﬂmhnmcd

by more than some 25 mm Hy (1 V) The
oauubumnnu:dovundmm repoma

O(Ihonlljcmhmvu'nld}rw}on(vn The
mpmum-huhd)cdbyhﬁuudbmmmumm
Mechaniam
The re1pones was not affected

eared ome by wpinal symemthetic biockade (IT) by sympathectomy &8
day postopentivety (1y) of by local nerve block when induced 3 om

Y ienly nd medatly to tbe arve vexder stody (VI) Thase fiodings Indicate

that bocal mechantema are respomibie.
,,,A, ’WWMIMFo&mlmmnmywmhmﬂ”
PrEsRND might be responaitie. Foliow xnd Oberg (1961) thowed that vas-

Yy was sl presemt b gastrocsemtny mascle In reserpinkzed cate PassYY
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(Hilton 1959) Sympathetic and somaesthetic denervation was without effect. The e
nponnmlbdhhedwhcnﬂnnnerymdlvnkddlmﬂy(omedmmmcmhﬂim
Ing that the dilatator resp was ul va smooth muscke cells How
cver when repeating the same experiments Mons Lie Sejersted and KHI (1970) found
that dilatator response was still present following transsection of the artery distally to slte
of In larger Han arterfes cell-to-cell propsgation of myogenic
activity seems to be of minor significance (Burnstock and Prosser 1960a and b Keatinge
1966) However vascular smooth muscle cells might behave differently In amall vessels.
Vascular smooth muscle cells showed single unit behaviour and myogenic activity could
be transmitied for some distance in rat portal veln (Johansson and Ljung 1967 and 1968
Ljung and Stage 1970 Hermsmeyer 1973) Based on indirect evidence Bevan and Ljung
(1974) concluded that myogenke activity could be transmitted aver short distances in amall
arterres of mbbits

Anotber ibility is that the ictor P " s dur to a local nervous
mechanism (Gaskell and Burton 1953) The “vasoconstrictor respouse  and Hmpulse
transmdssion was abollahed four days snd later after sy b aIv VD F per.

tive sweating on third to fourth day following surgery was probably of mme matoe =
degepenation secretion from cat salivary gland (Coats and Emmelin 1962) and to temporary
reversion of ptosts 13-15 hours after removal of the superifor ganghon in rats (Londberg
1969) Contents of {ne in cat mascke dectined to very low lovels
four days after sympathectomy (Sedwall 1964) Inmatirls only one per cent of sympathetic
mlﬂuﬂmhlpparcdmmnlﬂhmnlﬁuuu&myﬂhlm{mmd&dﬂl%ﬂ

that sy hetic fibres in forearm had lost thelr
M}thnxdmfam—&yilﬁn'rymp!hemmy
The effect of sy h mpon the i " might be due to the
ﬁcldmdew:naiﬂoud:ympﬂhcbcﬁbruamnd\mauofnmhrtmoothmmde
cells and affects ctivity and impalse p However and

