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JOSIAH MACY, JR FOUNDATION
CONFERENCE PROGRAM

As AN INTRODUCTION to these Transactions of the Fourth Conference
on Renal Function 1 should like to outhne what 1t 1s that the
Foundation hopes to accomphsh by 1ts Conference Program We
are mterested first of all 1n furthermg knowledge 1n a particular
field 1e renal function and to this end the participants were
brought together to exchange 1deas expenences data and methods
In addition to tlus particular goal however there 1s a further and
perhaps more fundamental amm which ts shared by all our con

ference groups Ths 1s the p of ful
between scientific disciplimes
The problem of tion between disctpl we feel to

be a very real and urgent one the most effective advancement of
the whole of science bemng to a large extent dependent upon 1t
Because of the accelerating rate at which new knowledge 15 ac
cumulating nd hecause discoveries 1 one field so often result
from snformation gamed m quite another channels must be estab
lished for the most effective dissemmation and exchange of this
knowledge

The ncreasing realization that nature stself recogmzes no bound
anes makes 1t evident that the continued 1solation of the several
branches of science 1s a serious obstacle to scientific progress Par
ticulely 15 1t true ;n medieine that the limited view through the
lens of one discipline 15 no longer enongh For example today
medicme must be well versed 1n nuclear physics because of the
tracer techmques and the njury which can result from radiation
At the other extreme medicme 1s certamly a social scrence and
through mental health must be concerned with economic and
social questions The answer then 1s not further fragmentation
mto ly 1solated special discipl and departments
but the integration of science and scientific knowledge for the
ennichment of ll branches This integration we feel can be encotr
aged by providing opportumties for a multiprofessional approach
to given topics

Although the fertility of the multidiscipline approach 1s recog
nized ndequate provision 1s not made for 1t by our umnersities
seientific socreties and yournals And perhaps the presence of other
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8 Renal Function

hindering factors must be admutted Partly semantic m nature, they
may also to some degree be psychological Admittedly, 1t 15 often
tumes dufficult to accept data derrved from methods w.ith which one
is unfamiliar - By making free and mformal discussion the central
core of our meetings, we hope to achieve an atmosphere which
mummizes as much as possible these semantic and emotional barriers
Thus, our conferences are in contrast to the usual scientific gather-
mgs Presentations are designed, not to present neat solutions to
tidy problems, but rather to eleit provocatne discussion of the
difficulties which are bemg encountered i research and practice
We ask that the presentations be relatively brief, and emphasis 15
placed upon discussion as the heart of the meetmg Our hope 15
that the partictpants will come prepared not to defend a single
pomt of view but, with open mmds, to take full advantage of the
meeting as an opportunity to speak with representatives of other
disciphnes 1n much the same way as they talk wath therr colleagues
m therr own laboratones
During 1953 under the Conference Program conferences will be
held on the following topics admunistrative medicine, adrenal
cortex, 1gmg, connective tissues, consciousness, cybernetics, mfancy
and childhood, lver injury, metabolic interrelations nerve impulse,
renal function and shock and circulatory homeostasis
When a new conference group is orgamized, the Chairman, m
consultation with the Foundation, selects fifteen scientists to be the
nucleus of the group which will hold annual meetings for a perod
of five years Every effort 1s made to mclude representatres from
all pertment disciplines  From time to tume, however, new members
are added by the group to fill gaps i viewpomnt or techmques A
small number of gnests 1s mwited to attend each meetmg, but, for
the purposes of promotmg full participation by all members and
guests attendance at any meeting 1s himited to twenty five Dunng
a conference’s prescribed hfetime we cannot possibly nclude more
than a small fraction of the key investigators 1n the field, and one
of the difficulties m forming a group, such as this one on renal
function 15 that 1t 15 necessary to exclude so many nvestigators we
uld Iike to include
he transactions of these meetings are recorded and published
s 15 done because the Toundation wishes to make current think
m a field available to all those working m 1t, and to those 10
o fields who are concerned with science for example, gosemn-
\t officrals adminsstrators, etc  Logie 15 a vatal aspect of science,
equally essential 1s the mtuitve or creatne aspect Research
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ION EXCHANGES BETWEEN
EXTRACELLULAR AND
INTRACELLULAR FLUIDS

INFORMAL DISCUSSION

Pitts 1 recently heard Dr Alan Gregg relate how he, as a brash
young Harvard freshman, on first meeting the philosopher Jostah
Royce, ashed 'Dr Royce, what 1s your concept of heaven?” With-
out 2 moment’s hesitation, Royce repled, ‘Heaven 15 a state of
mmd m which I would know from moment to moment the exact
sigmificance of my every word and deed” I don’t pretend to any
such snbime state Rather, I should like to present a few of the
expentmental deeds of two of my colleagues and have you attach
to them their proper significance Dr David Axclrod* and Miss
Muriel Seip* are largely responsible for the work that I have to
present Dr Swan has some related work which he can mtroduce
m the discussion

I should Like to pose two questions Do tisstes share thesr buffer-
g powers with the extracellular fliuds when the body 1s 1avaded
by acsd or alkali? Secondly, if they do share their buffering posers,
how 1s that shanng effected?

T vl admut that I approached the first question with }
of a pltlosophical bias toward the affirmative  Cells contain water,
and Drrrow, Hastings, and others have shown that they share that
water with the extracellular fuid when the body 1s threatened by
delydration  Cells contar bulfers, organte phosphates, protemns,
and brrcarbonate It scems logreal that they would share therr
buffermg capraty with the extracellular fluid when the body 1s
threatened with an exeess of acid or alhak

In Figure 1 are mictured some posssble mechanisms by which
cells md tissucs might buffer acid (left) and alkah (night), although
1 do not wish to imply that these mechanmsms exhaust all possibih-
ties Rather I merely wish to suggest that as the hydrogen 1on
concentration of the extracellular flwd ncreases, hydrogen 1ons
mught be exchanged for cellular sodmm or potassium 10ns The

*Department of Physiology Comell Ynnversity Medical College
1



12 Renal Function

POSSIBLE WAYS BY WHICH TISSUES MIGHT CONTRIBUTE
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comverse mght be true Extracellular chloride 10ns might be ex-
changed for cellular brcarbonate 1ons In either circumstances, the
cells would share their buffermg capacity with the extracellular
fluids  On the other hand, bone mght be expected to yreld base
1 exchange for hydrogen 1ons, b bone a derabl;
excess of sodium over chloride On the other hand, connective
tissues 1n general, and tendons 1n particular, mught participate 1n
an exchange of bicarbonate for chloride, for they contain a relatine
excess of chlonde over base

In the buffering of alkali, the reverse processes mght occur,
namely, the exchange of hydrogen 1ons of cells for either sodium
or p 1ons of extracellular flud, or the exchange of chlonde
of cells for bicarbonate of the extracellular flud In erther nstance,
the cells would share therr buffering capacity with the extracellular
flud Analogous processes mght occur n bone and tendon

The problem upon which Dr Axelrod and Miss Seip embarked 15
the one of tissue buffering of alkali To avoid rapid excretion of
admimstered base 1 the unne they nephrectomized the dogs at the
start of the expentment and mamtained them under pentobarbital
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anesthesia for the 8- to 10 hour penod of observation Nephrectomy
also permitted senal observations of volumes of distribution after
Hali B

control blood sample was drawn from the femoral artery A second
control sample was drawn one hour later Data of a typical experr-
ment are presented 1n Table I The mulin volumes of distrbution
were observed to be 3320 and 3400 m! 1n these two control pertods
The plasma volume, measured by T-1824 dunng the first penod,
was 870 milliliters From these data, plasma protein concentrations,
plasma 1on concentrations, and assumed Donnan factors, 1t 1s pos
sible to calculate the quantities of cach son species 1n the mulin
space, a volume designated as the readily diffusible extracellular
space Within reasonable limits, the two control senes of observa-
tions are n agreement

Two hundred and mnety-eight of sodm b
were mfused ntravenously m hypertome solutien (8 per cent)
Another hour was allowed to elapse to permit distrsbution There-
after, three blood samples were drawn at hourly mtervals Because
the bicarbonate solution was hypertonic, water was withdrawn from
cells to expand the extracellular fiud and the volume of distnbution
of wnulin increased accordingly Plasma volume was measured
once during the second postinfuston peniod and was found to have
increased to 980 milliiters  Repetition of the calculations of ton
contents of the readily diffusible extracellular space showed that
sodium mecreased from 491 to 799 mEq, and bicarbonate mereased
from 91 to 288 mEq, findings whtch were to be expected qualita-
tively at least Lattle change 1n the potassium content of the mulin
space was obsened, but the chlonde and radiobromide contents
mereased This finding was unexpected, for no chlonde or radio-
bromide was contuned in the nfusion

The data from this expenment are summarized 1 Table 1T In
the first honizontal column are gi en the mean values for the quanti-
ties of sodium, potassium  chlonde, bicarbonate, and radicbrormde
found 1n the inulin space in the two control periods In the second
column are gnen the mean yalues abserved dunng the three periods
following the infusion of bicarbonate In the third column are
given the difference values, which may be compared with the quan
tities of tons admunistered shown mn the next lower eolumn The
gross alterations 1n 10n content of the mulin space are given in the

Thmol: 1
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TABLE If

D R e
P, Nat f X+ [ o jnco.‘ Bt
millicquivalents Cy’;}f’
Control 491{ 138{ 408 g1| 6727
Bxc::‘sgg;:\it 799 129{ 493 2881 Bi66
A 4308 - 09 + 90| 4197 | 41439
Given 298 ] ¢ 208 o
gfﬁii.gﬁaﬁgﬁéﬂf fs:‘igg + 10— 081 4 B0 —201 {41438

Lut columa The significant findings may be summanzed as follows.
All of the sodum of the ad d sodwm bicarb can be
accounted for, with relatnely munor error, 1 the muba space
Howeser, some of the admmistered bicarbonate {(~10% mEq ) dis-
appeared from the inuhn space and was replaced by a roughly
equivalent quantity of chlonde (+90 mEq) The racwbromide
content of the muln space also nereased n rough proportion to
the mncrease m chlonde This merely confirms the reality of the
chlonde shift

Darrow. When was the hromide gnven?

Pirts The bromde was given at the time the muba was gnen,
two hours or more before the expenment way starsted No sub-
stances other than I agents were ad d to the dog
before the hidneys were taken out

Darrow  Presumably, thece was equibbriom with respect to
hromsde which had diffused as much as it would?

Puites Yes, and equhibrivm of bromide with respect to chlonde
These shfts of bicarbonate and chlonde between muln and non-
wakm spaces are exactly those which are known to occur betwcen
plisma and red cells under symlar conditions To what extent can
the plasma and red cell shafts explan these discrepancies? In Table
11 are summanized the o Ny determinet In
exch expeniment, whole blood, as welf as plasma, was analyzed far

s
-y



16 Renal Function

each 1ome constituent  Since the hematoent was Lnown, the quan
tity of each 10n species n the total circulating red cell mass could
be calculated The change observed, in consequence of the mfuston
of sodium bicarbonate 15 given in the second horizontal column
It 25 evadent that anly a mumor fraction of the bicarbonate lost from,
and the chlonde gamned m, the mulin space can be accounted for
by plasma and red cell shifts

TABLE m

Unactounted Quantity 1 Readlly
Diffusible Extraceflular Space

DoG 8
190 kgm Na+ l j S TC] HCO: | B¥
millicguivalents C‘fflm‘flno‘f

Gross Unaccounted 1n Readily
Diffusible Extracellular Space { +10

Transterred from Curculatin,
Red Blood Cell Volume % + 84 422 [~ T4 [+ 104~ 183

Net Unaccounted i Readidy
Diffusible Extracellular Spacel“' 134( 18 | +826|— 906 {1251

—~08 (400 (101 |41439

Our thesis 1s sumply that when a dose of sodium bicarbonate 15
given to an apumal, the sodum 1s distributed n the mulin space
The bicarbonate remains i part in the mufin space, but 1 part
disappears from that space As bicarbonate disappears, there ap
pears from some space outside the mnulin volume of distnbution an
essentially equivalent guantity of chlonde In Table 1V are sum
manzed the data of six expenments which were similar to the one
just presented except that the dose of sodwm bicarbonate was
varted over a range of 178 to 560 mill 1 The net quantit
of sodum, potasstum chlonde and Iicarbonate unaccounted for sn
the inulin space, after correction for red cell shifts, are shown i
the fourth to seventh columns Sodm was adequately accounted
for m expenments 3 through 6, ie with an error of less than five
per cent  Only m expenments 2 and 6 did appreciable transfers of
potassum occur  However 1n all expenments bicarbonate was Tost

from the mulin space and an essentnlly equivalent quantty of
' miven The magnitude of the

) Jess proporhional to the dose
+ 15 proportionahty 15 shown
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the last column of Table IV m which the ratie of the clilonde
transferred to the dose of sodm bicarbonate ginen 15 expressed
m percentage terms It can be seen that 27 to 42 per cent of the
admimstered dose of sodmm hicarbonate was buffered by a shift
aof chloride mto the muln space

Non-lnulin Space] Inulin Space
Of a given dose of
NoHCO3
3/3Nat
/3 HCO3Z 2/3HCO3'
lrz et

Freune 2 Alkal buffering

Figure 2 summanizes our view of the bufferng of alhall Of a
given dose of sodium bicarbonate three thirds of the sodium 10ns
remamn n the mulin space Approumately tso thuds of the biear
bonate 1ons remamn 1 the mukn space but one third disapperr
A quantity of chlonde ions equivalent to about one third of the
admimstered brcarbonate enters the inulin space from some larger
space not available to mulin It seems to me that the nomnulmn
space 1s contributing to the buffering capraity of the mulin space
But what does this mean? Are cells contributing their buffers or
are bone and connective tissues contributing theirs?

Wallace What was the serum pH of these ammals? Did 3t
go up?

Pitts Yes

Berliner How much change tahes place i the same penod of
time 1n an anumal nephrectomuized but given no electroly te?

Putts In two control experiments there was practically no change
In a third control expenment the ammal developed a progressné
acidosis and changes in pH swere observed

Berliner And the 1nulin space? .

Putts On the whole the inulin space remmned relatvely” con
stant
Mudge Were all these wfusions Iy pertonic?
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Pitts Yes We wanted to infuse as much brcarbonate with as
httle water as possible

Darrow How much was the plasma sodium concentration rarsed?

Putts From about 156 to 178 1n the one expenment m which 205
mEq were gnen  Of course, that vanes with the dose of bicar-
bonate and would differ for the 178 mEq dose and for the 560

Clarke Was the bromide present only 1n tracer quantities?

Pitts Yes Its ch 1 was \}

Thorn Have you tested the distribution of bromide when an
1sotome chlonde solution was nfused?

Pitts To know total body chlonde would be helpful We started
off with radiobromide with the 1dea that 1t could be used as a meas-
ure of total body chlonde, but unfortunately we did not observe
proportional distribution of chlonde and bromide between red cells
and plasma Therefore, we have not, in this series of expentments,
made any special pomt of total body chlonde On the other hand,
Dr Swan using ordmary bromde, has observed rather good agree
ment of brarmde and chlonde 1n red cells and plasma Hence, he
has used it as a measure of total body chlonde

Steinbach Ths looks like an excellent preparation for observing,
in 1110, the sort of electrolyte shufts that Mensch has been studying
I was wondening whether you had tried any metabolic inhibitors?

Pitts No, we havent 1 think the first problem 1s to find where
this exchange occurs Where would the most logical place be to
look for it?

Wallace Associated with collagen?

Pitts And what would the best source of collagen be? Not tendon,
I think because there 1snt very much n the body What mass of
collagen is the most logical to use?

Wallace The connective tissue of the body constitutes about 10
per cent of body weight Tendon and penrenal connectine tissue
¥ "o o time ago an ronic composition
There 1s a little mere chlonde
Itrafiltrate relationship

Darronw  About 8 per cent

Wallace Yes Some people in the leather mdustry, studving
colligen hue produced evidence that seems to mdicate that at
least some of the collagen appears to behave hke a cation and could
be assoctated wath chlonde

Ditts Hastings said that the pK of collagen was 485 but that st
did not bind base at body flnd pIT
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Wallace 1 thought he conceived 1t to be insoluble protem at its
150 electric pomt There are other data that do not agree with
that (1)

Darroww Muntwyler's data do not show as great an excess of
chloride over <odum 1 tendons

Wallace The data we obtamed 1n the past year are more ke
Hastings” findings I asked about the pH change because I was
wonderng 1f collagen could be the buffer

Pitts The observed mcrease i pH would account for some of
the loss of bicarbonate, how much I do not know However,
chlondes give the best figures, and usually the deficit of bicarbonate
exceeds the gamn of chlonde This discrepancy 1s no doubt 1 part
due 10 increased pH

Darrow Did you measure the buffering?

Putts No

Wallace Resprratory exchange?

Pitts We did not measure respiratory exchange But to retum
to my question, would the most logical place to look for collagen
1 the greatest mass, and 1n the most readily avarlable form, be
the skin?

Darrow I cannot give the exact figures, but certam calculations
show that a large proportion of the chlonide not avarlable to the
wulin space hes in skin and connective tissues, and not withm the
cells Ths conclusion 1s based on subtracting the known composition
of certamn tissues from total body contents This leaves a remamder
contaming one third to one-half of body chloride and no bulky
cellular tissues The contents of this remamnder include skin, con-
necttve tissues, intestines, and heart The contents of water, sodium

chlonide, and potassium mdicate that a large part of this flud has
bl Tlalar flud The basis for this

a P on 4
statement 1s supplied by Table V *

The proportionate weights of the various tissues were mulbpled
by the contents and subtracted from total body contents, as -
cated by Widdowson and McCance 1n analyses of whole bodies

Berliner  How about the space mto winch muln does not dif-
fuse 1n the time usually allowed for equilibration, but into which
1t will go if enough time elapses?

Wallace That 1s the connective tissue space

Puts 'Will somebody define for me what 1s meant by connectne
tissue space?

#This Table was not preseated at the meeting
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TABLE V
Composirion of One Ke. of Trssue Estimated from Various Sources®

P & VAR 8 EXEYEY
Adult
\tuscle 950 | 128 | 78 | 202 | 101 | 136 | 343
Bran 2f ot) 8| 1] 0o} 12 19
{wer 83 10 8 25 10 12 28
Sheleton wof 42| 95§ 63| 52| 860 48
Subtottl | 607 | 184 | 184 | 398 | 175 | 520 | 436
Totat 1000 | 230 | 208 | 560 | 297 | 740 | s60
Bemmmder | 303 | 46 | 20 | 162 | 122 | 220 | 124
Infant
Musde | 2101 52 ) 41 165 | 59 | 77 | 168
Bram o] 17 35 {101 | sa| 86| j04
Liver {osof o) wi ooy el 154 sz
Slleton | 180} 52| 46 ( 92 7o {0} 40
Subtotad | 520 | 183 | 2 | 357 | 398 | 878 | g58
Total {00 {201 | 17 | 763 | 506 { 758 | 40
Bemunder | 450 | 70 { 45 | o718 { a18 | o8 | g7
Probable Compaosition of RBC per Kg Tissue
[ B 154 d0y ;| 174 08 g2

“Nuscle from 1 Gln, Incgatgation 28, 432 (1917) gnd. sutopey of cewborn
o e o ats et e 1 Biok Chioes 128, 395 (15307 Wotete bomes o
. .

- A - of an adult by
. - madered to have

Berliner 1 don't want to try Dr Cotlove (2) has been working
with muscle as free of connectine tissue as possble  Of course, st
stilt contatns a good deul of nterstitial connective tissue He finds
that wath anfusion of inuhin at a constant rate there 1s 2 fauly rapd
accumulition up to a pont where the wuln space i the muscle
15 abiout 80 per cent of the chlonde space After that, the expans
of the wlin space in musele 15 very slow, at 15 hours Rt is of *

¢

’
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order of 95 per cent of the chlonde space The behavior of the
sucrose space 1n muscle 1s quite similar

Wallece Of course there 1s not enough expanston of mnuln space
to account for this

Berliner No, but there are two other considerations Furst, there
1s an expansion of the mulin space, which 15 of course to be expected
But the second question 15 whether the bicarbonate and chlonde
can exchange between the inuln space and that part of the extra
cellular space which 1s not included within the nulin space

Pitts But why does not sodium exchange in that same space?

Luetscher Water shifts into the inulin space when hypertonie
solution 15 given In that way, sodwm equilibrates without any
vistble loss, even though there may be a fraction of extracellular
fluid outside the mulim space  But there would still be a difference
1n bicarhonate to chlonde ratio, caused by the imection, which
would Iib with any extracellular flud outside the mnuln
space When viewed from the standpomt of the mulin space, this
would result m a Joss of bicarbonate, a gamn in chlonde, and no
loss of sodium, as you observed

Pitts Dr Swan, would you speak about your experiments and
throw a Lttle additional Light on what the problem may eventually
turn out to beP

Swan The manner in which the nephr d do; if
a large amount of wfused acid has been studied by the technique
just described by Dr Pitts with the following modificitions  Total
body chlonde was determmed by mfusing 25 mEq of sodwm
bromde as a 5 per cent solution and allowmg two hours for
equlibration Plasma and whole blood concentrations of bromide
were determmed chemically by the method of Friedman (8) Fol
lowing two control periods, 03 normal hydrochloric acid was m
fused at the rate of 5 ml per mnute for a total of 206 mAl, or
700 ml, this concentration of acid and rate of admmstration having
been found by Axelrod to be tolerated by the dog Forty five mimntes
after the end of the infusion of acid a sample of blood was obtuned
followed by two more mtervals of one hour Data demed from
one of these experments are shown in Table VI The averages of
the two control pertods before the mfusion of acid, and the three
penods following the mfusion of acid, are shown 1n Table VII

Following the infusion of acid, the imulin volume of distribution
had mereased 18 hters The a]:nount of sodfmm m this \10]“:;?; ha‘zei

~sed by 158 mEq and the amount of potassium )

::rll\(i;ixde m );he xnulmq\alume increased 226 and the bicarbonate
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TABLE VI

Quantuy In Inulin Space I Total Body

DOG 5 C?; g

r
204 hgm Nat | R+ l = l HCO;- , bromide)
milliequivalents

Control 506 | 137 403 800 795
After HCL 664 466] 629) 363 1020

A +158 | 319 4226 | —437| 4 225

Given 0 0 206 [1] 206

Gross U

ross Unaccounted 4158 | 4319 + 20| —a57| + 19

1 Inulin Space

TABLE VIII
Summary of Acid Base Balance
Bps  Ewme

Na+ Transferred to Inulin Space 158 mEq 139 mEq
K+ Transferred to Inuhin Space ... 319mEq 227 mEq
B+ Transferred to Inulin Space Tﬁmuq 1617 mEq
B+ From HCO;—1n Inulin Space .  437mEq 6l mEq

B+ Total m Inulin Space for -
Neutralizing Aad 2326 mEq 2227mEq
Cl- GwenasHCl ____. mEq 206 mEq
209 mEq

208
ACI= In Inulin Space — — 226 mEq
ACI— Total Bady Store (from bromide) 225 mEq 270 mEq

decreased 43 muilhequivalents Total body chlorde, as measured by
b dilution d by 225 muliequival

These data, and the data from a sumilar expenment, are sum
manzed m Table VIII The amount of chlonde given as hydro-
chlonic actd 1s 1n farr agreement with the observed increase m
chlonde 1n the 1nulin volume of distnbution and, 1n expenment
number 5, with the mcrease 1n total body hch]onde Theselchanges
are graphically represented i Figure 3 The situation with regar
to cﬁo}:xde, pror to the infusion of acd, was as follows Of the




Ion Exchanges 25

cr- % cr ch cr

Given as n ", i Cells or
HCL Inuhn Space  Rad undissociated
206 403 mEq 52 340 mEq

«—- Total Body Chioride 795 mEq —

No* No* Ne* No*
into tn n m

Inutin S inubn Spoce RBC| Cells or Bone
158/} | 506 mEq 95 ?

4~—————- Total Body Sodium

Fioore 8 Acid buflering Shaded areas sepresent increments In sodmm end
chlonde in the fnuln volume of distnbution following infusion of hydrochlonc and
The unshaded area to the left of the dotted Line represents 43 mEq of base con-
lnl:lulzd by bicarbonate in the foubn solume for the neutralization of the infused
scr

total chionde of 795 mEq i the body, 403 mEq werc in the inulin
volume and 52 mEq m the erythrocytes, leaving 340 mEq as the
semamder The 206 mEq of chlonde given as hydrochlorie acid,
apparently remamed within the mulin volume of distnbution With
regard to sodium, 506 mEq were present m the inuln volume,
and 95 mEq 1 the erythrocytes, prior to the wfusion of acid
Forty three mEq of the hydrochloric acid were neutralized by base
denved from bicarbonate already present 1n the multn solume The
remainder was neutralized largely by sodism which entered the
mulm volume from elsewhere Approvimately one-quarter ta ane-
third of the infused hydrochloric actd was nreutralized by base
derved from bicarbonate 1n the mulin volume of distribution A
much lger amount of the mnfused acd approumately two-thirds
to three-quarters, was neutralized by base entening the mulin volume
from eclsewhere

Darron. Ylow many mLq of sodm are coming from the non-
inulin space®

Suan One hundred and fifty-eicht milliequivalents
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Darrow One hundred and fifty eight 15 about 7 mEq per Kz of
body weight, 1sm’t 1t? My estimations indicate that the?’eirc aﬁoﬁt
7 mLq of mtracellular sodiym per Kg of body werght

Swan Yes, about 8 mEq m this 20 Kg dog, 10 mEq per Kg of
hydrochlonc acid were mfused Following the acid infusion, the
amount of sodium in the erythrocytes did not change The amount
of chloride mn the erythrocytes mcreased shghtly

Thorn Is that the sodium concentration 1n the red cells?

Suan No, 1t 1s the total amount of sodium i the red cells

Selkurt 1 don’t know the immediate relevance of this queshon
but 1t appeared to me that the plasma volume stayed the same with
the acid mfusion, but mereased with the bicarbonate Is that a
consistent finding?

Swan The plasma volume consistently decreased following nfu
sion of acid

Selkurt Although the tota] extracellular volume went up in both
cases?

Swan Yes

Pitts It went up n part because of the volume of flud infused

Swan Yes 700 ml were infused

Vasscher That means that there 15 a shrinkage of cells somewhere
m the body, assuming that the mulin space measures extracellular
space How much of the ncrease in sodium 1n the one case and
chlonide 1 the other could be accounted for simply on the basis
of shrinkage of cells that have to mamtam constant, or equal
osmotic pressure with the external environment for those cells?
Have you made that caleulation?

Pits Are you assummg that there 15 chlorde or sodium 1 those
cells?

Visscher I am assuming that there would have to be sodum
or chlonide cantatmng cells let us say, connective tissue cells in the
ligaments which might be mvolved

Pitts Wouldn't the answer to your question depend on how
much sodium and chlonde you assume to be in those cells?

Visscher That's nght

Putts So vou can come out with the proper answer 1f you select
the proper concentration

Visscher Yes, but my pomt 1s really that you haven't made one
culation which T would like to see, namely, what the

would have to be account for the

type of call
*'d hike “ere the cell

changes 1n cell water
inulm space changes Als
water came from
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Wallace Dr Visscher, where are chlonde-contaming cells to be
found other than m the testis and red blood cells?

Visscher In the mucosa of the mntestinal tract

Darrot Not quantitatis ely 1mpressive with respect to total body
weight

Mudge Does not Jiver contam intracellular chlonde?

Darrow.  Not much, relatively The Iner constitutes only about
four per cent of the body weight

Wallace The amount of intracellular chlonde i the Iner 1s
wnfimtestmal in an expenment hke this

Darrow 1 cant account for large amounts of extracellular chloride
mn any body cells that I know of, paying attention to the propor-
tionate weght of the tissue 1n relation to total body weight

Mudge T should like to ash 1f any studies have been done on the
equilibration of 1sotopic chlonde with chlonide of the whole body
1 mammals Does all chlonde exchange? Is some “nonexchange-
able™ Or are there slow components in some tissues? There 1s, of
course, a large resenvorr of body sodwm which does not readily
exchange In Figure 3 Dr Swan used the term “undissociated
chlorde ” 1 wondered just what was meant by 1t

Usstng 1 don’t know, but I presume 1t would mix entirely wath it

Mudge There 15 a big reservorr of body sodium which does
not mrx

Ussing Yes, but that 1s probably simply a stenic lundrance by
the enystal Inttice

Suan Infused bromide equihbrates with the chlonde i erythro-
cytes withim two hours The dilution of bromide gives a value for
chlonide per hg of body werght which agrees with that reported
i the hterature (1) The infusion of hydrochlonc acid results in
an merease m plisma chloride concentration of 10 to 15 mEq per
Iiter It appears that chlonde outside the muln +olume of distribu
tion does not mcrease in concentration as the plasma concentration
of chloride creases

Mudge 1don't think that meins “undissociated,” does 1t?

Suan No that is merely one possibihity Another possibility 1s
that the chlonde wlich 1s not in the mulin volume 15 ntracellular

Elkinton There 1s a big difference betw een the two 1sotopes that
have been used, that 1s in respect to their half Ines The one with
1 very short Ife 1s, T think, CI'* As far as T know, the only human
experiment with this sotope %15 1n a patient of Francis Moorc's,
where T think the chloride space accounted for 18 per cent of the
body weight (5) We used this 1sotope in dogs and got about 23 per
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cent, as compared with 28 per cent for radioactive sodium (6) 1
thnk that Ceorge Burch (7), however, has used CI%, the sery
long-Ife 1sotope It 15 easter to work wath, for obvious reasons, but
1t 15 very hard to get I beheve Burch found something Itke 30 to 3¢
per cent Does anybody know whether he found differences m
the rate of diffusion of that 1sotope which would suggest, perhaps,
two different compartments?

Pitts Weil did expenments of that sort with CI3¢ He 1s one of
the few who apparently can afford to use it We have some, but I
estimate that each experiment would cost about $200

Wallace James Gamble, Jr, who 1s now at Brookhaven National
Laboratory, has some excellent data on chlonide distributton on the
dog * Using CI®® and CI?, he found that chlonide reaches a con
stant volume of distribution 1 about an hour, and remains constant
for as long as 24 hours

Mudge Is this by analysis of mdividual tissues?

Wallace By analysis of the kineties of distribution

Efkinton What distubution 1s found?

Wallace In dogs he found 2 volume of distubution of about
25 per cent. His mulin spaces are about the same as others we
have found

Elfanton  And you mterpret the difference as collagen?

Wallace 1don't see where 1t could be except in connective tssue,
as the tissues 1 the body that have enough chlonde m them to
account for 1t are hinmted to a few testis, red cells, and possibly
hver

Darrow The white blood cell 1s supposed to have mtracellufar
chlonde

Stembach If all the past hterature were forgotten, and these
were the only experiments on the subject, wouldn’t they be used
to prove the eustence of sodium and chlonde spread generally
throngh tissue cells?

Pitts I suppose so

Steinbach Why don't you do 1t, then?

Pitts Wth respect to buffering, there are a number of possibils
ties, and 1 don t beheve our expentaents to date ate copclusive as
ta which 1s correct In Figure 2 were shown only those possibrihes
for which some evidence eusted For the buffermg of alkah, ow
data suggest the possibifity of the evchange of bicarbonate for
TContle 1 L e and obeson J 5, The ot of, ettt o o

actne chlonde
{Unpublished observations }
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etc i order to account for the results? I dont thk 1t would
be much

Pitts You made some rough caleulations on that didnt you
Dr Swan?

Stwan In the case of expenments m which hydrochlonc acid was
mfused sf all of the sodium entering the mulin volume to neutralize
hydrochlonic acid were assumed to come from muscle cells intra
cellular bicarbonate concentration would be reduced to practically
zero

Wallace 1 am sure that appreciable amounts of sodium can be
mobilized from bone within six hours Bone sodum 15 very labile
m acidified ammals

Darrow. Does 1t come out with caletum?

Wallace If 1t does 1t doesnt affect the argument However
sodium and caleum do seem to be removed from bone at different
rates under conditions of acidosis

Thorn Most of us would agree that sodium and chlonde enter
body cells However 1n a major operation with all of the stresses
mohed particularly m an ammal under anesthesta the question
anises whether there has not been an appreciable shift of sodum
and chlonde 1n the body cells before the other aspects of the expens
ment fiave been considered This sodum and chlonide might be
avalable as a source of mereasing the mulm space

DPitts These animals were acutely nephrectomized

Thorn Yes but since an acute nephrectomy 1s 2 major operation
1t may greatly mfluence the sodium nd chloride content of body
cells
Steinback Duning and followng operative procedures the change
15 toward bulding up the store of sodium and chlonde m the cell

Thorn Yes

Visscher It could be tested by measuring the mulin spree and
the plasma chlonde before and after surgery Did they change?

Pits Although we didnt do the experiment we have the data
on which to argue that pomt We found an mukn space of around
20 per cent of body weight the same value as in 1 normal dog
Furthermore the plasma chlonide concentrations at the start of
the experment were certainly within the normal ringe T think
that this question of sodmum and chlonde gomg into the cells
bectuse the ammal 1s given pentobarbital anesthes:a or nephrec
tomized 1s stretchung the pom‘( a bit _ 1y savere

Thorn 1 think that a bil pl my 15 a th
procedure to cause a shift of <odium and chlonde m the body cells
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Puts ‘The operation puts sodiwm and chlonde into the cells?

Tharn A decrease m plasma sodum coacentration s often
ebserved m the postoperative surgreal picture Accompamed by a
retention of sodm, this suggests erther water loss from the cells
to the extracellular fuid, or sodum and chlonde transfer to the
cell, ar bath It would be necessary to measure extracellular flnd
vaolume, and calculate the total sodwm chlonde content of the
extracellular find under these cucumstances before one could be
certain that apprectable sodium chlonde shift had occurred  How-~
ever, the chnwcal fact of marked sodium retention, with a decrease
n serum sodium lesel, certainly makes one entertam the possibihity
of loss of sodsum to cells (8)

Visscher D Ditts, you ase confronted with the necessity for
answermg cestan dogmatie opinions one way of the other

Its 1 should say that all cal made on the p
that chlonde 15 extraccllular, and that all chlonde present n the
body 15 1 diffusion equilibrium with a protein-free filtrate of the
plasma arc dghly suspect

Stemnbach Thot 35 a bold statement

e e e m N s

. N o
large ump 1 4 muscle

Pits 1 am not saying this 15 m terms of muscle

Darrore Theve are only 7 or B mEq 1 all the museles of 1 Ky
of dog T don’t think it would all come from the muscle, snce a
large part of muscle chlonde must reman extracellular

Ussing Why fs st so wmportant to come to the conclusion that
chlonde ¢s never present in celis?

Swan  There snt much mtracellular chlonde in muscle, and
muscle comprises a very buge fraction of the cell mass of the body

Ussing After all, the total amount 1n organs ss so large that even
a fow concentration would help, wouldn't 1t?

Suan Could it have made a significant contribution to the 4
mEq of chlonde per Kg of body weight which entered the wthn
volume following the infusion of bicarbonate?

Darrowr The total chlonde in the muscle, as I ealeulate it, cannat
be over 7 or 8 mEq per K of body weight, and it would be hard
to concenne of 4 mEq of chlonde as being in the muscle cells U
1 mEq per K¢ of bach werght comes from the cells, most of the
mtraceltular chlonde has to come from other eells Tt st a ques-
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tion of whether there is chloride in the cells, but of how much 1t 1
My guess is that the total 1s on the order of 5 mEq per Kg of body
weight That 1s just 2 guess, based on what ¥ know of tissue analysis

Pitts That 15 precemeal?