propagation of rhythmic activity in smooth murscles from smmll subcutancous arteries in
“dogs wero not affected (Johamson end Bohr 1966) Also resctivity of mt portal vem to
was not dimindshed (. et al 1969) by chronk sympatbectomy
Aumr:mﬂaﬂmdbbodﬂuwm:ﬂﬂp—um!faﬂowlngtympﬂhcﬁcdmanﬂouﬂw
Sympathectomy might change lipid metabolism in adipose tistue to affect vascular smooth
muscles. However in human cutancous trsue and humen skeletal miscle (Henrfksen and
Sefrsen 1976 and 19770) simitar resuhts have been obtained which are not compatible with
this theory
Local blockade with blocked * and undertying Im-
poise tramumission. The Iatter was not affected by phentolamine (V- VI) Selkurt and
Johnson (195%) and Johwison (1959) stuched the influence of venous pressure elevation upon
Hood flow and vascular resistance In fsolated petfused smell intestine n dogs. Total
vucnh:mthnncebumcddmhtvmmmh.ﬂtemmwlﬂeaedbym
denervation or infused phenox: or procaino (fohnion 1959)
However u:camlhnxbloodﬂowdecrmedmmﬂywilhthmlnlbcmmmlapedm
prescnted, and when venous preswure fimally was lowered blood flow only incressed
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Wmﬁ:humhmﬂm&mmm(&mudlohmlm) The
P sz b vescular reddstance might therefore be doe 1o ntrvaslar clotng. In
M mesezttry Lomz (1966) foumd that veno 3 ™ ¢ bt ot
shnlicbed, by praethifivg,
F-!w--ﬂmuxumuumumvmnuhmommh&nd-mm
Bt Bow m kel v eserpiaized cat Soficating that vascutas reactivty s sl
M-mummwmn\m The duration of mexsure-
ﬂmnmmmsmmmumwnmmd
Mhhhwmawmmmdmmumw‘“
el wherrafes oo flow admost returaee 10 the level found before scasts, Lundral
ekt (19°6) . i ckservation 1 akeletol mmascie of cats durg extermal
wmd—wmﬂmcmnomwvmmhm
S shady decvease l biond flrw Endicating that the. e obaerved fn ct
Stetat mncie gt VEIOCORNCtor respome™ by venous Kasis in humans sre B0t
el corgmatie.
Thﬁﬂnﬁmhmmnu@mmcu‘mnwmmu
oTerng dervon mechanise
1o Eucstieics Mock contgeion of the nervons bnpatse (Teylor 19590
MMWMM'W“hW"B’(N
FAE, Robenty or 1 1950 Walker et al. 1930) Toe obaerved effects of bocal appies-
hd“’“‘*@%mh vasoconyirictor response™ i3 due to & focal pa
%wamm\a“ the effect of phestol
fmmummﬁmmmwmmwmm”
PRIl myogenic acthvity "
o ey the g (5 ot bamper th capabliy of vaseler et
"*“‘“’"’mwmm Lidocaine (3% 10 Molfl) &d sot
mWhMvammumWthﬁ
a“““m-ﬂbwlmmhhmmmw%
Wummw Even when lidocaine (of
“Whmﬁsxxmummwmmww
M 5 D g e
%mwuwmmmw’“’fw
axlh‘mdmmmmww
B::“hm“MHMmW;awwmmhn‘“
- thamwumzawd%w
m'-ﬂcd.nthnn‘ o response” 1o mn tncrent B Lo
;:M"%w-hmwmmmm'

Hin of the reflex “‘,.«—'"-
T 'fmardre‘om,.mh bmmmml‘“’"
555 Of Mo, otamecar tasoe dering CEETH B
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and in cat mesentery indicate that precapillary resistance ncreases during venous stasls
(Landis 1929 Richardton and Zwelfach 1970) Similarly precapillary rexistance increased
wherens illary resl d d in mutoperfused dog forelimb during venous
stasls (Haddy and Scott 1964) In rat mescntery Bacr et af (1974) observed that arteriolar
dtameter decreased whereas venolar diameter increased durmg venous stasis.

The “receptor site™ is probably located in wmall veins Evidence Is obtamed from
compar{son of erterial and venous presmures under varfous conditions. Thus the respoase
was produced by venons stasis of 30 mm Hg and by lowering the area 40 cm Both
procedures produce increase of 30 mm Hg fn venous transmwmal pressure However
whereas aimilar increase In arterial peeswre fs produced by lowenng the
extremily increase of maximally 15 mm Hg will occar during venous stasis of 30 mm Hg
(Landis 1929) but this mcresse has already been produced by 20 cm lowering. Tu this
position, blood flow remained coastant (1) which contradicts precapiliary location of
receptor gits When increass In venous transmamal pressire durmg 40 cm lowerling of the
|imb wes prevented by lethng the subject tip his foot, blood flow in subtirtancous adipose
tissue remaied constant (Henrlksen and Seirsen 1977b) In this siimtion, total vascular
reshitance incressed only by 48 per cent corresponding to increase in arterlal perfumon
pressure bead (autoregulation) T'lmhconn'lrylolhelnauscdlbwlzwpacun
observed In the lowered resting lmb  Abolith of the “v jctor

duning exercrse might be due to metabolic changes in subcutancous sdipose tissuc. How-
ever blood flow at reference conditions was not changed significantly by exercise. Furth-
ermore, when venous presurre was elevated during exercise in the lowered Hmb by
inflating a thigh cuff to 40 mm Hg, blood flow decreased by 50 per cent. This corresponds
to an Increase In vascular resbstance of same magnitude as {n the lowered resting leg. In
pabents with venous msufTiclency exercse did not prevent the fncrease in venous trans-
mural pressure and did not abolish the vasocomstrictar response

Therefore itis that of venous ! pressare is the factor that
clicits the and that the depends 0 impulse tranymis-
thn!mmvdmtomadnla(vmo-m:ﬁohrrd]:x)

The receptors are probably  stretch receptors™ becanse the reflex was abolished when

43 distension wis counteracted by Inducing local counterpressure (V)

/Km(lmrmmtmm}mma&nmmudmmdem
produced a local depotarization in the terminals. When stretch exceeded a certaln lovel,
discharge of action potential was elicited In stem axon. This is in sgreement with the
observation that the  vasocomsirictor response  was not ehicited until the venous wall was
distended to a degree which corresponds 1o an incresse In venous transmural pressare of
sbout 25 mm Hg. There is however 10 far no evid: of of a gimilar phy

noa in sympathetic flbres.

Natore of the imprise transmision

The vasoconstrictor response™ was not affected by somaesthetic denervation (11D indi-
cating that the Impulse ts only 1n Ic fibres. One [bility s that




35

ket ace itied from velns to arterloles T periphenal branchet of efferent
FTagethetic Gores (sympathetic axon reflex) If 30 i bs necessary 1o asiume that o slnghe
e syoputict axoe innervates both veins and artenoles Lumbar sympathetic serve
mmwmdmmhmwrdmmlumﬂncdhimwwdw
Mmmmhmmmwxs&mmmwmﬂmd
S erve bundles accoempanying main arterfal supply fo the paw The respoms in
FEUET veint waa unaffected This inclicates that sympathetic fTbres supplying anterics,
wimiclet, wnd wmall veins follow the sme route. At present, there is po anxtofrical
emdence thr & singie axon supplles both arterioles and vehns.

Ancther posulhility f5 an o 1 (cphapth (Furshpen and Potter 1959)
MMWCHMIWM However this seems to be of thte
:ﬂﬂmhmmnuh In the author's opinkon the mechamsm i3 most Ukety o sympathe-
_M‘:;:ﬂulnumadmms;amuwmnuhmmmnmm

sketetal moacle too (Henrlksen and Scfrsen 1976 and 19778)

Methodalogical inspBcations of the reflex
Determinaion of blood flow by venows occiusion plethysmography
Blood flow by ven ctusion plett hy might be ced by the

1. When @ T placed on upper arm was inflated to 40 mm Hy betwoen 40 and 60
W‘mwruvmmpremdcﬂm!mmlmmmtbcw
el o he refiex 25 man Hy) (Henriksen aod Sefracn 1977w) This indicates that exisiencs
““‘"ﬂﬂdmmmm“mmwmmuduwdnmbywﬂm“‘“
anmummmmhk@”“

Determination of capllary filratton capacity

Porallia frvotvement of the veno-artcriokar reflex way also be tken M0 S8 5
When kogravt . heimer aad Soto-Rivera 19451 #s rsed

(P
0 oacmotic techniquo (Pappenbeimer Renkin, and Borrero (951) e
TeXponse 3 not elicited.
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] pressure lation was also observed but when venous trammunal pres-
sre exceeded a certmn magmtiude the veno-arteriolar reflex was superimposed. How
ever when the reflox was blocked, autoregulation became evident in the whole mnge of
changes in transmural pressure during lowering the Imb as well as during external negative
pressure. Similar findings have been obiained m adipose tissue of rabbits (Henrlksen
Nichen and Paxtke 1976) Ballard and Alhapouhss (1973) found no evidence of antoreguta-
tion during arterial hypotenson in adipose tasue of dogs. Difference in results obtalned
might be die to the fact that changes in carbon dioxide tension in thrue, surgical tranma,
and mechanical manipulation might affect delicate fums underlying Y
respomses (Johnson 1964 Rapels and Green 1964)

Autoregulation was present in denervated tissue {(TV) and local nerve block was withoat
effect (V) Thess findings indwcate that Intrinsic mechantsms are responsible This is
compatible with results in skeletal muscle (Rolkow 1949} The caact mechanism cannot be
deduced from the present study