Darrow No, that 1s total mtracellular chlonde i 1 Kg of body
weight This assumes mtracellular chionde in her and other tissues
according to therr weights, and assigns chionde in a fanly hberal
proportion of the total chlonde content of the various tissues as
mtracellular I can’t make up my mnd that there are more than
about 4 to § mEq of chlonde in the cells of 1 Kg of tissues havng
the composition of the body as a whole

Pitts  Your assumption 1s based on the chlonde space, Dr
Darrow, which 15 some 30 per cent of body weight There 15 the
Iateh When 30 per cent of body weight 15 considered to be extra
cellular space, httle chlonde 15 left for the cell

Darrow No, nol

Putts If 15 to 20 per cent of body weight is considered to be
extraceliular there 1s plenty of chlaride for the cells

Darrow That 1s much more than is known to be m cells

Pitts In muscle? After all, the total body chlonde 15 the same
under either eircumstance

Darrow In any of the hssues The other tissues don’t weigh
enough to account for 40 per cent of the total body chlonide i cells

Pigts But there s more 1n some of the tissues

Darrow What tissues can contan large amounts of chlonde m
cells? Laver 15 4 per cent of body weight, the heart 15 a negligible
percentage of total weight, the braw 1s 2 per cent of total weight
Where ase large amounts of mtraceftulor chionde? One can assume
that half the chlonde n the hver 1s miracellular It still doesnt
gne very much That i1s what bothers me I do believe there 15
Considerable chioride i the cells but T can’t account for 40 per cent
of the chlornde being there

Elkinton Twenty per cent of the body is connechive bissue, which
15 very hugh chlonde and sodium

Darsow Yes, but I do not consider connective tissue chlonde
as truly ntracellular

Ellanton Dr Wallace, didn’t you find that sodwm moved, |u5_t
s chlonde did, mto the commective tissue phase that mulin didn’t

enter? .
Wallace That's nght As serum chlonde falls, tendon chlonde
falls  Muntwyler demonstrated that Smiarly, as serum sodwm
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changes, the concentration of sodium 1 connective tissue seems
to run paralle!

Elkinton There 15 2 major difficulty 1n using the connective
tissue, nonmulin-contaimng phase to explan this sheft which Dr
Putts has shown he appavently didn't find the sodium gomg mto
that phase  He accounted for all of his sodium n the inulin space
1 am surpnsed at that because 1n the human subjects to whom we
hase been giving hypertome sodum bicarbonate, we have found
that the sodum went very rapudly mnto a space amounting to 20
or 21 per cent of body weright much more than the mublin space
We nterpreted 1t as probably gomg mto the connective tissue
phase (9) Thus was before the slow diffusion, perhaps mto muscle
cells

Stenbach What 15 the muln space and the 50 called chlorde
space for mammahan muscle? I cant remember

D6 0F 1O 1 KILOGRAM OF TENDOW wATIR
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of wabn ani thionlfue at three and 9t hours in tenlon and muscde wates as
Lvged wih chlonde From Nichols G ¢f @) Lapubl shed data

Wallsce Digure 4 shows measurements mde directly on mubn
and chlonde in tendon and musele The stution 1n shin 15 simihe
to that in tendon 1t can be seen that when the chlonde space
n tendon 15 caleulated from serum data 1t comes aut to mare than
100 per cent of the wates of tendon The thiosalfste and mhn
spaces of tendon are much smalfler than the chlonde spices In the
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lower part of the Figure are given the same measurements for
muscle In six hours neither thiosulfate nor 1ulm seems to diffuse
mnto as much water 15 chlonde does 'The innkm space m muscle
1s much smaller than the chlonde space but tends to merease with
tme Dr Cotlove (2) finds the same thing Skin seems to behme
sumlarly There 1s a lot of skin in the body and of course muscle
Lver and all the rest of the organs contam connective hissue

Pitts 1 suggest that we continue with the discussion of 1on
evchanges between cells and therr flud environments by asking
Dr Darrow to speak of his experiments

Darrow Essentially our experiments consisted of the production
of alkalosis with potassiurn defictency i ammals by feeding a diet
low in sodrum potasstum and chlonde while gning them a solution
to drnk containing sodinm and chloride in 2 ratio of about 15 to 1
and m addition giving desoxycorticosterone 2 mg a day for about
three weeks Thercafter the animals were hept on the same diet
with distilled water to dnnk while the desoxycorticosterone was
withdrawn After three diys urine was collected for control and
the animals were then treated m two ways cne group secened
3 mM of potassum chlonde twice a day intrapenitopeally and the
other group recerved 3 mM of sodum chloride twice a day mtra
perttoneally The excretion of electrolyte in the urmne and the
changes m muscle composttion and serum concentrations were
followed The purpose of the expertments was to observe the effects
of sodium chlonde and potassium chlonde m alkalosis The rats
all had moderate metabolic alkalosts at the onset of treatment ‘The

les were deficient 1n p and had an excess of mtra

cellular sodrum

The Figures show the average values of duly unne electrolyte
excretion n a group of eight ammals  Figure 5 shows that the
urmary pH of the ammals receiving potassum chlonde became
more acd while m those recerving sodium chlonde it remamed
essentially the same ns before treatment In Figure 6 the bucar
honate concentration s would be expected dropped m the urue
of the ammals recenmg potassium chlonde but remamed essen
tially the same m the animals recerving sodium chlonde The output
of titratable acudity of course ncreased in the animals receving
potassium chlonde but remained essentially the same n the anmals
recening sodium chlonde as shown w Figure 7 We were not cer
tatn that the estimations of the ammonta exeretion were absolutely
satisfactory There was a good deal of variation mn them but if
anything there was no difference m the ammoma excretion of the
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two groups of ammals, as noted n Figure 8 As Figure 9 shows,
the phosphorus excretion was essentially the same m the two
groups, although there 1s evidence of some increased everetion
the sodum chlonde groups on the first day, associated with a
decrease 1 the potassum chlonde group The meanng of this

1s not clear
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mM/ POTASSIUM

Ficure 11 Total da Iy urinary potass um excret on Repr nted by permiss on from
Cooke R E et al The extrarenal correct on of atkalos s assoc Jl:{fw th potass um
deficiency J Chn Investigat on 31 798 (1952)

Potasstum excretions are shown in Figure 11 As expected the
anmmals receiving sodrum chlonde excreted almost no potassum
while those recetving potassium chlonde excreted practically none
durng the first three to four days despite admumstration of large
amounts of potasstum chlonde Potassium excretion gradually ap
proached the level of the mtake after six or seven days The chlonde
excretion 1 the urme m both groups approached that of the mtake
very quickly as Figure 12 demonstrates

In the ammals recerving potassium chlonide the serum concen
trations and the muscle analyses indicated that there was essentially
complete recovery mn six to seven days while the ammals recening
sodium chloride showed no tendency to recover from the alkalosis
or to restore their muscle composition We have the paradox of
recovery from alkalosis duning admimstration of potassium chloride
while the amimals were excreting 1 more acid unne and no brew
bonate mn other words the urme findings cannot explun the
recovery from alkalosts unless we also take into account the ex
changes at the cell membranes between extracellular and ntra
cellular flmds

Table IX shows the figures for the serum concentrattons The
fist lme shows the normal concentration of sodwm potassium
chlonide and bicarbonate The second line shows that the degree
of alkalosis was not very great The averige serum bicarbonate was
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mM/ POTASSIUM

Frcure 11 Total daily unnary potassium excretion Reprinted by permussion, from
Cooke R E et al The of alkalos:s with potassium
deficiency ] Chn Investigation 31, 798 (1952)

Potassium excretions are shown m Figure 11 As expected, the
amimals receiving sodwm chloride excreted almost no potassium,
while those receiving potassium chlonde excreted practically none
durmng the first three to four days, despite admimstration of large
amounts of potassium chlonnde Potassium excretion gradually ap
proached the level of the intake after six or seven days The chlonde
excretion 1n the unne 1n both groups approached that of the mtake
very quickly, as Figure 12 demonstrates

In the ammals receving potassium chlorde, the serum concen-
trations and the muscle analyses mdtcated that there was essentsally
complete recovery 1n six to seven days, while the animals receving
sodrum chlornide showed no tendency to recover from the alkalosis
or to restore therr muscle composition We have the paradox of
recovery from alkalosis durmg admimnistration of potasstum chloride,
while the animals were excreting a more actd urme and no brear-
bonate, mn other words, the urme findings cannot explam the
recovery from alkalosis unless we lso take mto account the ex
changes at the cell membranes between extracellular and intra-
cellular fluds

Table IX shows the figures for the serum concentrations The
first Ime shows the normal concentration of sodium, potasswim,
chlonde and bicarbonate The second Iine shows that the degree
of alkalosis was not very great The average serum bicrrbonate was

~
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mM/ POTASSIUM

Ficure 11 Total daily urmary potass um excretion Repr nted by peruss on from
Cooke R E ¢t al The extrarenal correct on of alkalosis assoctated with potass um
deficency ] Cln Investigation 31, 798 (1952)

Potassium excretions re shown m Digure 11 As expected the
ammals recening sodim chlonde excreted almost no potassm
while those recewving potassium chlonde excreted practically noné
during the first three to four days despite admistration of large
amounts of potassium chlonde Potasstum excretion gradually ap
proached the level of the miake after six or seven days The chlonde
excretion 1 the urme 1n both groups approached that of the ntake
very quickly as Figure 12 demonstrates

In the ammals recewving potasstum chlonde the serum concet
trations and the muscle 1nalyses mdicated that there was essentually
complete recovery mn six to seven days while the anmnls recerng
sodum chloride showed no tendency to recover from the nIl\n]oﬂ;
or to restore thar muscle composition We have the paradoy ©
recovery from alkalosis during ndministration of potassium chlonde
while the animals were excreting 2 more acid urine and no lc;]’
bonate m other words the urme findings cannot explain the
recovery from alkalosis unless we lso tihe mto ccount the et
changes at the cell membranes between extracellular and tra
cellular flurds he

Table IX shows the figures for the serum concentrations
first ine shows the normal concentration of sodm l’“"”s‘“":e
chloride and bicarbonate The second line shows that the dLS':”
of 1lkalosis was not very great The average serum bicarbonate
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mM/ GCHLORIDE

Frevre 12 Total daily unnary chlonde evcret on Reprinted by J)mfmssxon from
Cooke R E et ol The extrarenal correction o( atkalosis associated with potasstum
deficiency J Chn Irmemgmhm 31, 798 (1952)

TABLE I\

Average Serum Concentrations in Alkalosis with
R Defietency (mM per L)

Treate
Group No | Days | pH ‘ Na \ I l a { HCO,

Normal 728 143 54 103 21
K deficient 8 0 746 143 27 93 30
NaCl 6 mM 8 8 746 143 29 96 30
KCl16 mM 7 1 750 141 33 96 26
KCI6 mM 6 2 739 141 43 103 23
KCi16m\i 7 3 739 141 47 104 23
KC16mM 4 45| 743 | 141 | 44 | 100 | 2t

o | 6 | 745 141 | 46 | 103 | o

RCi6mM
L Treated rats recewved 3 mM per Kg twice daly

Reprinted by pemmssion from Copke RE et ol The extrarenal correction of
alkalosis assocaated wath potassnum deﬁcxmcy Fichin Taeranson 31,908 (2952)
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had been given By the thud day, muscle potassum was 45 mEq
per 100 Gm of fat free sohds By the sixth day, the muscle com
posttion returned practically to normal

Figures 13 and 14 show the cumulative balance between the
mtakes and unnary outputs The data agree with the tissue analyses
The average cumulative balance mn the ammals recewmg sodwm
chlonde 15 shown first (Figure 13) These values are expressed
per Kg of body weight There may be a shight loss of potassum
accordmng to the balance data, and there 1s a shght retention of
sodim and chlonde, perhaps partly attrnbutable to cumulative
errors, but 1t may also be due to shght epansion of extracellular
fnds  In any case, the muscle concentrations did not seem to show
evidence of retention of chlonde and sodum

Figure 14 shows the cumulative balance for the group recening
potasstum chloride, and here you see retention of potasstum which
amounts to almost 20 mM per Kg by the sixth day, and a gradual
cumulative loss of sodum as potassium 1s retamed There 1s a shight
retention of chlonde These figures may be somewhat erroneous
owing to the fact that we did not take into account the sk or
stool losses  But I think they are reasonably good balances because
the intake did not involve the errors that occur in rat feeding expen
ments in which food 1s spilled Al the electrolyte mtake was gnen
subcutaneously so that we think these balances are pretty good
We therefore have errors only m unme collection and no sigmficant

errors in intake
1, [ L A 1

nm
um

concentration rises We think that it 1s the retention o putassiim
within the cells that accounts for the increase n the titratable
audiy Stce the potassm was given 1s potassm chlonde the
excretion of chloride accounts for most of the excess exerction of
amons Tigure 16 shows the fall 1 muscle sodwm and the mse
in the excretion of sodum I think there can be Iittle doubt that
the excreted sodium by the tnmals receving potasstum chlonde
comes from the muscle

Figure 17 1s a reltnvely simple diagram of < cell with 2 nucleus
which indicates our view that the potassum s exchanged for
sodum durmg correction of alkalosis The exchange apparently
goes on i the ratio of thre¢ potasstum tons entenng the cel} for
fwo sodum ons leaving mdicating a net balance m which there
i a shift of one hydrogen 1on out of the cell In ather words,
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Ficure 15 Muscle K contents related to nnnary mntablc ac)dx ly and K n rats
treated with KCl Reprnted by pernussion from Cooke R ‘The extrarenal
correction of alkalosis associated with potasstum deﬁc:mcy I Clin Investigation
31, 798 (1952)
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Ficure 18 Muscle Na contents related to urina Na xa:to in rats t
ACI Reprimted by  pemss on from Cooke R E et af. The exraren lmtca w“h
of alkaloas associated with potassium deferency | Chn Incestigation 51, 758 (1059)
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Froune 17 Diagram of cation exchange during recovery from alkalosis Reprint
by penmssmn from Cooke R E, ef al The etrarenal comrection of alhal
with d I Chn 31, 798 11952}
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such an exchange expluns the drop m the concentration of hicar-
bonate m extracellular fleeds by the formation of carbon dioxide
and water The reverse process must take place

In other words, m the devel of defi
{Figure 18), three potassum 1ons must be exchanged for two
sodium 10ns that enter the cells, and one of the potasstum ions
must be exchanged for a hydrogen 1on to preserve neutrahty Thus,
1 this type of alkalosis we have a defiat of base within the cells
which 15 greater than the defiait of chlonde m the extracellular
flurds It 15 not at all surpnising that the recovery from such an
extracellular alkalosis should jnvolve the excretion of acd wnme
This sort of 1ome exchange may take place m many other processes

Pitts Dr Darrow may I mterrupt for 2 moment? Were these
ammals pair fed® Was the food mtake constant? Were all the
amsmals equally potassium deficient?

Darrow Roughly, they were, but they were not par-fed We
felt 1t was not necessary to use pur feeding with diets grving a Jow
intake of antons and cations The load of amons and cations was
chiefly obtained from the imjections which were commensurate

Putts It was an acud ash type of diet, was it not, smce 1t con-
taned very little baseP The thing that disturbed me when I read
1our paper, and shil does prubabl} because I don’t comprehend
its £ 1s the ble actdity of the urine 1 the

o a of It 15 very easy to
demonsteate m the dog that if one ‘mfuses potassium chlonde, or
gives an oral load of the salt the urine becomes less acid, or frankly
alkabne ¥ you mfuse ange amoums of potassium chlonde, the

b of b d to less than balf its normal
value The urine becomes maxl\ed]y alkalme and large amounts of
bicarbonate bound base are lost, which produces an extracellular
~eidosss T wonder if the acid-ash content of the diet may not have
something to do with increased acidity and also with the mereased
titratable aciity of the urmes n these evperiments

Berlmer 1 think T mght be able to answer that queston Drs
Orloff and Kennedy and { were concerned swith the same problem
and decided to do what Dr Darrow has been talkmg about, 1e, to
see \\hat happens m !he amma] without hidneys We took sxmdarly

Tkalotic rats }
and then mmpared the results of mfosmg sodium chloride am\
potassium chloride When that was done, the ones that recesed
potassium chlonde presented 1 three to four hours, a plasma
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bicarbonate concentration quite significantly lower than the o
that were given sodum chlonde

Pitts I may say I was certainly 1n favor of the general 1dea
Dr Darrow However I think that does not necessanly ansy
the question about the titratable acidity of the urme

Berliner I agree

Darrow We must admit that 1t would have been better if
could have given you the exact data on intakes mn the diet b
we could not do that and I cannot recall the exact composition
the salt mixture 1o this diet I think it had a rather low acdit
However the urines showed little change 1n phosphorus excretio
but did show a difference 1n excretion of cations Considenng ¢

of p hloride or sodium chloride given essentral
all chlonide appeared i the urne m both groups In the rats recel
mg sodium chlonde all sodum also appeared n the urme T
rats recerving potassium chlonde excreted httle potassium unti tk
third day and the amount of sodium excreted was less than t
potassium retamed I should thmk jt was the load of the chloric
that accounted for the titratable acidity rather than other dietar
1ons Nevertheless the expenments are open to the criticism th
the dretary loads of the food are not precisely defined The foo
mtakes were werghed and were about the same

What sort of equlibrium eusts between the extracellular flu
and the muscle? A few years ago we published Figure 19 m whie
we showed the bicarbonate concentration 1n serum plotted agams
rauscle potassium (on the left) and sodium (on the nght) Thes
15 evidently a relation between the brcarbonate concentration
serum and the muscle composition with respect to sodim an
potassium (1011 12)