Autocegulation might be carsed either by myogenic smooth muscle resctions that se
related to stretch (Bayliss 1902, Folkow 1962 and 1964 Johnson 1968 Johanwson and
Melinder 1575) or due to changes in metabollc environment in the trasuc (Anrep 1912,
Hilton 1971) or both. Stamsby and Renkin (1961) obscrved that blood flow In skelctal
musclke waa sutorcgulated at different levels that correlsted to metabolic rate. Furth-
ermore potassium (Kjellmar 1965) and hyperosmotality (Mellander et af  1967) seem to
pl.ly-rolclnbypenemhdm-imcxmbe Cobbold e7 al (1963) showed that effect of

was abolished during fach 1n buman skelctal muscle (Lind-
bjerg 1969) human cutancous tissue (Praske and Henriksen 1975) and human subcutane-
unndlpoctdm:(Nkhcn-nderwnl?ﬁ) “cumulative™ blood flow durmng postisch-
semkc b ) waa t to duration of lschsemia. Fairchild Rort
mmm(l%ﬁ)mmmﬂwmwmmymmlnhmmlnm
abtence of oxygen. It seems more and more ovident that oxygen temsbon nfluences

arteriolar demeter {Doling and Berne 1970 Duling 1572 Hutchins, Bond, and Green 1974)
Mnbyomuymlm(lmnndhuumuoodnwuuwwﬂhﬁah

ned by the dithon of

2 basal toous anprob-h!ybeuuﬂ:admmmﬂcmcﬂvﬂyrducdmm(:h
P sntoregulation of blood flow ks coopled to metsbolic mate via metabofites and
oxygen tension affecting arteriolar smooth musche cells. However when venous trany
mural presgure f4 elevated about 25 mum Hy s veno-arteriotar reflex is superimposed to
cause decrease in blood flow of ebout 50 per cent. 1t ks Important to emphasize that bood
flow s wtill sutoregulated at thes kower kevel (T) Oxygen uptake in thisues probably reqwing
coustant As determined in blood from femora! artery and vein In humans arteriovenous
oxypen difference lncreased from 43 ml/] to 120 mifl during passive tilting to 70" and during
stnding with one leg hanging prsasvely (Reeves et of 1961) 1 oxygen uptake in tirsue
remalns constant this will correspond to & mean decrease In blood flow of about 65 per
cent. This would be compatible with findings in subaitancous sdipose tissoe of leg (V) and
in skeletal muscle (Balldin eral 1971 Amery eraf 1973)

Nicoll and Webk (1955) studicd tubcutaneous vessels and found that terminal arterioles




n

mkﬂwmw:mmﬂmm amall arterioles were
M&mﬁivc!odmhm)mkm(&ﬂhglm Hutchiny Bond and Green
mmmmxm-@ammﬂmm“m,mcﬂd
Wﬁwmwﬁhu(mm Falkek, and Sporvong 1966) whereas intrnyic
Wt&ﬁan;prdmﬂyukzp&mhthemnnmmmuu

Cardio-vasculny dstmenty ‘o changes

w”l m‘:“"“mmmmwmmmmd
Iy weight e 1y L% N Babfecty (H s Twbekin, and Lavy 1968) Average
Wg%mmwmmmmﬂm

wdine outpet to total vascular coa-
Sactance of 50w 22 per o yery SO EPOGdS "“‘::“““:“ bl
udecrmamﬂﬁ:gaod W“”"’“‘“«WWLAWM'W
okt scvinn T e B2 § ket e o et e
“'@mhmwamwonvmmm
W'W'thmmmummwmmawﬂw
oeat o ol m%”mwmmwy&mwwmﬂ‘dh‘
occhasmsins bcited froes b lockisd in arievies central vems and hexrt (Rod-
i aod Shepherd 1936 nd 1957 e o 1970 Rewell, Wyss snd Brengelowen 1573
DiSalvoer &/ 1971} Kﬂﬂmehmmﬁmvhy(m"d 1970 anxd Hberason of
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Control of vascular tonus in kuman subcutansous adipose issue

Evidence obtained indicates that vascular tomrs is influenced by intrmosic myogenic activ-
ity related to stretch by vasosctive metabolites liberated in tissue, and to perfurteriolar
oxygen tenskon. However venowns distension commesponding to Increase in venous pressure
of 25 mm Hg or more elicits a veno-arteriolar reflex mechanism which Increases arteriolar
tonos to supplement effect of myogenic activity These local mechanisims can then be
influenced by changes in centrally elicited activity of sympathetic fibres as well as changes
in plasma of dh fine and adi bne (Celander 1954 Mellander 1960
Mellander and Johansson 1968)