These studies involved rather particular conditions and represen
what we called a biological equilibrium or renal adjustment to th
defiett of one of the 1ons sodum chlonde or potassum Thes
studies have been extended somewhat n rats that have beer
exposed to high tension of carbon dioude for long periods  Under
those circumstances a respiratory acidosis develops which 15 com
pensated by very high bicarbonate concentrations as Ingh as 40
mEq per liter but the muscles show no change in composition
Therefore I think that the ongmal diagram can be used only to
express the relationship 1 the metabolic acidosis and alkalosis
Ve could have evpressed the relationship 1n general terms of we
had related muscle composition to pH rather than to bicarbonate
because the points of respiratory acidosis and metabolic acidosis
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Wallace Ishould hike to repeat that there must be a very peculiar
compound to make carbamimno earbon diowde 1n appreciable quan
tity at pH 62

Darrow 1 am getting way over my head Vhat I want to sug
gest 15 that the whole 1dea of using the Donnan equilibrium 1n
volves two difficulties (a) the sodium concentration withmn the
cells which can be said to be outside a diffusion equilibnium and
also I thuk (&) the bicarbonate concentration within the cells
Qur problem 15 to develop some theory to explamn intracellular
sodium and icarbonate concentrations Whatever theory we de
velop we have to deal with the facts that are described m the
Donnan equilibium We have to treat the changes in composition
of cells m terms of 10me and osmotic forces There must be electric
neutralty and osmotic equibrium Some sons freely diffuse and
will respond promptly to changes in reaction or osmotic pressure

dependent of energy prod by cells

TABLE XI

(HCOM)]
{HCO: )|

oH, | pH, | B+ | B+

e e

Normal Animal 040 | 898 | 733 | 204 158
Potassium Deficient Animal 016 | 663 | 744 j 188 | 155

Average values for calculated b carbonate 1atios between muscle cell water and
serum water calculated pll of cellular water (pH,) serum pH (pM,) total
base concentration m cellular water (B,+) and evtracellular total base (B,+)
1n normal and potass um deficient rats

From Schwartz R and Wallice W M Unpubl shed data

Wallace Table XI summanzes some data we obtaned on rats
mude potissium deficient very much as Dr Darrow has just
descnibed but without the ad o
The normal values are shown at the top of the Table The calculated
distribution ratio for bicarbonate 1s 04 Ths 1s caleulated assuming
that all of the carbon dionide 1s bicarbonate The extracellular pH
m the normal ammals 15 738 The total base concentration n mtst
cellular and extracellular water 1s shown The calculations are made
on the assumption that all chlonde 1s extracellular 1f 4 or 5 mEq

of chlonde are put into the cells essentially the same figures are
obtuned
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What evidence 1s there for this relationship 11 pieo usmg the
data available 1 muscle analyses? With imcrease or decrease m
extracellular potassium concentration sntracellular potassmm seems
to change according to the ratio, with approprate changes n the
chlonde ratio  However, this statement mvolves some uncertainty
as to mtracellular chlonde concentration And the bicarbonate con
centration m the cells cannot be reconciled with the theoretical
ratto, even approximately This means that the hydrogen 10n rato
15 also different The probable potassium ratio demands a concen
tration of bicarbonate 1 the cells of something less than 1 mEq
per liter of water Conway, of course, thinks that this concentration
1s probably nght, and he defends his view by determmng the
banium 1nsoluble bicarbonate 1 muscle, but I have never been
quite sure that 1t 1s relable Conway gets figures of the night order
of magnitude, by this method 1 know Dr Wallace wouldn't think
very much of 1t, because he determined the total carbon dioude of
the muscle and I think his figures come to around 10 to 12 mEq
per hter of cell water

Wallace In normal muscle, per Kg of water

Darrow Is that for the muscle water or for the mtracellular
water?

Wallace Intracellular, corrected to a water basis

Darrow Now, if Conway’s 1dea of an extremely low brearbonate
1s true, 1t would require a pH m the cells of around 595, which I
thmk 15 lower than most people believe I don’t beheve that Dr
Wallace would defend the 1dea that all of the carbon dioxide hiber-
ated by aeid 1s denved from bicarbonate, but I think that mest of
it 15 If you use hus figure I think it would yield 2 pH somewht
higher 611062

Wallace It s higher than that 69

Darrow 1 thmk that 1s probably a little too ligh

Wallace One trouble with exther the pH we calculated, or the
one that Conway did 1s that according to Faurholt (13) no car-
bamno carbon diouide can exist at either of these values Conw 1y
pomts this out 1 his paper and 15 very careful not to call it enr
bamino

Darrow Well, I think that 69 1s a little too ligh a pH 1 think
the pH of the cells probably approximates 64

Eprror’s Note — Dr Darrow wishes to add the following Con
ference “afterthought

The discrepancy 1n Wallace’s and my statements 15 accounted for by
the amounts of carbon dioude assumed not to be bicarbonate



Ion Exchanges 49

Wallace 1 should like to repeat that there must be a very pecuhar
compound to mke carbamwmo carbon diovide 1n apprecrable quan-
tity at pH 62

Darrow I am getting way over my head What I want to sug-
gest 15 that the whole tdea of using the Donran equibbrium in
volves two difficulties (a) the sodwm concentraton within the
cells which can be said to be outside 2 diffustion equilibrium and
also I think (b) the bicarbonate concentration within the cells
Qur problem 1s to develop some theory to evplamn mtracellnlar
sodium and bicarbonate concentrations Whatever theory we de
velop we have to deal with the facts that are desenibed i the
Donnan equilibrium We have to treat the changes m composition
of cells 1 terms of 1omc and osmotse forces There must be electne
neatrality and osmotie equilibnum. Some ions freely diffuse and
will respond promptly to changes m reaction or osmotic pressure

a dent of energy prod by cells

TABLE X1

(HCO,),
heon | HCO.): PH, pH, B+ Bt

Normal Amumal 040 | 693 | 788 | 204 153
Potassium Deficient Anymal 016 | 683 | 744 | 188 185

Average valves for caleulated bicarbonate ratias between muscle cell water and
serum water cakulated pll of celiular water {p},) senum pH (pVf,) total
base concentration m cellular water {B,+)} and extracellular total base (B,+)
1 normal and potassium deficient fats

From Schwartz R and Wahce W M Unpubl shed duta

Wallace Table Al summanzes some data we obtamned on rats
made potassium-deficient very much as Dr Damow has ust

described but wathout the ad of desoxy
The normal values are shown at the top of the Table The caleulated
d ratto for bicarb: 15 04 Ths is lated

that all of the carbon dioude 1s bicarbonate The extracellular pH
m the normal amimals is 738 The total base concentration 1n intra
cellular and extracellular water 1s shown The calculations are made
on the assumption that all chlonde 1s extracellular 1f 4 or 5 mEq

of chlonde are put mto the cells essentnally the same figures are
obtuned
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In the potassium deficient anmals, the ratio 1s much lower. The
caleulated mtracellular pH 15 lower, whereas the extracellular pH
1s higher, than in the normals The mtracellulir base concentration
15 greatly reduced The reduction 1 total base immediately pomts
to a reason for the Jow pH without mvoking any change m carbon
diovide tension  One should note that the extracellular total base
concentration remams normal

I should like to see whether Dr Stembach has anythmg to say
about this In some of his papers he talks about the fallacy of con
sidering cells as ‘empty sachs ” This type of calculation does mahe
the assumption that a cell 1s just an empty bag contaming 10ns m
solution Isn'tit really compart lized? Isitr ble to make
this type of calculation? Dr Stemnbach, I am trying to get you
mto this argument

1 wonder whether you can think of the mside of a muscle cell
asan empty sack,” as you have put 1t, that 15, merely a bag 1n which
1ons are Hoating around equally n all of the phases? Don’t the A
and I discs of muscle cells have different concentrations of potas-
stum? I think that some calculations made on the basis of muscle
bicarbonate concentrations measured 1n rats made potassium def
cient would indicate a potassium concentration, in some of the spe
ciahzed phases of muscle cells as high as 450 mEq per hilogram

Steinbach  The sad thing s that although the muscle 1s not an
“empty sack,” 1f you go through a senes of calculations assuming
different degrees of 1on partition within the muscle fiber, and then
add up the fractions to give the whole muscle fiber, you come out
with about the same figure you would have had had you started
with an empty sack Usually one mught as well assume a uniform
mtracellular distribution of 10ns, even though one doesn't beheve
it s true

Darrow  Well, 1ot 1t perfectly rational to do thatP If it i
unevenly distributed, 1t will be compensated by some other forces
withm the cells, so that you can consider 1t for practical purposes
as an empty sack

Steinbach Yes, thats nght

Darrow 1 should ke to add to Dr Wallace’s figures here th}a’ll
1f you calenlate the normal ratio of potassum concentration m t ;
cells to that of extracellular fluds, 1t will be on the order of 40, an
1 the potassium deficient anumals 1t will be somewhat hxgher,olersl
other words, although the pH 1s not what Conway predicted, it g s
m the same direction as the change m R I have run thmug“c)
number of different calculations, and the change n (pHe - P
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follows the log R as mdicated by the potassium ratio The change
1 the potassium ratio predicts the expected change m cell pH but
the potassium ratio does not predict what we beheve to be the cor-
rect cell pH

f1cos TnTiaL
{nco, JFINAL

$ = SERUM
c-CELLS

NORMAL ACDOS S ALKALOS S
pH T30 | €93 2Q &894 750 676
HCOy 21 " 13 l " 44 7
pCO2 as 44 54

Ficure 20 Rato of mmtial te final HCO, concentrations m muscle and serum
water 1 cats made acidone and afkalotic by the sdmnstration of HCl and NaHCO,
solutions Reprnted bv permusson from Wallace W M and Hastngs A B
?)s‘l‘t,l}muon of bearbonate 10n in mammahan muscle J Biol Chem 144, 637
1942,

Wallace The last experiments were long term ones If the acid
base disturbance 1s produced acutely, the relationship shown m
Figure 20 15 found The cross hatched areas represent the ratio of
mitial mtracellular bicarbonate concentration to the final concentra
tion_after the acid base disturbances have been produced The
black bars represent the same thing for the serum concentrations
The calculated values for bicarbonate and pH are gnen at the
bottom of the Figure These experiments were carried out m much
the same fashion as those of Drs Pitts and Swan The muscle meas
urements were made dunng the control period and after the
mduction of acidosts and alkalosis The main pomnt of the Figure
15 to show that i acute experiments muscle bicarbonate remns
pretty constant even though extracellular pH s markedly changed
The changes n caleulated mtracellular pH are almost entirely
accounted for by the changes in carbon dioxide tension 1 mght say
that these experiments were done 12 years ago, at a tme when
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Berliner Would you like to estimate how much energy would
be required to maimtan the osmotic pressure of cells at twice that
of the extracellular fnd, if the turnover tune for labeled water 1s
approxumately a couple of mnutes?

Ussing That 1s a question which may be more dificult than ene
realizes at once, because we have to deal with two types of perme-
ability to water The rate of diffusion of 1sotopic water, like the
diffusion of any molecular spectes, 1s determined by the total arez
available to diffusion The rate of osmotic flow, on the other hand
15 determuned not only by the area but also by the size of the pores
makmng up this area We are thus dealing with two theoretscally
different permeabihities one which one mught call diffusion perme
abilty, and another which one nught call filtration permeability
Prescott and Zeuthen (16), m our laboratory, have made measure
ments on different types of eggs They found that the two water
permeabilibes would nearly comcide only in very hght eggs That
tends to show that if there are pores present m the membrane of
these eggs, these pores must be very small With ovanan eggs of
the frog, on the other hand, the two water permeabilities differ
widely, so that the filtration permeabihity 1s about twenty times
higher than the diffusion permeability expressed i the same units,
for instance cm per second Therefore cxperments with 1sotopic
water alone do not give a measure of the rate of osmotic flow that
one would encounter And of course, 1t 1s the osmotic stream rather
than the diffusion stream which has to be counteracted by metabohe
actrvity
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occur The shees were incubated m Warburg vessels The medmm
had an mtial potassium concentration of 5 mEq per L and con
tamed small of phosphate buffer eall chlonide acetate
as substrate and sodium chlonde up to 1sotomety After incubation
the shces were removed and analyzed durectly for their electrolyte
content In each expeniment the simultaneous oxygen uptake was
measured

At25° and under optimal conditions the mcubation of the tissues
1s associated with an uptake of potassum aganst a concentration
gradient so that the final composition is ssmilar to that of the fresh
tissues  Experiments under a variety of conditions have shown that
this accumulation occurs only when there 15 stmultaneous aerobic
oudatron Thus without the addition of substrate there 1s a lower

y rate and hk 2 dep of p uptake

When aerobte metabolism 15 inhibited there 15 essentially no potas
sium accumulation This was shown m the expenments m which
mcubation was carmied out at 2° € when the cups were gassed with
mitrogen mstead of oxygen and also when respiration was depressed
by inhibitors such as cyamde

We studied about fifty metabolic inhibitors A few are summanzed
here (Figure 21) Mercury was of mnterest because of its pharma
cologic action The only pomt I wish to emphasize 1s that it 15
posstble to work with a concentration of mercunal which has no
effect on the qO but which has a marked effect on electrolyte
compositon 6063 1s an mhibitor of carbon ¢ anhydrase and has
no effect m our system Davies (2) from krebs laboratory has
reported a positive effect in a sumtlar type of study I dont under
stand why there should be this discrepancy m the results

Teggart I thunk that the situation i Rrebs and Dawvies expen
ments was a little different m that the shees were not mtially as
potassium depleted As I recall from a conyersation wath hrebs last
year the tissue level of potassilum often got back to the normal
range but 1sotope studies showed the turnover to be low

Mudge Net exchange occurs quite rapidly so that a constant
value is reached withim about 80 minutes Although we regularly
used apetate as a substrate there 1s nothing specific about 1t as any
substrate that 1s readily oudized such as members of the aitnc
acid cycle has a simular effect on potassium uptahe

Let us now constder a group of drugs which are of major nterest
because of their effect on certan intermediary reactions of meta
ohsm In the experiment shown mn Table XII we studied scve}!:
different mitrophenols These are some of the compounds whic
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TABLE Xii

Effect of Substituted Phenols on Fledroly:e
Composition of Kidaey Slices

Iatabtor ‘ Cone | 40 Tissue
! S HO R NatX

% mEq/hg We
Intal sae — — | 785 828 143
Contro} — 1 088 | M1 675 M5
2-mtrophenot 0025 | 081 | 765 638 146
4-mtrophenal 0025 | 100 { 772 707 146
2 amino-f-nitrophenol o3| 081 | TI5 664 g
2 4 6-timtrophenol 0025} 092 § 769 72 143
2 4 dimtrophenol 0025 ) 120 | 800 394 144
2,4 duntro 6 phenviphenol 00231 095 { 801 399 142
2.8-dichlora-4 mitrophenol 0025} 112 { 800 436 144

epeiated by enmssmn. from Mudge, G 1 Electrolyte and water met:
u\z t hdney stices effect of metabokic lnhlbnkars Am.} Phynol 163, 06 (XSSIJ

were reported by Cross e2 al {3) in thesr studies on aerobie phos-
phorylation They showed that the first four compounds are mactive,
while the last three are actve That 15 to say, the last three, wmelud-

g 24 henal, at thes and i a cell free
system, do not depress the mte ai owgen uptake, but do prevent the
tion of energy-rich ph ds The first four, the

g
mactive ones, have absolute[y no effect on potassium uptahe, while
the last three, the ones which uncouple atidalne phasphory!ahon.
whubit the ) of p We that
the umee aof potasstarm 15 an some way refated to the produchion of

energy-rich bate bonds 1 may pomt
out that i the expeament prctured m Table XIT we had a very low
concentration of whibitor More stukmg effects are obtained at
hugher concentrations, :md m this expenment {Figure 22) se ha\a

o ely the of 248 P

There 15 4 graded effect on tissue electrolytes  Note the respiatory
strnulation that occurs witlun this ertieal range, which confirms
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the previous observations of many others We shall retum to the
subject of the mtrophenols later

I think that 1 outhning the general metabolic conditions required
for potassium accumulation in ths sort of system, 1t may be sar
(a) that 1t requires oxygen uptake, that 1s, active oxidation, (b)
that 1t ts not substrate specifie, and (¢} that the active mtrophenols,
which uncouple phosphorylation, somehow interfere with the
mechamsm

Now, 1n terms of mechamsms postulated n the hterature, one
suggestion 15 that electrolyte transport may be related to iome
smbalance secandary to oxidation reactions occurting through the
cytochrome system The results with the mtrophenols cannot be
explamed by this hypothesis, smee potassiim uptake 1s depressed
while respiration 15 shimulated Another hypothesis 1s that the rate
at which carbonte acid 1s hydrated 1s a determmant 1z cation trans-
port, but, as I sard before, we could find no evidence for this The
mechamsm which still appears most mviting 15 that of a camer
complex At one of three stages, 1, m forming or dissociating the
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complex or in regenerating the carrier we have to put m some
energy which 1s mediated through phosphate bonds

Let us now turn to an examimnation of the dynamic aspects of
the shice system when studied with 1sotope techmques (Figure 23)
The general experimental procedure was as follows The shees
were meubated m ovygen and rapidly accumulated potassium so
that 1 steady state was reached n about 30 minutes At ths t me
a tricer amount of K*” was tipped n from the side arm The cups
were then removed at intervals and the tissue and the medim
from each cup were each analyzed for potassium and for rad o
actity The chemical analyses showed that the tissues were m 4
so called steady state The changes 1n specific activity clearly showed
that there was a rapid exchange of potassium between tissue and
medium Under these conditions exchange was complete withn
about 60 munutes

When the results were plotted on sem log paper 1t was found
that mn no mstance did they fit 2 single strught ne The powts
are most sunply described by two straight ines Without gowng into
any mathematical calculations 1t 15 clear that there are two potas
sium components n the tissues accounting for about 32 and 63
per cent of the tissue K If we assume that the shces have an extra
cellular space of 40 per cent then only 25 per cent of the shee
e 1s m the extracellular phase It 1s obvious that netther
of the fractions can be 1dentified with the extracellular phase We
conclude therefore that intracellular potasstum 1s not homogeneous

To study the role of metabolic 1ctivity we compared aerobic and
an1erobic ncubation (Figure 24) As noted previously the anzero
bic tissue fails to accumulate potassium whereas with oxygen tugh
values are observed Also as noted above potassium exchange 1n
ovygenated bissue 1s rapid and complete However note lh::;
exchange 1n a mtrogen atmosphere 1s incomplete at 60 minutes an
there 15 essentially no further exchange for as long as four lours
In 28 anaerobic experrments 55 per cent of the nssuc_pomssum:
evchanged within 60 mmutes Thus in nitrogen about 45 per cen
of the tissue potassium probably 1s nonexchangeable

Visscher Completely nonexchangeable?