F

Arterial insxfficiency of legx

The effect of lowering the leg on blood fiow {n subcutancous tasne waa stedied In patients
soffering from arterial | y doe to fliacofl 1 tidon or scvere stenosls
(Henrlksen 1974) Both 1ctor and of blood flow were
present In patients with Intermittent claudication without reating palns However in
patients with resting pains  blood flow Increased at base of tocs during lowering of kg
wheress blood flow decrensed at ateral mallcotus and fibubar hesd. In these patients

= ictor " and lation of blood flow were present in less affected
areas whereas both responses were lacking in {schaemic arcss Increase of blood flow ln
fschacmic aress s pi ly due to In vascular rest caused by pasdve

distension of vessels due to increase n vascular transmural pressure Furthermare due to
the veno-arterfolar reflex blood flow (n the leg is redistribated from leas affected areas to
ischacmic aress creating an  Inverse steal syndrom (cf Lassen and Weatling 1965)
Ab of reflex and latory i 2 probably due to sccumulation of

ot arcas to make arteriolar smooth muscle cells less
;endﬂvemcmﬂrktonﬂnmﬂ.[uuchmﬂcmhhuhcm:bownummaemhm
\k:u ftive to the atrh offect of pared to veasels (n leas

1 areas located proximally on the crus (Henriksen and Wisborg 1975)

-

J Vemous usxfficiency
In normal subjects blood flow in adipose tissoe ined constant when the
lmab was lowered 40 cm if Incresse in venous transmural pressure was avokded by letting
the subject tip the foot continoously However when venous pressure was ekevated to
about 40 mm Hg by inducmyg venous stasts blood flow decreased 50 per cent s n lowered
resting leg (Hennksen and Scfrsen 1977b) In two patients with venous Inaudliclency
exercise did mot abolish the reflex in lowered potition. In such patrents—conatrary to
normals—blood flow [n subcutaneous tissue of legs Iy reduced by 50 per cent during
walking. This s probably also the case In cutancons thsue This might play & role in
development of crura! ukcars in these patients.




Conclusions

The present study provided a mumber of otervatiom of physiotogical and clinfeal signifi-
e

b Activity in sympashetic vasoconstsictor fibres participates In malstenance of vasculsr
mbmmmmmm

2. Follow ing sympwthectonry blood flow in human subcutancous adkpose tissue focrenses
by approxiantely 100 per cent, but vascular tomus is reestablithed sbout 8 days post
operatheety

3 Autoregulation of blood flow Le meintenance of coastant blood fow doring changes o
srierlad perfusion pressure bhead o i artesial and veoous traasmanal pressures b
Prosent in buman subcitancous sdipase tissoe,

4 Autoregaiation of biood fiow was sill present in sympathetically denervated tissoc nd
during acite kocal nervous biocksde hdicating that tirinske N ere responsh
ble.

s 5 Ut tremsmmeerad presrure of 25 mim Hy or more elicits arteriolar constric
“m,‘r cstrictor respomae  to increase In vascular tramund pressure) which
kbw“""bylwtmhmgly;gwmt‘

¢ :’;uw-m response b fn all probablhity due to & loca] sympathetic $xon

Further studics

) order 1o ek, 1”” ngie sympathetkc vasoconstrictor fibres should be recorded i
elictied

MU poterils, hetber venou distension fs infact followed by peripberally

2‘f £ shoold be tested whether the vasoconstrictor mpulse is transmiued
::hwm cIvie wn sfferent sympushetic (Tbrn which clays in spoal gangiic
sndatensd axtimaion of “‘“"‘“’anmmwww
MJMMWWEMeWmme
Rellive brpoxtance
tradly eficited

-

Bery =5 focal reguistion mechanisnys contral inflaence vie S8
Bexer and bmocal factors shouid also be studied.