Mudge I am coming to that Withm the ot
the method 1t does not exchange Companson of the results a‘
60 and 120 minutes shows that the difference 1s very small and :}?e
significant  For prnct;'cal'pumo‘ses 1t does ncte:xchange but

mn o

same pc e
Visscher Well T think 1t 15 perfectly fair to say that the aerobic

expermmental error of
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armve at a conclusion stmilar to that reached previously, namely,
that mtracellular p 15 not homog: Under b
conditions 1t of an exchangeable, and a nonexch bl
fraction

Lotsperch Couldn’t that difference between the exchange m nitro
gen and oxygen be roughly of the same order as the phosphate bond
energy, which 1s formed by the anaerobic and aerobic metabolism?

Taggart Perhaps we are on shaky ground, but it has certamly
been our impression that anaerobic glycolysis makes 2 mmmal
contribution of energy to the work of the kidney In both the
p ammohippurate and potassium transport systems, glucose shows
no effect beyond that which 1s observed m the complete absence
of added substrate In addition, we have measured the rates of
utihzation by kidney shces of glucose and certain members of the
citric acd cycle, such as pyruvate and a ketoglutarate The latter
disappear rapidly, but glucose utihzation 1s so slow as to be almost
undetectable There 1s no doubt that essentially all of the enzymes
of the anaerobic glycolytic system can be demonstrated m kidney
brets but I doubt that they are quantitatively very important

Mudge In reference to Dr Lotspeich’s questtons, we did some
experiments m which a set of tissues was pared to
another anaerboie set to which 1odoacetate had been added They
were both the same, so I don’t think we can attribute the exchange-
able molety to an anaerobic pump

Ussing Have you seen the paper by Harns (4), recently pub
lished 1n which he showed that muscle kept 1n potassium phosphate
will not exchange a certamn fraction of 1ts potassium at zero degrees?
I think that 1t 1s similar to your finding

Mudge Unfortunately, I have not had a chance to see hus paper

Ussing On the other hand, you have cells with different func-
tons so 1t ught be that the fractions you get are not due to two
types of potassium 1n the same cell, but rather to two types of cells
which react differently

Mudge Yes, that problem has bothered us I am sure that 1t
would make an enormous difference m the final mterpretation of
kinetic data, but T am not so sure that the differences m cell types
constitute a stumbling block 1n the understanding of brochemical
mechamsms Whether we consider a homogeneous or a heterogene-
ous population of cells the results mdicate that the exchangeability
of some of the potassium 15 metabolically determined, and that 1§
the problem of immediate mterest

We were also interested m the

question of whether or not the
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Ficune 26 Effect of Na concentration on X exchange tn kidney shces

varable factor was the amount of sodiwm added to the medn
(Mwa) from 78 to 234 mEq per Iiter Withm this range the
oxygen quottents (gO-) are constant Tissue potassitm (Tx) was
likewise constant, and all tissues equilibrated at the same rate Thus
there 15 no evidence that the sodium concentration 1s a limting
factor for potassium exchange It 1s to be recalled from the earher
Figures that so far as net changes are concerned, sodum and
potassium reciprocate  However, from these last two Figures we
conclude that the movement of potassium 1nto and out of the cell
15 quite independent of the movement of sodum

I think that the unportant points of the shce expenments with
K42 are first, that mtracellular potassium 15 nonhomogeneous, and
second, that there 1s 2 potassium p t which bicall
15 virtually nonexchangeable but which raprdly exchanges under
conditions of active metabolism Taken together, these observations
may mean that some components withm the cell have a speaific
potassum metabolism characterized by the active formation of
dissociation of relatively stable pe 1 D
by KZ 1n our hypothesis We therefore set out to study potassium
transport 1n a cell free system using lver 1n the hope of finding
chemical reactions which could be more precisely defined

I should Like to explan why we switched from hidney to Iner
In the shce system hidney 15 defimtely supenor since shces from
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Itver are very fragile and detenorate rapidly In the cell free sys
tem on the other hand liver appears to be better We required
fauly large quantities of matenal and Iner is obviously a better
starting pomnt In addition the fragihty of the hver cell makes 1t
easier to obtam a good yield of viable mitochondna We ongmally
planned to do some prehimmary studies on hver and then return
to the kidney These prelimmary studies are shill mm progress How
ever i so far as the two systems hase been directly compared —~
that 15 shees and mitachondna from both kidney and Iner ~ we
found that they were quahtatiely simiar even though defimte
quantitative differences may be found i the future

At this point i the work I was very fortunate 1n being jomed
by Dr § W Stanbury of the University of Manchester who was
wath us for a year on a Rockefeller Fellowstup I am sorry that
he has returned home and that he was unable to be at this meeting
The reasons we tumed to the mutochondrial fraction may be sum
manzed as follows f(a) As studied m the shces pomsslum trans

port depends on aerobic ond and hory lation
reactions Since the early s!udles of Hogeboom and Schneider {5)
it has been ly that these t may be

Jocalized for the most part to the mitechondrial fraction of tissue
homogenates (5) We iound evidence rclalmg to the phenumenon
of p binding and d ¢ that the

of this fraction was metabobeally determined No data were n\ml
able on the potissum metabohsm of mitochondna (¢} For what
it 15 worth we thought we shonld look for something that had
some sort of a spatinl onentation within the cell Dr Stanburv and
1 prepared mltoc)wndrm from the Iner by a modification of the

1 by Leh (8)

OIchr T think this 15 often done The hver 15 the usual source
of mitochondrta because from the morphologists standpomt the
cytophsmie structures are a heterogeneous mixture They are all
sorts of thungs even mcluding such indeterminate objects as secre
tion granules  although no one has any 1de1 what secretory process
1samahed Ope doasnt kmow therefore what ane as deabing »ath
nd tus 1s recognized by the frct that many workers hesitate to
use the word mrtochondna at il and refer to the fraction as com
posed of large granules” In the hidney one can be more certam
of dealing with one sort of morphological unit becruse the rodlets
wluch form the great bulk of the mitochondria m the cortex are
speaific charactenistie objects quite apart from their spahial onienta
tion They cn be recogmzed whereas with the so ealled “mito
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Ficune 26  Effect of Na concentration on K exchange 1n kidney shices

vanable factor was the amount of sodium added to the medwm
(Mna) from 78 to 234 mEq per lter Withm this range the
oxygen quotients (¢gO:) are constant Tissue potassmam (Tx) was
Iikewise constant, and all tissues equilibrated at the same rate Thus
there 1s no evidence that the sodium concentration 15 a limiting
factor for potassium exchange It s to be recalled from the carher
Figures that so far as net changes are concemned, sodwm an
potassium reciprocate However, from these last two Figures we
conclude that the movement of potassium mto and out of the cell
1s quite independent of the movement of sodim

1 think that the important pomts of the shce expenments with
K12 are first, that intracellular p 15 norh “:’d
second, that there 15 a potassium component which breall
15 wirtually nonexchangeable but which rapidly exchanges under
conditions of active metabolism Taken together, thesc observations
may mean that some components within the cell have 2 speodfic
D bol ) 1 by the active formation of
dissociation of relatively stable pe complexes_ref ¢
by KZ 1n our hypothesis We therefore set out to study potassiam
transport 1n a cell free system using liver, i the hope of findmg
chemical reactions which could be more precsely defined

1 should like to explam why we switched from kidney to Iner
In the shee system, hidney 15 definitely superor smee shees from
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liver are very fragile and deterorate rapidly In the cell free sys
tem on the other hand hver appears to be better We required
fanly large quantities of matenal and lver 1s obviously a better
starting pomnt In addition the fraglity of the liver cell makes 1t
easier to obtain a good yield of viable mitochondria We ongmally
planned to do some preliminary studies on liver and then return
to the kidney These prelimmary studies are still 1n progress How
ever m so far as the two systems have heen directly compared —
that 1s sheces and mitochondna from both kidney and liver — we
found that they were quahtatively simlar even though definite
quantitative differences may be found mn the future

At this pomnt 1n the work 1 was very fortunate 1 bemg jomed
by Dr 5 W Stanbury of the Umversity of Manchester who was
with us for a year on a Roclefeller Fellowship I am sorry that
he has returned home and that he was unable to be at this meeting
The reasons we turned to the mitochondnal fraction may be sum
manzed as follows {g) As studied in the slices potassium trans
port depends on aerobic oud: ane d phosphory lation
reactions Since the early studres of Hogeboom and Schneider (5)
1t has been repeatedly confirmed that these reactions may be
localized for the most part to the mitochondrial fraction of tissue
homogenates (b) We found evidence relating to the phenomenon

1

of potassium binding and d ated that the excl b
of this fraction was metrbolicnlly determined  No data were avail
able on the p bolism of hondria (¢) For what

1t 15 worth we thought we should look for something that had

some sort of a spatial onientation within the cell Dr Stanburv and

I prepared mitochondria from the liver by 1 modification of the
1 descrtbed by L 6

q

Olwer 1 think this 1s often done The hiver 1s the usual source
of mitochondna because from the morphologists standpomt the
cytapl are a b mrdture They are il
sorts of things even includmg such mdetermmate objects as secre
tion granules ” although no one has any 1dea what secretory process
1s molved One doesnt know therefore what one 1s dealing with
and this 15 recogmzed by the fact that many workers hesitate to
use the word mitochondna at all and refer to the fraction as com
poscd of “large granules  In the kidney one en be more certan
of dealing with one sort of morphological umt becanse the rodlets
which form the great bulk of the mitochondna in the cortex are
speaific chractenstic objects quite apart from thew spatinl onenta
tion They can be recogmzed whereas with the so called “mite
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chondnal fraction from the liver one cannot be sure of what one
15 working with

Taggart But n contrast to that I think everybody who has made
sucrose preparations attempting to 1solate mitochondral fractions
has found that the hidney 1s a rather difficult organ to deal with
because one ends up almost mvanably with a considerable con
tamunation of the nuclear fraction with mitochondria

Ohwer Not everybody the biochemusts m our laboratory get therr
fractions out reasonbly clean

Taggart From the enzymologist s standpoint if one tries to frac-
tionate and get clean cut distribution of activities 1 one fraction
or another 1t 1s faily casily achieved with Iiver With hidney 1
dont know of anyone who has succeeded You have dealt with 1t
from the morphological standpomt we have dealt with 1t from the
standpomnt of enzymatic activities and we have always had to con
clude that in dealing with kidney fractions we were obviously deal
ing with badly contammated fractions

Oliwer Do you thmk 1t may be that the enzymes are distributed
differently m the hidney fractions? That 1s they may not be so
specifically localized as they are i other organs such as the lner

Taggart All one has to do 1s look through the mcroscope to se¢
Janus green matenal in handling the nuclear fraction One can
find DNA 1n the mitochondrial fraction

Oliver We dud not find DNA 10 our mitochondnal fractions  that
15 a youtine we use to check on nuclear contimmation

Mudge There are some very practical points mvolved Sice we
needed large amounts of matertal we decided to do our prehmmary
studies on lner and I suppose these may go on for a Jong time
It was also clear that we were dealing with a fanly labile matenal
In starting with hidney one must homogenize a lot longer and I am
not at all sure that the activity we are studymng would survive the
more vigorous procedure

Laver mitochondna were prepared by a modification of the ‘“}5‘8
mque described by Lehmnger All steps were carned out 1n tl
cold at approtimately 4° C The 1mtial homogenate was prepar -
1n 85 per cent sucrose The nuclear fraction and other heavy P:;;
ticles meluding ntact cells were centrifuged down at low SP"fhe
and were discarded Enough 1 N NaCl was then added to i
supernatant to make 1t 150tonic with reference to NaCl The “‘:("y
chondnal particles were then centnfuged down and were repci; o
washed 1 cold sodium chlonde The potassium which was fﬂ“
1n the mitochondria 1s shown n Figure 27 Al values were seie!
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Fieone 27 R/N ratio of Lver mitochondria dunng successive washes during
preparation

to mitrogen as a reference pont As the mitochondnal fraction was
washed with cold sodium chloride, the amount of potassium mitially
fell abruptly, but then changed very httle with repeated washings
In 50 expenments after three washings, the K/N ratio was about
08 mEq per gram The results clearly indicate that potassium
adheres to the mitochondna so that it cannot be washed off

The question may be mmmediately rased as to just how much
potassium from the mtact cell can be accounted for i the mito-
chondnal fraction We estimate that 1t 1s at least 18 per cent The
exact figure would be larger, since we do not recover the mito
chondna quantitatively

The standard expeniment was carried out with mutochondria
which had been washed three times They were added to Warburg
cups the desired comp and were usually incubated
at 25° for one hour The cups were then decanted imto a large vol
ume of cold sodium chloride solution, and the mitochondria were
washed three times so as to remove potassium derived from the
incubation medinm They were then analyzed for electrolyte and
mtrogen

Figure 28 shows the results obtuned under optimal conditions
Tn addition to 1 ml of hondna, each cup d 30 micro
moles of a Letogl as sut KClin a conc of 25
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ggvncz 28  Exchange of mutochondrial k with medium K during aesob ¢ incubation,

mEq per L, a trace amount of A*3, tns buffer at pH 74 and 2
small amount of magnestum 1 wish to emphasize several points
from the Figure Note that the A/N ratio 1s fairly constant and
as a matter of fact, i this experiment 1t rose shghtly Note also
that the qO: 15 constant dunng the perod of wcubation And
finally note that under these conditions of active metabolism the
p of the hond: b with that of the medium

The K/N ratio 1s mamtamed duning meubation at 25° only when
the hondna are bolically active They lose some of therr
potassium when there 15 no added substrate, or when they ar
incubated anaerobically 1 think that at this pomnt we can safely
say that we have answered two questions which we prevxousl)’
1ased concerning the mitochondria first, they appear to contain
potassmim and secondly, to a certamn extent we can corre!.ll¢3~ l‘be

amount of this g and 1ts e bility, with

activity i
The expeniment depicted n Table XIII pertamns to the genera

nature of the hondral | The hondna were

sted” one half
he other half
was

mcubated as previously but when they were harve:
of the cups were washed with sotonic ACl while ¢
were treated as usual with 1sotome NaCl The enzyme that
washed mn NaCl contains the usual amount of potassim as deter
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TABLE XmY
{ “Treatment of M tochondna after Incubation
5 Washed 1 N.CH Washed i KTl
Exp ! WMN § Sp Actiity Ratso X A8z
mEq /Gm mito/meda ctsfmg N ctsfmg N
1 102 082 138 104
2 081 s 152 154

mmed chemeally We are of course unable ta do chemical analyses
for potassium on the enzyme which was washed with KCl, but
note that the counts of K*2 are the same for the two sets May I
remnd you that all washing procedures were cammied out in the
cold  Clearly, mitochondnal potassium does not exchange with
potassium from the washing solution  In the absence of metabolic
actvty potassium appears to be quite firmly attached to the
enzyme

Dr Stanbury and 1 explored a number of varnables with this
system, but I should Iike to devote the rest of my time to a series
of reactions which, to ns at Jeast, seemed to be of the greatest
mterest, namely, the effect of phospt holism on the bet
of potassum When we examuned the effect of pH — which paren-
thetically 15 not very stnlang from about 70 to 75 ~we used a tns
buffer as well as a phosphate buffer, and much to our surpnse
obtamed much lower values with phosphate As expected, phos
phate stnnltes respsration, yet at the same time preatly depresses
the amount of potassium held by the enzyme This, apparently, 1s a
speaific effect It 15 not dne to changes 1 osmotic pressure, since
similar concentrations of sodwm chionide, or glucose, are quite wert
Tt 35 not the direct result of respiratory activity which can be .

PN Ve oe P AR PR

cantuned in the mitochondria themselkes 1F 1 may return to the
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ladney shices for a moment, 1 should Dike to pomt out that they
work equally well with chlonde, nitrate, or sulfate as the major
anion of the medsum, but that pc lation is mhebited
by phosphate

Lotspeich What was the final molar concentration of phosphate
m the cups where there was the maximum inhibition of exchange?

Mudge Fifty per cent inhibitton was noted with 5 pM per m!
while the maximal effect was at about 15 pM per mulhlter These
values are the phosphate concentration at the start of meubation
the final ones would be somewhat lower

When we studied dinitrophenol {DNP) we had reason to beheve,
from the work with the shces, that 1t would mhibit potassium vp-
take We also measured orthophosphate, because it was stself inhibt
tory, and because we had anticipated, from the worh of others that
its ation would be d by DNP
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Let us Jeave the potassiem problem for @ moment and consider
the phosphate effects Fignre 29 shows the effect of DNP Now
recall that no trapping mechanism has been added to this system
that 15 no fluonde no hexose and no hemkmnsc The essentm

phosphate reactions are most readily studied with about 6 micro
mb\es of orthophosphate added per cup In addition there 15 the
hate from the dria The action of dmitmphenol 152
most peculmr one D ding on 1its ation 1t
thrce effects Control values are given at the lefr At about 105 M
more orthophosphate disappears than m the control. At about 104
phosphate reappears or perhaps more exactly fals to disappear
Then as very high concentmhoﬂs of DNP are xeached orlhnphos
phate again almost p The d phos
phate ester of course behaves reciprocally It first increases then
decreases and then finally increases ngain The upper graph (Figure
29) shows the effects on respiration As 35 well known dimtrophenol
tends to increase oxygen on but the mect of this
action has not been clearly establhished Without gomng mto detarl
the results md:cnle @ correlation between respiration and the con
tors However this 15 a very complex
problem and desplte the correlation depieted here there are
defimtely other vanables of importance
As hr as we know these effects of dinitrophenol have not been
bed I want to empk: lhat \hey in no way dis
vmve the i concept that d o
dative phosphorylation That 1s essentially 2 1te reaction studied
with the addition of ATP fluoride hexokmase and hexose as the
phosphate acceptor We are studying 1 net reacton without any
added trapping mechanmism At present our data simply indicate
that dimtrophenol has an effect on certain phosphate fractions that
has not been previonsly exammed The interrelationship of these
fractions 15 almost certainly very complex as 1s the effect of dini
trophenol upon them
1 should Y\e to emphasize a few of the pomts which hue been
established from a large number of expenments Turst the umdents
fed phosphate 15 present in very hrge qu:m\mes - vp to 10 micro-
moles per cup m some the t of
phosphate on the washed cnzymc paraliels the concentration found
on wnlysis of the contents of the whole cup And thirdly ortho-
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phosphate disappears when a-ketoglutarate, or its precursors, are
oxdized, but does not disappear with succinate I wall not speculate
on these three observations except to say that I think they are of
some 1mportance mn attempting to charactenize the phosphate com
pounds from a chemucal pomt of view

Although these results with phosphate are i themselves very
tniguing, they are of greater interest because of the simultaneous
changes 1n potassium metabolism, as shown 1n Figure 80 The cune
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“ ount 0 wcha
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chondnia 1s very small a lot less than under anaerobic conditions
At present we have no real explanation for this Note that the /N
ratios appear to approach 1 mummal value when the lost phosphate
fraction 1s also at a2 mimmum One 1s tempted to jump to the con
cluston that this indicates the formation of a complex consisting of
mitochondna potassium and some type of phosphate Absolute
evidence for this mterpretation has as yet not been obtamed but the
other results shown here (Figure 30) encourage us to explore this
R,

dnial potassium Tt 1s also m this range that there 15 an ncrease m
the umdentified phosphate Under these circumstances the amount
of sodium which we can find on the mitochondna 1s very small it
has a low rate of exchange and does not quantitatively reciprocate
with potassium

Before summanzing I should lile to point out that the correlation
between potassium and phosphate ts not a simple or consistent one
There are several apparent contradicions First at the low range of
DNP phosphate mcreases yet the mitochondna lose potassium
Secondly in mtrogen there 1s about half as much potassium in the
mitochondria as 1n oxygen yet there 1s virtually no phosphate ester
which we can detect And thirdly the potassium at 104 M DNP s
a great deal lower than with anaerobic incubation For the moment
the major point of interest 1s that at the high concentration (103 M)
of DPN\ there 1s some sort of a correlation between potassiom and
amon and that there 1s enough of the amon so that it may be
studied further

1 see no way 1 which a1l the data swhich I have presented can
be put together into any single scheme of transport of electrolyte
or its intracellular metabolism For the time being all we can say 1s
that data such as these must eventually be taken mnto account m any
comprehensive analysis

Bott Perhaps this should be obvious but what 1s the pathway
that you preture for your potassium when it leaves the cells? Do
you Aok of @ a3 being evkreded m the way that the hadoey orda
nanly operates or 1s it stmply diffusing out of these shees m some
other way?

Mudge You mean 1s it comung out through the tubules to the
lumen?

Bott Yes
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Ussing Yes but then that does not prove that 1t 1 not an actne
transport

Mudge 1 cannot correlate the flux of sodiem wath any metabol ¢
function No matter how the shees are meubated sodium movement
1s the same

Ussing What we mean 15 that it moves Do you mean that the
exchange rate 1s the same?

Mudge Yes

Ussing Because sodum certanly gets out of the shce m oxygen

Mudge 1 am not refernng to net changes wich are clearly the
oppostte of potassum The sodium concentration 1n the shee is also
directly dependent on the external concentration which 1s not true
for potassium

Ussing Thats nght but on the other hand at equlbrium the
potassium concentration mside the cell would depend upon the out
side concentration I dont mean to imply that there really 1s any
thing Iike a Donnan equilibrium here but on the other hand I do
not think there 1s proof that sodium behaves passively in this system

Mudge Well that s a question I should like to raise Just what
evidence does one need to prove that one 1s pumping substance

A’ moned or B in the oppomte?

Ussing Or both The pomt I was trying to make 1s that in case
the interior of the cell turns out to be positive relative to the outside
then sodium extrusion may be only apparent and really only the
result of inward transport of potassum On the other hand if the
cell like most cells 15 negative mside then the sodium will have to
pass outward not only agamst the concentration gradient but also
against an electrical one Thus the work may be larger than it seems
considering the concentrations

Mudge Tome the disturbing problem 1s the nature of the work
or the source of the energy In our studies sodum behaves the same
n Tutrogen 1s 1 oxygen 1f anything the actual sodium flox 35
greater anaerobically

Visscher Through different tracer experments yes but 1t makes
a big difference m the net movement

Ussing Oh yes

Pitts Does that mean then that in terms of this hypothesis you
cant demonstrate any NAZ

Mudge In about 10 experime:
exchanged wath that of the me
wnaccounted for If this were due to mal

esults to ary around the 100 per cent mul

nts 83 per cent of the ussue sodim
dium That leaves a small fraction
Iytieal error I would expect
L It may well be
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that some sodium 1s nonexchangeable We talhed about KZ possibly
there is an NaZ or an NaX Sodwm 1s much harder to study m thus
respect than 15 potassium

Stemnbach \What s the per cent exchange of sodium and potassium
at the 1mtial stage as compared to the final? What 15 per cent ex
change of law potassam and per cent exchange of high sodum
{final diton) as compared with p hange of the
sons i the low sodim tugh potassium fresh condition? If you get
apparently complete exchange of sodium m hugh sodium shees m
the absence of oxygen and a 50 per cent exchange of potassium in
Iugh potassium shees then that means that many of the base
binding groups have changed their charactenstics dunng the process
of sodmm potass;um transfer

Mudge Well the sodium is completely exchangeable no matter
what

Steinbach Then you really have a problem havent you? On the
quantitative basis you have changed to a very considerable amount
the base binding properties of the cell

Mudpe Idontknow You mean in terms of osmotic pressure?

Steinbach Yes or total tomce strength

Mudge The amount bound ~ we will say bound potassum — 15
45 per cent under anaerobic conditions but that 15 only 8 per cent
of the amount that 1s there aerobically

Steinbach That means all of your exchange data are on the
sodum nch shees

Mudge Yes thats nght

Steinbach Then perhaps there 1s an equivalent binding of sodam
as well as potassium that would not show up on a percentage scale

Mudge On an equivalent basss there rmght be

Steinback You have so much excess sodim present that z small
nonexchangeable fraction would be completely masked

Mudge Yes that is true Ttas almost wmpossible ta get rehable
data on the 1pparently nonexchangeable sodum If this were a
relatively fived amount as m the case of potassium then we could
mthe it more apparent by lowenng the external sodwim cancentra
tion When that 15 done the absolute amount i the tissue falls pro-
pornonately but the per cent of this which exchanges 15 just about
the same s before

Steinbarh You see the same thing apphes to the mtochondna
1 have been domg a fes rough caleulations The amount of potas
sum bound on the protem of the mitochondrna s Jess than a tenth
of the base-binding capaaity of that protein assuming 1t 15 a normat
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Ussing Yes, but then that does not prove that 1t 1s not an actne
transport

Mudge I cannot correlate the flux of sodum with any metabole
functton No matter how the shces are wcubated, sodium movement
1s the same

Ussing What we mean 15 that 3t moves Do you mean that the
exchange rate 1s the same?

Mudge Yes

Ussing Because, sodium certamly gets out of the slice m ovygen

Mudge I am not referring to net changes which are clearly the
opposite of potassium The sodium concentration m the slice 15 2lso
directly dependent on the external concentration, which 1s not true
for potassium

Ussing That's ght, but, on the other hand, at equltbrum the
potassium concentration mside the cell would depend upon the out

side concentration I don’t mean to imply that there really 15 any~
T A T v - other hand Ido

7 1n ths system
' aise Just what

o .
evidence does one need to prove that one 15 pumpmg substance
“A” 1n one direction, or “B” 1n the opposite”

Ussing Or both The pownt I was tryimg to make 15 that m cast
the mtenior of the cell turns out to be positive relative to the outstde,
then sodum extrusion may be only apparent, and really only the
result of mward transport of potassum On the other hand, if the
cell, Iike most cells, 1s negative inside, then the sodum wilt have‘“’
pass outward, not only agamst the concentration gradient, but 250
agamst an electnical one Thus the work may be larger than 1t seems
considering the concentrations

Mudge To me, the disturbing problem is the n:
or the source of the energy In our studes, sodum
m mirogen as m oxygen, if anything, the actu.
greater anaerobically Kes

Visscher Through different tracer expenments, yes, but it ma
a big difference mn the net movement

Ussing Oh, yes

Pitts gDoes tiat mean, then, that i terms of this hypothesis Yo%
can’t demonstrate any “NaZ ? dum

Mudge In about 10 experiments, 83 per cent of the txssuefso :wn
exchanged with that of the medium That Jeaves a small fracl w
unaccounted for If this were due to analytical error T would e'ﬁ’ "
the results to vary around the 100 per cent mark It may W€

ature of the work,
behaves the samé
al sodm foe 3
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that some sodium 1s nonexchangeable We talked about KZ possibly
there 1s an NaZ or an NaX Sodwum 1s much harder to study i this
respect than 1s potassium

Steinbach What 1s the per cent exchange of sodium and potassium
at the mtial stage as compared to the final? What is per cent ex
change of low potassium and per cent exchange of high sodium
(final condition) as compared with percentage evchange of the
10ms 1n the low sodium high potassium fresh condition? If you get
apparently complete exchange of sodium 1n high sodum shices
the absence of otygen and a 50 per cent exchange of potassum n
high potassium slices then that means that many of the base
binding groups have changed their charactenstics duning the process
of sodium potassium transfer

Mudge Well the sodum 1s completely exchangeable no matter
what

Steinbach Then you really have a problem havent you? On the
quantitative basis you have changed to a very considerable amount
the base binding properties of the cell

Mudge 1dontknow You mean in terms of osmotic pressure?

Stembach Yes or total 1omic strength

Mudge The amount bound — we will say bound potassium — 15
45 per cent under anaerobic conditions but that 1s only 8 per cent
of the amount that 1s there aerobically

Steinbach That means all of your exchange data are on the
sodium nich shees

Mudge Yes thats nght

Stemnbach Then perhaps there 1s an equnalent binding of sodium
as well as potassium that would not show up on a percentage scale

Mudge On an equvalent basis there might be

Stemnbach You have so much excess sodmm present that a small
nonexchangeable fraction would be completely masked

Mudge Yes that is true It 1s almost impossible to get reliable
data on the apparently nonexchangeable sodwm If this were a
relatinely fived amount as i the case of potassium then we could
make 1t more apparent by lowening the external sodium concentra
tion When that 1s done the absolute amount 1n the tissue falls pro
portionately but the per cent of this which exchanges 1s just about
the same as before

Steinbach You see the same thing apples to the mitochondna
I hae been dong a4 few vouch ealeulitions The amount of potas
stum bound on the protemn of the mitochondrna s less than a tenth
of the base binding capacity of that protein assuming it 15 a normal
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proten of equivalent combmning werght of abont 2000, so there
agamn 1t would be worthwhile 1f you could work up some methods
to find out what 1s happemag to the other 10ns

Mudge We have a rough 1dea of what 15 happenmg to the
sodwm of the mitochondria, although analytically the results are
less satisfactory than with potassium There 15 about one thid as
much sodyum as potassium m the mutochondoia This amount 1s qute
constant 1t exchanges very slowly, 1t 1s not altered by oxygen ten
si1on, and 1t 15 not affected by dintrophenol Of course, the sodium
data are from experiments 1n which the mitochondria were washed
with KCI

Sternbach Yes, but that 1s sodium plus potassium, each caleulited
on a mtrogen basis, which agam 15 another relative figure, you see
This means that under anaerobte conditions the mitochondna might
Just be “leaking’ protem 1n general, and there rught he a perfectly
reciprocal exchange on what 1s left

Mudge But the electrolytes are calculated on a basts of nitrogen
that 15, ntwrogen actually recovered from the washed mitachondea
of each cup

Steinbach 1f you put 1n 100 umts of mtochondnal mtrogen ﬂ;
the start do you get 100 umts of mitochondnial nitrogen back agam

Mudge We don’t get 1t, we get about two thirds of 1t

Binkley 1 should Iike to suggest that ane need not consider pro
temns alone m the binding of potassium Pentose nuclerc acids will
bind potassium and appear to bind potassium, 1 2 spESclﬁc, faihmﬂi
There may be, of course, no ref hip to the "'10
potasstum by cells, but 1t 1s easily demostrated that pentose nuc ezi
acids bind potassium 1 preference to sodmm This Pr“-‘f""’"ml
binding of potassium applies to only about one third of the ‘0):3
base binding capacuty of the pentose nucleic acrd Sodum m this
position 15 replaced by potassium m media of neutral pH, whereas
the reverse 15 not easily accomphshed .

Stembach What sort of experiment 15 that? The re:mm‘l &i bjs
that some old data of, I believe H: temn, might " af
mterpreted as 2 binding of 10ns on nueleic acsd I thmk st w
sodmm 1 that case, wasn't 1t?

Ussing Yes, rather than potasstum made

Bunkley 1 should explam that these observations “;‘r& e
with pentose nuclerc acids 1solated from Lrdney nssus of “ uﬁan
Enzymatic activity of these preparations was faund to el;fﬂ o 16
the presence of potassium and n fact, upon considerable ¢ T
isure the combmation of the nuclerc acids with polassism
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potassium may be removed and the actity destroyed by prolonged
contact with 3 molar sodwm chlonde activity may be restored and
potasstum returned by contact wath solutions of potassium chlonde
of concentrations of about 0 1 molar Thus the aff mity for potassium
15 considerably greater than the affimty for sodium These statements
apply to expeniments 1n the physiologic range of pH 1¢ about 7
At lower values as would be expected the affimty for potassium 1s
decreased The binding of potissium by nucleic acids must be 2
property of the phosphate groupings

Stetnbach You get a fair load of pentose acid in these mitochon
dna but there 1snt too much nucleic acid at that Isnt 1t 60 per
cent protetn and about 30 lipid?

Olicer 1 never can remember the exact figures There 15 a con
s:dﬁmble amount of phospholiprd and very little pentose nucleic
acs

Steinbach I think thats nght

Ohrer There 1s even some argument as to whether there 1s any
PNA at ali in the mitochondnia and whether 1t may not be actually
m microsomes that are absorbed on the surface of the mitochondria

Taggart Dr Binkley has brought the discussion to one of the
features which interest us most While it is apparent that Dr Mudge
started on n problem of potassium transport he has medentally
opened up some very g Vistas m phosphorus bol:
Tam not sure that he will ever get back to potassium agamn

One particular feature which should be emphasized 1s the differ
ence between a hetoglutarate and suceinate in promoting the ester
ification of orthophosphate Fortunately the reactions involved in
this area of metabolism have been considerably clanfied during the
past year by Sanadi and Littlefield (7) and by Kaufman (8) The
oxidation of a ketoglutarate proceeds as follows

aLetoglutarate + DPN* + Coenzyme A —= <ucciny1 Coenzvme
A + DENIHL + H* + CO 18]

The question arises as to the relationslip between succim]
Coenzyme A and phosphorylation mechamisms There is fauly good
evidence that the succinyl group may be exchanged with orthophos
phnte 1o yield the corresponding phosphonyl Coenzyme A a form
of encrgy rich phosphate Such a phosphate ean 1n turn be trans
ferred to ADP to yicld ATP This mechamsm however fails to
account for the relatinely large amounts of orthophosphate which
disappear in the presence of 103 M dimtrophenol Coenzyme A and
the ademne nucleotides are present m Dr \udges system w far
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too Immted quantities to allow them to be the ultimate phosphate
acceptors In fact there is no known phosphate acceptor present
sufficient quantity unless 1t be the substrate The 1dea of phosphory
Inted intermediates in the citnic acid cycle was a popular one several
years ago While 1t has fallen somewhat mto disfavor more recently
I'suspect that 1t may now have to be revived Such phosphorlated
mtermediates may very likely be bound on the mitochondnal par
ticles One wonders whether the potassium may be associated with
such compounds The only other obvious explanation to account for
the disappearance of orthophosphate might be the formation of
some morganic polyphosphate

Binkley Can 1t be metaphosphate? Have such tests been made?