5
3
£
!
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Coatrol of vascular tonus [n human subcutaneous adipose tissue

Evidence obtained Indicatet that vascutar toous s mfluenced by {ntrinshc myogenic actry
ity refated to stretch by vasoactive metabolites Hberated In tixsie and to periartenofar
oxygen temion. However venous distension cormesponding to Increase in venous pressure
of 25 mm Hg or more elicits a veno-srteriolar reflax mechanism, which increases arteriolar
tomus to supplement effect of myogenkc wctivity These local mechanisms can then be
influenced by changes in centrally eficited activity of symmathetic fibres as well as changes
in plasma concentration of nor-sdrenaline and adrenaline (Celander 1934 Mellander 1960
Mellander and Jobansson 1968)

Pathophystological tmplications

Arterial insufficlency of legs
The cffect of lowering the leg on blood flow n tubcntancons tusie was studicd fn patients
wffenng from srtenal intufficlency due to fliacofemoral occlusion or vevere stenosis
(Henri 1974) Both * and ation of blood flow were
pru:ntlnplﬁemxwﬂhlmn'mmunchndhﬂmvhhmnmﬂmpnm: However In
patients with resting peins blood flow incrested at basc of toes during lowenng of leg,
whereas blood flow decreased at Iateral maflectus and flbutar head. In these patients,
trictor resp and tathon of blood flow were present in Joss affected
areas wheress both respoases were lacking In ischaemic areas. Incresse of blood flow in
hchacmic aress i probably due to decreast In viscular reshitance caused by pessive
distemion of vessels due to Increase in vascular trapsmunl pressure Purthermore due to
the veno-arteriolar reflex blood flow in the keg it redistributed from less wifacted arcas to
{achaseme ayeas creating an mmeunltyndrcm (I Lassen and Westllng 1969)
Ab of reflex and yulatory Is probably due to tatlon of
dilnth htey in bch arcas to make arteriolar smooth muscit cells lets
itive to stimult Ini ic aress it has been ahown that these vessclsare
less semltive to the rictor effect of angl t 1P 1o vessels n leas

1 arens located proximally o the crus (Hearfksen and Wisborg 1975)

/b)emhqﬂk-lmry

In normal subjects blood flow in sub adipose tissuc Ined constant when the
Lmb was lowered 40 cm if ncrense In venous tranwmural pressore was avokied by letting
the sublect tip the foot continuously However when venous pretaure was ehevated to
about 40 mm Hg by mducing venous stashs blood flow decreased 50 per cent as in lowered
resting leg (Henriksen and Sefrien 19776) In two patients with venous insufficlency
exerciie dad not sbollsh the reflex in lowered position In such patients—contrary to
bormals—blood flow in subcutaneous thsuc of legs it redoced by 50 per cent during
walking. This fs probubly alwo the case (n cutancous tissue. This might play a roke fn
development of crural ulcers in these pattents




Summary

of
courtat bload ) Thh edictes that autocepulation of blood fiow ¢ m-:xtcmoeh
. flow duriug changes In wriestal perfaion peesyure head i prosers
Miposs tissue Nmmwvmmmm
mmmw& - v e at
e s responaibie, wocal st
Blood fiow

h‘“‘mmrﬂmmmmux
lebmk‘m&nbmcmorbymkintvmnmdmm}u However y
Wm":wF‘mmm:kvmﬁmmﬂzmmmﬂww
m”"’mm‘”‘nhﬁmhwmhd m‘“m:w'mmu:
XteTmd &mmwmm the -
tm * =l a2 during venous stasis The vasocomstrictor stimmuus coukd
e ﬂm‘%&dmm;dmdmnljm
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4 by inducing oy
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drogs upon blood flow and ty in thsnes too
(Henriksen and Wisborg 1975)

The dependency test” might indicate whether functioning sympathetic vasoconstrictor
fibres are present in the area [n question.

Vessels m the leg which are subjected to local orthostatic hypertension compared to
thote fn the arm show an sugmented “vasocomstrictor respouse™ (Paaske and
Herntiksen 1975) Effcet of treatment of arterial hypertension might be texted by measar
ing vascular reactivity
Inmmmummﬂmmhmuhmmmmﬂycﬂmd

hy sion upoo the " |n vessels of
mclqw{mnpcdnlmlmmlbcﬁmm
Tt might also be very | ing to stidy local lation of blood flow i subcutancous

tissue in paticrits with vasospastic disorders and in patients with varfous skin chscases