Mudge T dont thik 1t 15 a metaphosphate We suspect that
it 15 a phosphorylated substrate but the evidence 1s far from
complete

Eprrons Note — Dr Mudge wishes to add the following Cou
ference afterthought

Subsequent experiments have shown that dimtrophenol i h gh con
1 ] the f of phospho enol

pyruvate
Taggart Metaphosphate has been found mn yeasts molds and
nsects and I am sure that there are some biochemsts who harbor
the convietion that 1t will eventually be found n the mammaltan
cell as well
Binkley Many biochemsts also have the idea that there 15 ng
orthophosphate 1n tissues and that the matenal usually considere
as orthophosphate 15 1n reality a labile phosphate
Mudge This 1s not lnbile
Binkley Metaphosphate would satisfy the re
1t not? e
Mudge 1 believe that the hydrolysis charactenstics are d h
vanable and depend on the metaphosphate m question When slm(l;:d
metaphosphoric acid 15 heated m acid 1t 1s quite rapidly conver
to orthophosphate e have no data on other metaphosphates does
Binkley Mctaphusphatedwould be an 1deal compound for 1t
appenr to have speaific binding properties
p{”mschcr Dr l;\ludge what would be wrong with the view ig;:
what exists 1n these kidney shces 1s stmply 2 stable pamvsém
compound — one stable 1 mitrogen but gong through sm{nf ;:s(er
bahe pracess in oxygen that there 1s a certamn amount O Tm St
across the cells going on because there 15 leakage of potassmdlum
all of the time wnd a return of some potassium from the me

quirements would
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so that n the end result 1t 1s 1omcally active potasstum which
changes very quickly We could say that all of the sodium 1s essen
tully i an exchangeable position to the cell and that the really
actine process 15 the movement of sodwm out which occurs only
in the presence of oxygen and that this conditions the system so
that perhaps the accumulation of potasstum which oceurs
oxygen mught be due to electnical forces as other people have
postulated? Why cant you accept the view thit your unexchange
able potassium 1s simply a potassium store of some compound stable
i nitrogen

Mudge You mean that the nonevchangeable potassum goes
around m a little circle ali by itself and that it has nothing to do
with the major reactions of accumulation or transport?

Visscher Yes that s what I am suggesting that 1t s really an
wrelevaney as far as accumulation 1s concerned

Mudge Well I just dont know As I sad before I know of no
way 1n which 11l the data can be put together in one single scheme

Visscher I cant see that anything vou have told us fails to fit
mnto such a simple view

Steinbach I can

Visscher  How?

Stembach You cant account for 50 per cent of the potasstim
that way

Visscher How do you mean?

Steinbach There 1sn t enough stuff known in the cell which might
mmobilize the potassium

Mudge But dont forget Dr Sterbach that 15 43 per cent of a
small amount of potassium That 1s the tissue Jevel 1s low under
anverobte conditions

Stefubach Another objection I have 1s that to the best of m)
knowledge all so called bound ions which hne been studied
exchange very rapudly mndeed Isnt that true?

Ussng el I wouldnt say all

Stewmbach 1 you take serum for example with bound calerum
1f you put in radioactive calcium you get rapid exchange I dont
know of any type of 1on binding other than a comprtmentalization
aer ' e o T up with

ould be

That 15

e exther

binding ar transport
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Visscher Well, maybe 1t 1s compartmentalized

Mudge 1 have been trying to find some data on the exchange
ability of chelation compleves 1n pure systems —not n buological
material T have not been able to find any reports on potassum

Binkley 1 beheve another aspect should he emphasized One
cannot devise a sodium pump without describing a system with
a preference toward sodwm as distngiushed from other cations
We must then speak of specific binding of sodwm by a sodnum
pump and cannot, at the same time, use the 1dea of a sodium pump
to rule out specific bimding of cations as a partial explanation of
the differential distribution of cations

Ussing  Certamly The only difference 15 that it 1s possible to
demonstrate the sodium pump in relatvely pure form, whereas
1t 1s still a guestion whether 1n the present system there 15 a potas
sum pump, or whether we are dealing with a potassium mclosion
m something  Tsn't that nght?

Binkley But you are spealing of preference for sodwm and not
about absolute specificity m your expeniments

Ussing Even 1f sodum and potassium were found m complet
form, they would stil probably exchange quite rapdly as Dr
Stembach said

Bunkley Yes, under certain conditions exchange mght be very
rapid, and with other conditions, dependent upon the binding
group, exchange would be slower

Ussing It mmght

Mudge From what [ have been able to find, the problem of
determiming whether or not bound potassium 1s exchangeable 15 Tike
trying to decrde on the color of the milk that’s produced by a purple
cow The first thing to do 15 to find the cow R

Philips May 1 just say parenthetically, for Dr Mudge’s benefit
that the water buffalo n Egypt, at the time of year when 1t 15
heat, gets a purplish tinge

Ussing Of course, there do exist substances m whick the molec-
ular lattice 15 50 tight that mclosed 10ns cannot get out Such :10!\5
of course would not exchange at all It mught be that mitochondrs2
enclose potasstum 1n exactly such a lattice

Mudge 1 should like to ask Dr Stenbach wh
would be requred to demonstrate ahpotass;um pump? Wh.

chams

bological defimtion of such a me I vally thermo

essen
Stembach The requirements at preset:i1 ;g; grsenualy ther)
and easly venfiable

at data he thinks
at 1s the

dynarme, and they are essentially as sta
case of muscle and nerve they are very simple,
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on a quantitative basis Given a certam potential distribution, and
given a certain chemical gradient at zero 1n an equilbnum condi-
ton, a “steady-state,” then there 1s ro pump, or at least one 1s not

quired  If the p 1 duffe and ch ] gradsent are not
equal to zero, then a pump 1s present  If you took a mucroclectrode
and stuck 1t mto a Iner cell, and found 1t was hughly negatne on
the inside and positive outside, then a potassium pump 1s, shall
we say, unnecessary, unless there are other reasons to Jook for 1t

Berliner 1f a speaific combmation of potassium 1s required to
get 1t m, whether 1t 15 with or agamst the electrochemical gradient,
would you call that active transport or not?

Ussing 1 would not Rosenberg and Wilbrandt (9) have yust
written a paper discussing the transport of glucose i red cells
They pont out that certanly the exchange of glucose in these cells
depends on some chemcal binding  But, on the other hand, no
net work 1s mvolved, and I think that one should only talk about
active transport when work 1s performed by the cell \ere binding
to a carnier does not by wself metn active transport

Mudge So, 1 order to have a pump by these defimtions you
bhave to have an energy requirement, you have to put mn work In
the glicose carner complex why is there no work done? What
1s formed?

Taggart 1 should Iike to know what hind of chermieal reaction
1s mvolved

Usstng 1 really don’t know I am just quoting Rosenberg and
Wilbrandt The glucose complexes with something which makes st
sojuble in the membrane and allows 1t to pass through Then 1t
dissocrates off on the other side No work has been performed
because the carmer is still the sxme  On the other hand, the carner
may change 1ts chemical composition

Lotsperch Is 1t Iike an amon exchange mechanism?

Ussing Exactly  But only f the carner can move spatially, sa
that 1t exchinges onc time at one boundarsy, and another time with
the other boundary

Berliner But you can concene of a requrement for a chemtcal
ct-mgc n the camer and still tmnspar‘l only with the electro
RN T : Ot Toar e KU

. N

worh fn hfting a woight over a wall and down the same Jevel but
you have to put work into 1t to get 1t lugh enough to put it over

-

P
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Stembach 1In the one case, you can’t measure it

Taggart That 1s exactly the powt Somehow, we always come
back to Shannon’s famous expenments with the toadfish You wll
recall that he was studymg phenol red transport in a situation
where the level of phenol red was higher m the plasm than m the
urine  In other words, the dye appeared to be running downhil
However, the 1 rate of b t d at sts norml
value One must conclude that every molecule of dye getting across
the tubular epithehum wis still actively transported by sn energy
consuming process  Yet, if one approached this situation thermo
dynamcaily, 1t would have to be said that it was a “costless” process

Ussing It mght be costless

Taggart It might be, but in this case we hnow st was not What
I wish to emphasize 1s that the purely thermodyname approach
may be very misleading

Visscher Dr Mudge, have you made any observations of 1sotopie
exchange rate in shces taken out of an intict kedney, or a hdney
with a normal blood supply to see whether any of these rate phe
nomena that you observed 1n slices can be reproduced under some
what more normal circumstances?

Mudge Do you mean correlate fhis with some i vwo workd

Visscher Yes

Mudge No we have made no correlations with m oitro stodhes
However, our observations are quite stlar to the publshed reports
on the equbbration of K42 1 the kidneys of normal ammals

Visscher How long does 1t take before the specific actity ratio
between blood and kidney substance reaches 95, or some such
magmtude?

Mudge It 1s a matter of an hour, I thik, n rats
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ACTIVE TRANSPORT MAY be defined as 2 transport taking place as
a consequence of work bemng performed by the cells The distie
f10n between active transport and diffuston 15 ustially not too diffieult
as long as uncharged molecules are concerned, since a behavior
m accord with Fick's law of diffusion at least over a certam con
centration region, can be taken as proof of sumple diffusion Ficks
law does not hold for jons, however One has to take mto con
sideration both the concentration difference and the potential
difference across the membrane or cell layer, m question The
problem may become even more molved 1n case the drag force
arisig from the flow of solvent through the membrane has to be
taken 1nto account Thus 2 general solution of the problem of the
behavior of an 1on under a given set of conditions 15 quite difficult
and probably not to be solved for the time bemg

However 1t has turned out that a considerable simplification is
obtuned if, instead of the net flow of the 1on n question one
considers the flux ratio that s, the ratio between the mfux and
the outflux of the 1on (1,2 3) The two flux values can be obtamed
by tracer evperiments One can measure 1nflux 1n one experiment
and outflux in another, or what 15 1n many cases more satisfactory,
obtam both flux values by measuning one of them with a tracer,
and the difference between them or the net amount passing by
chemical analysis

But very often one encounters permeabilities so smalt that the
net transfer cannot be determmed chemically with any certamty
In such cases 1t 1s very advantageous to use the doutﬂ% :mcec;
techmque (4) for instance, measuring nflux using Sodium 22 aﬂd
outflux using Sodium 24 The two tracers can be easly determmed
in the same sample, because they have different half lines ar;
because the soft radiation of Sodrm 22 can be cut off nearly

88
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quantitatively with 1 sutable alominum absotber In a sumlar
way one can obtamn both flux values for many other jons

In so far as one can dusregard the drag effect of solvent flowing
through pores in the membrane the ratio between flux and out
fux of a passive 100 18 related in a very simple way to properhes
of G system Bt e eawly aectselle to measurement This wla
tionship may be expressed as

AL, = % ezFE/RT

{41
where M 15 influx. Mw 15 outflux  Coss the concentration of the
100 m the external solution C s the concentration 1n the internal
solution Z 15 the charge of the 1on L s the potential difference
cross the membrane and I R and T have thewr usual meamings in
other words the only values that one need measure are the con
centrations 1n the two bathing solut and the ol iy \
across the t and the b need not be
considered This apphes to any 1on that diffuses passnely By
“passne” 1 mean that 1t does not combme chemcally with any
moving particle w the system dunng 1ts passage Therefore devia
tion fram this relationstap will appear whether there 15 actne
transport or just a binding to a carmer  But wmony the substances
which behave according to thus Lguation we will find those that
are not actively transported

1 should hhke to illustrate the apphcation that can be made of
this very simple relatonstup by a few experuments performed
mostly on 1solited frog slin  Of course introducing the subject
of frog shin mto a discussion on hidney may require some explana
tion In the first place the frog shin has m common wath the
Ladney the ability to transport sodium chloride and water um
directionally Secondly frog sk and Mdney have another peculiar
property in common namcly both respond quite actnely ta pas
terior lobe extracts I think that these twa things talen together
justify a d of the it h present i the
frog skin even though the mawm mterest of this group 1s i the
hadney

If we try to apply Equation 4 to the inorgamice ions present
in the frog shin it §s very eauly seen that the sodium fon has to
be actinely transported  If we thhe for example frog shin in con
tact with Ringers solution on both sides there may be a potential
across 1t of s1y 60 mA (the wside positne) and this would mike
the ratio between mflux and outflux of sodmm 1 to 10 1 other
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words ten times as much sodm should go out as comes m
Actually, the expermment yields almost exactly the oppostte result
1€, ten times as much sodwum comes i s goes out The equation
does not apply, then, and we have to assume that sodium 1s heing
actively transported

It is less easily seen whether or not the chloride 1ons behave
actively 1In the earher discussion one of the problems brought
up was whether or not one could distinguish between active and
passive behavior when an 1on species was gomng “downhill I
should like to stress that if a passive 1on goes downhill Equation
4 would have to apply, whereas 1t would not apply if the 1on
were actively transported one way or the other
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Froun 81 Caleulated versus found fux ratios {Mj,/Mey) for chlonde 100 1

the 1solated surviving frog skin

Figure 81 shows the flux ratios of chlonde 1ons as det;:rn;u::g
on a number of isolated frog shms (5) The values cal c;llam
according to Equation 4 are plotted agamst the ratios foun
You will see that there 15 a pretty good correlation between oems
and calculated flux ratios, m other words, the chloride 101 xfents
to behave passively in the isolated frog skin In the e(ghe:mﬂ :
presented here there was ten times as much chloride lhnl e
solution as 1 the outside solution Thus we h::;i Cho"d edawn
moving up & concentration gradient but on the %dler ta}:‘:\\;e o
the electric potential gradient Offhand one could no
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Fiovre 37 Influx (o) snd outflux (x) of chlorde fons in the isolated surviving
frog sk plotted against the spostaveous skan porental lusde Ronger owtsde
1710 Roger feprnted bv permsson from hoefoed Johnson, V. Lev 11 and
Ussing 11 H Tie mode of passage of chlor de fons throngh the isolated frog skin
Acta pl ys ol seandinas 25 157 (1952)

whether the passage was passne or active but the tracer expen
ment indicates a passne behavior

Tigare 32 shows the actual flux values found plotted agamst
the spontancous potental found across the frog skin It 15 seen
that the lugher the flux values the lower the potental difference
This would be in accord with the assumphion that the positne
sodmm 10m 15 transported actnely mwards thus creating an elec-
tncal potential difference The role of the chionde ions i this
system would be to brnng about a kind of partal short crreuit of
the electromatine force anstag from sodwm transport Thus in
cnses of fugh chlonde permeability the potential obtamed would
be fow  On the other hand  fow chlonde permeability that is a
tagh chionde resistance would lead to 2 ngh potential

As 1 say the gy are 1n accord sith this assumption On the
other hand  this does not prose at all that the electric potential
across the frog shin 15 actually due to the sodwm transport There
might perhiaps be other processes going on which contmbute to
the clectnic potentinl As a matter of fict the whole potential dif
ference might be brought about by sometlung entirely ifferent
framn the sodmm trinsport We therefore tried to find some way of
demonstrating that the sodum transport was really responsihle for
the electniety production of the frog slan It turned out that it
could be done by using the short cuemting techmque (8)
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words, ten times as much sodwum shonld go out as comes m
Actually, the experiment yields almost exactly the oppostte result
1e, ten imes as much sodium comes 1 as goes out The equatin
does not apply, then, and we have to assume that sodium 15 bemg
actively transported

It 1s less easily seen whether or not the chlonide 1ons behave
actively In the earher discussion, one of the problems brought
up was whether or not one could distmguish between active and
passive behavior when an 1on species was gomg downhll” I
should like to stress that if a passive 10n goes downhill Equation
4 would have to apply, whereas 1t would not apply if the 100
were actnely transported one way or the other
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Fioure 81 Calculated versus found flux ratios (Mio/Moye)
the ssolated surviving frog skin

Figure 81 shows the flux ratios of chlonde 1ons as detfrlrllll;’::g
on o number of wolated frog shns (5) The values ca cthmd
according to Equation 4 are plotted agamnst the ratios o
You will see that there 1s a pretty good correlation between s
and caleulated flux ratios, n other words, the chlonde men"mem
to behave passively m the olated frog skin In the Exgm jn
presented here there was ten times as much chlonde lhnl e toms
solution as m the outside solution Thus we hag ch:nd Jown
moving up a concentration gradient but, on the vl:i e’m have said
the electric potential gradient Offhand one could n



Ton Transport Across Liting Membranes 91

Yoo, . €1 fhu
:;f S O% x - out
§ oot A —
“ 0% ° o
N x 0.
S 030 < 8a 1
g [N
q\ 1]

045p ’S’.‘; 8o B

& x o0
L FEX %

60 8 0 i20mVY

FicLre 32 Influx (o) and outflux (x) of chionde ions in the fsolated surviving
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«
skin.
whether the passage was passue or actne, but the tracer expen-
ment indieates a passive behavior

Tigure 32 shows the actual flux vilues found, plotted against
the spontaneous potential found across the frog shin It 15 seen
that the ligher the flux values the lower the potential difference
This would be 1n accord with the assumption that the positive
sodium ton 1s transported actively mwards, thus creating an elec-
tnical potential difference The role of the chlonde 1ons 1n this
system would be to bring about a hind of partial short circwt of
the electromotine force ansing from sodm transport Thus,
cases of Ingh chlonde permeability the potential obtamed would
be low On the other hand a low chlonde permeability, that 1s a
Iigh chlonde resistnce would lead to 1 high potential

As 1 sy, the data are in accord with this assumption  On the
other hand thus does not prove at all that the electric potential
across the frog shin 15 actually due ta the sodwm transport There
might, perhaps, be other processes gong on which contnbute to
the electnc potential As a matter of fact, the whole potentinl duf-
ference mught be bronght about by something entirely different
from the sodium transport We therefore tnied to find some way of
demonstrating that the sodium transport was really responsible for
the electnieity production of the frog shin It turned out that 1t
could be done by using the short cirewting techmuque (6)

e
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TABLE X1v

Comparisen Between Na Influx and Short-Cirenjt Current (Left),
and Short-Cirenit Curreny and Na Outflux (Rigl),
in the Short Cirenited Frog Skin.*

Tnflue f Outfox
mCoulomb mCotlomb
em-2 I cm 2
Na  Current| Na Curren}
177 174 97 130
176 182 15 139
248 953 62 109
260 294 86 1M
81 k& ! 61 138
06 100 56 14
85 164
Hind lobe {155 18 Hind Tobe { 53 1
57 49 136 112
Epmephrine 110 88| Epmnephune 410 126
55 0