Resumé

Effekten of endringer | blodk ykp it
fedtriey er undernogt | forteg utfort pi rurke Xer Ty uyk tges bhev
fremkaldt ph tre forskellige mider 1) st oqer of en Het, 23 lokak
eksterny, negativt tryk og 3) a | fevew biey milt

ved biedp of den lokale " Xenon idvatkaingatekntic.
forblov uendret, s en ckstremitet blev eleveret 30 am hvilket
wrarer l et fald | den totake karmodsiand ph oo, 30% Dette fimd tyder ph, x gennom-
1 mib fedtvey o dvs uwendrot geonembladning trods
wendringer | det artericlie peefusionstryk (venetrykket forbliver saradret under chavation)
Dﬂmhmmmmdkpﬁvm:mmm lymxfkkdmcrvcrhu
of under jokal nerveblokade Dette taler for at di
skyides eadrioger | arieviolernes torun ph grund of lokate {kh:»mmﬂksmer Gm-
Wm&vmuvhmdmmswn;ﬂnwmﬂcplmm
mitet efier of 15 ;om Hy Desimod biev
med ca 50% ph grund af en stigning § d nhr det e tryk biey sget
med 25 ovm He efler mer shved onder senkning af ekstremiteten vod cksternt lokal
tryk, som ved { ktor responss) Ex riktor sthoahs
kutos trammitteres ] of omgivende {kin phvirket omride over en afvtand o omkring 1.5
cm. V fkioe resp brver ndlest ved paxsiv dbsteosion af
Sarrene d:rctponsakunaeblohzcs nke man modvirkeds distensionen ved st phlece
Jokall modiryk ove mih $ea § det modsktto best der brugtes som
kontrot forblev wendret.
Akt it symspriikovbloloade bacvde topen effelt Bvfket tyder pd, st vasokossirikior
respormict  shykies bokake faktorer Kronlsk somatisk denervering havde Hygsleden ingen
effekt Wmmnmmm«:w swen hverken  vasohon-

strakior ehier 5 mumwmp&wwm
eller sencre Lokal slf weceptor Dickede med
men fdhie meos lokalt fadgivet Udocxin biakerede begge

Disse fund fyder pA at det vasckomuuriktoriaks rexpony  over for siigniog i det
:!::kuinc mmmmpddmmﬂs&nmcummm nerves reficksmoeion
msme 1 spmputishe fore 4 3 en symp : ‘uad:yn.
lgis plsceret de 3md vener mens effetoredet oF placerst § arteriolerne (veno-arte

' d d of reflek
Shgamged forholder mellem pee of T som k
mvumdnmcumwdahviﬂzuhydmwmmkqvam n.u::e:m-aed
den myogene seakuon mdnrkcmsﬂvin(idcnmhrm:ﬂmmﬁon/
(MWMW)
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Ea mully wilowning af refleksen | eksperlmenter med venestase 1l bestemmehe af
vevifitrailonskoelliclenter bor overvejes Da den  veno-arterlolere refleks ogsd er
bievet demonstreret | cutant vy og tvaerstribet skelctmutkulatur hoy mennesker aynes
denne mekanismo kvantitativt at spilie en vigtlg rolle | de vaskulere reaktioner pA sill-

nger

Bloketing of reflek vhie en o kering af blodnl
Kar-tonus synes thledes at viere pdvirket af myogen {vitet refuteret til di joner af
karrene  vascaktive rmmbd(uumdonlmmoadmmrhm:ﬁm oxygentenyion.
Venediytensi de til en ral trykatigning pd 25 mm Hyg efler mere udloser en

veno-arierioler refleks  som oger den arterolere tonus of reducerer genmemblodningen
o 0%

TH diyse loknle mekardsmer adderes pdvitkninger betinget af endringer { aktlviteten {
sympatiske ffore udlost centratt fre elter endringer { plasmak af od
efler noradremalin

"

Hot patienter med occhustonet efler aviere stenosor af arterierne | benene ledsaget af

hvh er bide det latortsk mmnqdenveno—meﬂolmreﬂek:bloke
ret. Dette skykdes f thy skkurrlation af vasodil | de fskosmlss
yEY

Den venc-arieriolete refleks kan blokeren, nbr stigningen | det superficielle venetryk
mdﬁncdhtmh\;n!htmmddwedlukﬂvmvmmnvcdm:hrbdde Hot
patienier med wenes jnsufTicl ket Tkke kunne snke venctrykket
\mdumDcﬂmﬂpmnblndrirmnlwbcuﬂtotmmlhﬂioﬁﬂlmdlhmdm
patienter teduceret med 30% under gang | forhold 1l gernemblodningen ved borisontal
Iejring, | moduriningen 1l det man finder hos normake Dette kunne vaere en medvirkende
Kring t} wdvikingen of ulcus crurls sekundent ] veneinsufflclens
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