5% €O, +95% 0:<{ 15 Olsmco, 4 mmocf 55 0
161

s 83
A<l T st 155 1

*Flux values determined with Na2é

with postenor Iobe, the short-circuit current, and the sodim 1;(’\1):‘.
are very nearly equal The mflux of sodium 15 shghtly hugher tha
the current, but this 15 made up for by the outflux of sodmm
Withm the aceuracy of the measuremen:is, the sodum current 1§
equal to the total electnic current create

qWhen a mixture of 5 per cent carbon dioxde, and 93 pr:; c:::
oxygen, 15 used 1 the gas for mung the solutions, the eet:l e
current drops to zero, and the sodivm flux drops to a Vcﬂr}’ 050
value (Table XIV) Indeed 1t 15 almost equal to the outl ‘l:t, ;
that the net sodum current and the electne current are vbu! :;:e
However, when air 15 again used for mixng (Table XIV) :
electnc current returns, and se does the transport of sodwm nzx}lm
This phenomenon 1s probably attnbutable to a pH effect 1n
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mtenior of the cell If, mstead of ordinary Rmnger’s solution we
use a Rungers high i hicarbonate there 15 no blocking of sodium
transport with five per cent carbon dioude

We shall now return to the effect of epmephnine (7) The imtial
expenments (Table XIV) showed that the sodium outflux was very
high donng epinephnine simulation As long as influx and outflux
were determined 1n parallel expersments, 1t was not at all certam
whether or not the sodium and the total electric current were equal

TABLE XV

Double Labeling Experiments With Na?? (Influx) and Na*
(Outflux) on the Short Circuited Sursiving Frog Skin *

| m Out &N Current
{ wAmp
Control ; 233 194 2136 195
Epmephrme . o8 110 93 156
Control 292 69 2851 276
Epinephrne | 376 1B 253 336
Control 168 121 154 150
Epinephrine 295 94 136 212
Control 235 7 228 231
Epmephinne 200 0 130 231
*Control penods show agreement between pet Na Bux (£Na) and electric
current Lpinephrine periods show add tional source of electrie current

In the expenments depieted i Table WV, howeser, sodinm influy
and outflux were determmed stmultancously using Sodium 24 for
outflux and Sodwm 22 for nflux  Let us first consider sodium
wflux and outflux 1n the control peniods Sodium current and net
electric current are quite close together But durnng epmephnine
stitnulation 1t tumns out to be quite different In all cases the
sodium net flux 15 defimtely smaller than the electne current We
then looked for some other fon that could be responsible for this
discrepancy and 1t tumed out that dunng epimephnne stimulation
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there 1s an active transport of chlonde 10ns outwards So far as
the electric current 1s concerned, the effect of a chlonde 1on passing
outward, and a positive 10n passing mward, ts the same Thus the
two types of current (the chionde current and the sodium curreat)
add up to approvimately the total electrie current

We believe that this chlonde transport onginates i the sk
glands rather than n the ordinary epithehal cells, which presumably
transport sodium With epmephnine stimulation there 15 2 rery
pranounced foaming of the solution, indicating secretion of mucus
from the skin glands It 35 known that the shin glands are stimu
lated by epmnephrme But this effect of epinephrine stunolahion
seems rather umque We have studied the effects of a large number
of drugs and hormones, but no other substance tested could brng
about this discrepancy between sodwm transport and electric
current

Pitts How 1s the chlonde secreted?

Ussing e are playing 2 trick on the skm by short circmting 1t
Ordinanly, of course, the chlonde 1on would be followed by some
cation but since we short-cirewit the skin, the chlonde son can
motre alone, we supply the counter 1ons through the electric circut

Visscher Does st secrete hydrochlone aad?

Ussing T don't think se I rather thwk it secretes potassium
chloride We have tried to take simples of the secretion and analyze
them for cations and there 15 an appreciable amount of pot
secretion There may also be some acid I don’t know

Table XVI shows a few examples of the effects of drugs {8) on
the sodwm transport and the oxygen consumption of the ‘hm‘
arcusted frog skin It 15 seen that dimitrophenal and p mitropheno
wmhbit sodium transport and stimulate oxygen consumplion

Taggart What happens with p mtrophenol at 5 x 10% M? )

Ussing I don’t remember There was an snhibihon with su
fanilamide but the molar concentration was qmte hgh, so it may
not have anything to do with carbome anhydrase

Mudge From the studies on the Jidney concen
fonamudes high enough to block electrolyte transport decre:
ovygen consumption  Is that true also of frog skan? £ the frog

Ussing 1t bad no effect on the oxygen consumption o 4 One
shin There are two other sulfonamdes which were teste O
tad no effect on the oxygen consumption one stmulated 1t :g o
what, and one mhibited 1t, but all three whibited !};‘e § ﬂ:crc
transport 1 have recorded the wstances (Table XVI) he;:eﬂs the
was between 25 and 75 per cent whibition Quinone 1nnt

tratons of sul
ased
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TABIE \VI

Effects of Some Drugs on Na Transport and O Consumption
of Short Circuited Frog Skin (Fuhrman)
1 = mhibtions 8 = stimulatien

Effecton
oyl G NG st OrCon
Din trophenol 5 % 10°5 ) s
p mtraphenol 2% 10+ 1 s
$ famlam de 2x 10 1 none
p toluene sulfonam:de 2x 102 3 | s
Prontosil red 1x10- i ] 1
Quinone 1X 10 ) none

*Co centrat on of ik il tor to g ve necessary 22-75% inhib tion of Na transport

sodm transport and has no effect on the oxygen consumption
I dont know how to explamn 1t but perhaps someone has a sugges
tion as to why quinone does that

Before discussing the next Table I should evplain its theoretical
basis The flux ratio of Equation 4 (M /M ) 1s the ratio between
two reaction rates if the p through the i 15 con
sidered as 4 chemical process The free energy change AF 1s
related to the reaction rate as follows

L
—~AF =RTIn Iy [5]
where hy ind L are the rate constants  Since the concentrations
are the same on both sides of the shin we can substitute rates for
rite constwts nd we have
M
-AF—RTln 3" 16]

If this consideration 1s tiken to e valid the loginthm of the
flux rtio realls has the dimensions of a potential and we can eal
culate this potential i terms of mullnolts The difference between
M. and M. has the dimensions of electnic current strength

We then obtun the partin] resistance to sodum In Ohms hw
expressed 1y the equation

R =31, "V [7]
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TABLE XVII

Effect of Different Agents on Active Tran i
sport Potential
for Na (Ex.) and Resistance to Na Tons l(Jllr\.) ?)f"l‘hl::l
Short Circuited Frog Skin

Concen " R
trat "
r}\ ;: to E\, (mV) ( Ohms\/cm 8) Authority
I — S
Dinitrophenol 5% 10-5M;  down up Fuhrman
(In Press)
Sulfamlamde 2 ¢ 102 M| down up Fuhrman
(Tn Press)
p toluene 2 % 102 M| down up Fuhrman
sulfonamde (In Press)
Qumone 1x105M| down up Fuhrman
(In Press}
COa 56 mawr down up Ussing &
Zerahn
Tetraethylpyrophos |4 X 10-* M| down up Tarschner
phate (TEPP) {Unpub-
{ins:de solution) hshed)
Mersalyl 1% 10#M| down up, then Linderholm
(a mercurnal) down
Ammophylline 05% | unaffected down Linderholm
Neurohypophyseal | 50 umts /1 unaffected | down Ussing &
extract Zerahn
Atropme 5% 10+ M up down | Kuschnet
(Rana esc only) (U"P“b
(outside solution) Lished)
Epmephrme 1 10-M| down down Ussing &
(mside solution) Zerahn
_'__——-—_______,__’__ _

of such treatment of our dat
{ the

Table XVII gives & few examples
e electromotive force ©

In the presence of dmitrophenol, th
sodium transport mechamsm (Exa) goes down, whereas

sistance to sodium 1008 (Rsa) goes up Symlarly with sulfcnamléfs-
the electromotive force goes down and the resistance U

qumnone we have a simlar effect Carbon dioude,
gen, does the same, 3§

cent carbon dioade m awr or OXY!
ethylpyrophosphate, and other mhibitors of acetylcholme

esterase
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9). They all lower the electromotine force and imncrease the n-
ernal resistance of the “sodium battery ” Mersalyl, a mercunal,
owers the electromotne force, but first increases the sodium re-
istance and then makes 1t drop (10) Aminophyliine does not affect
he electromotive force, but lowers the resistance to sodium, with
he result that the sodim current increases A smmlar effect 1s
btained with neurohypophyseal extracts Perhaps 1t 1s pertinent
n this context to mention that the flow of water through the shin
lso increases under the mfluence of neurohypophyseal extract,
ipparently as a result of a drop 1 the resistance to water

Atropine has an effect which s opposite to that of tetraethyl-
3y rophospl 1t the el ve foree of the sodium
ransport mechamsm and lowers the resistance to sodium flow (9)

Cpmephnine, finally, apart from starting the actne chlonde
ransport, has an effect of 1its own on the “sodmm pump,” 1 that
t lowers the clectromotine force of the sodium transport as well
1s the resistance to sodium Therefore, dunng epinephrine stimula-
ion, somettmes you will get more cwrrent and sometimes less,
lepending on whether the drop m clectromotu e force, or the drop
n resistance dominates the picture

TABLE \VIIT

Effect of Neurohypophyseal Exiract on Flectromotise Force, E,,
and Internal Resistance, Ry, of Transporting Mechanism of

rog Skin
E BV | gt
Control ' 92 2300
Neurohypophyseal Extrict 39 1668
Control . 982 4590
Neurohypophyseal Extract 216 | 2610

Table AVIIT shows the electromotine force and the partal
sodium resistance 1 a control perod, after addition to the nner
compartment of neurchypophy seat extract (2) Tt is scen that Ev,
remans very much the same wherets Raa as defimtels decreased
under the influence of the hormone Table XIX shows some etpen- .
ments which Dr Kirschner did with tetracthyIpy rophosphate and
atropine  Under the influence of TEPP, the electromotive force of

v
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TABLE XN\

Eftect ol" Telrauhylpyrophnsp)nlc (TEPP) and Atropune on Acine
Na-Transport of Short.Circuited Shin of Rana Esc¥

—

I

E., mVolts (R, ,, Otms/em?

¢ 8 4060
4 X 107 Atolas TEPP
Inside)
7 (16500)
{4
c 45 3030
4 X 10 Molar TEPP
{Inside)
E 2 (7000}
{
C 33 7000
1 X 107 Molar Atropme
(Ontside)
67 2300
n
[¢) 41 3500
9 X 103 Molar Atropme
(Outside)

66 1570

*Inffux and Outflux uM/hr/7 07 cm?
Current pAmp./7 07 £m?
€ Control Peniod
E Evpenimental Period

the sodum transport goes down, and the passige goes up ¢o%
siderably Atropine has the opposite effect

Naturally, when we observed the results showing the identity
between electne current and active sodum transport, we thoug!
that perhaps we had the final clue to the electrrc potentials 1 the
orgamsm Dr Hogan tried to demonstrate the sodm pump
the short circuited gastric mucosa of the frog Table AX shows
his results The figures for the period when the potenttal was m‘ém
tamed at zero are particularly strhing The nfluc and the oul' U~;
of sodium were practically 1dentical In other words, n the {Izast:c
mucosa there 15 hardly any actne sodutm transport The etec
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shin  Just before I left, Dr Barker Jorgensen,* 1 our laboratory,
nas able to demonstrate that under certam circumstances m the
living frog, in contrast to the isolated skin, there 15 an actie trans
port of chloride mward through the shin The process seems to be
an evchange of chlonde for bicarbonate Possibly this mechamsm
1s more senstve to damage to the shin than 1s the sodm transport
This 1s very fortunate because 1t enibles us to study the actne
sodwum transport 1n a relatnvely “pure” state 1 the iolated sk
In the intact frog there seems to be more than one mechansm
at work

Thorn Does that hold for nor epmephnne as well?

Ussing We haven't tried that

Dock Is there 2 temperature coefficient for this transport
mechamsm® Does 1t vary with the temperature?

Ussing 1 think 1t does, but we haven't studied 1t with that par
ticular aim 1 mind

Doch It should drop to zero close to the freezmg pomnt,
shouldn t 1t?

Ussing  Yes, 1t probably would

The abohishing of sodum transport by five per cent carbon dioude
astonshed us very much Actuilly Rana pupiens 1s even more senst
tne When I was i Californa three years ago, I used that species
Two per cent carbon dioade 1n the gas used for mixing fonered
the potential to zero At that tume I had no means for measuring
the short circuit current, but obviously if there 15 no poteatial daf
ference there will be no current 1

Visscher In your eatlier work you had a large number of cotica
studies of the mfluence of hydrogen 10n concentration d(ficren(e;
on the two sides of the membrane I seem to recall that m gener®
you found higher alkaltmty on the mside of the frog shin to favor
the trmsport  Is that correct®

Ussing ‘That 15 nght e

Visscher Are you suggesting now that carbon diovide 15 pro \Ue
sng a pH, at this concentration, that 1s meompatible with the ma -
ment, and 1f so how do you think it opemécs 1 the normat stal
where there 1s certamnly some carbon dioude

Usstng In the normal frog there 1s quite a igh b‘?":'lbomte
concentration, whereas m Ringer’s solution there 1s very It tle

Visscher But the cells have buffering capacity

Ussing 1 cant explam it, it 15 just what we found Lendesholm

#]gtgensen C B Atuicle under preparation
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become a very difficuit prece of work to find out whether or not
1t 1s so

Visscher Have you interpreted the old Hesesy-hrogh obseniation
satisfactorily from your viewpoint?

Ussing  If one assumes that the net water transfer across the
shin takhes place by flow through narrow pores and not by simple
diffusion, the Hevesy-hrogh expenments (17) can be explaned
qute satisfactonly (14) Your observation that the diffusion of
heavy water was often too small compared waith the net flow of the
solution into and out of the gut, might also have some connectron
with this

Visscher It could have

Pitts 1 noticed that in one of your Figures (Figure 32) on the
membrane resistance, you had a maumum electromotn e force of
about 120 milliwolts Does that set a hmiting gradient, agunst
which a sodiim pump can transport sodim, of approximatelv
200 to 1?

Ussing 1 think 1t ean de better than that In the experniment
shown there was beyond the potential ifference of 120 mullinolts,
a concentratron ratio of 1 to 10, the outside medum bung 1710
Runger's, and the mside Ringer's If we add it up, 1t means an
clectrochemical potential difference for sodmm of 180 mullnvolts
Dr Kirschner, i our laboratory has been doing experiments where
be replaced the main part of the sodium chlonide 1n the outside
medium by choline chionide  Choline 1ons do not penetrate, whereas
the chlonde son 15 present at the same concentration on both sides
of the shin, and thus docs not contnibute to the potential It turned
out that even the merest trace of sodium m the outside medium
made the mside solution positine With no sodsum s the outside
medium  there 1s a diffusion potential due to sodiam 1ons which
makes the mside solution shghtly negative  But as soon as the
trace of sodium 15 added —less thin a tenth of 4 nullimole — the
potentinl reverses and agamn becomes positne 1t means that under
fwvorable conditions the electromatue force of the sodim pump
15 at least 200 mlhs olts

Lotspeich How does that compare with what vou find 1 nane?
1 think Hodghi and Hasles did something on that
. U:?rln,': Yes, but they never got potentials as ligh as that did

cy

Lotspeteh T dont think so

Ussing  And 1t wasnt frog shin Ve my have to dedd with
more than one transporting membrane ' senes
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that 1t forms the only connection between a solution that 1s bathng
1ts semipermeable membrane, and a compartment containing the
pure solvent The solute 15 d to be nonpenetrating Across
the semipermeable membrane there will be diffusion of water m
both directions, and there will be a net water flow from the pure
solvent, via the osmometer, mto the solution compartment But
1n the narrow stem of the osmometer, we are not faced with ordinary
diffusion, but with a mass flow of solvent If heavy water were
added to the solution, bathing the semipermeable membrane, noth
g would get to the other compartment 1f the lmear flow rate
the narrow tube were higher than the diffusion rate of water m
the opposite direction Thus, a membrane consisting of unts like
this osmometer might appear to be permeable to heavy water in one
direction, and not m the other Evidently we have to realize that
water permeability means more than one thing
If heavy water dissolved in water as solute 1s used, somethmg
related to the ordinary diffusion of any solute may be measured
However, 1n the case of osmosis, 1t may sometimes be a mass flow
That 1s something that Jacobs (16) pointed out many years a0
that diffusion of water and osmosis cannot really be constdered
identical Although the model experiment discussed 1s certanly
a gross exaggeration of the situation m real living membranes
stll when water diffusion s taking place over any distance, Di
through a tube of any kind, we will have this deviation from idea
behavior The rate of diffusion 1s determmed by the total ared
available to diffusion, whereas the flow depends also upon the
diameter of the pores making up this area
Visscher That 1s a very interesting 1dea 1n connection with the
rate of equlibration of heavy water across a membrane cons:stlr}!ﬁ
of, let us say, erght or ten layers of cells In these cells there mlﬂ(
be a considerable impediment to diffuston, and less 1mpediment “;
mass flow, particularly if the diffusion were what one might Imd
pencellular rather than transcellular, and if the rapid drffusion ha
to go through extracellular spaces rather than across the cells
Ussing Exactly 1
Visscher Of course we ordmanly think about membranes asi
there were perfect muxng on both sides, and this 15 a gross 0‘?]‘
srmplification of the real situation That 1s what you are Tea
pomnting out aleu
Ussing Yes Of course that also makes 1t very difficult to ¢ "
late the effect of this flow 1 narrow tubes If, moreover, ’{191’9 t
return of flmd as you suggested m your comments, 1t 15 Tikely
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that st has to be exchanged say for potassum would that make
the transport of potassum an active process 1n spite of the fact
that 1t was with the electrochemical gradient or would st not?

Ussing That 1s just one of the difficult questions but i a way
1t would n so far as the potasstum 1s forced to do something 1t
would not have done unless it participated m that partreulir
sttation

Visscher By your mithematical defimtion 1t would not be actne
transport would 1tP

Ussing I think 1t would b the p probably would
not behave accordmg to Equutton 4

Stewnbach Tt would at low concentrations

Ussing It might yes Of course this Equation 15 just 1 ginde
which can be useful under certam ewcumstances I kmow that
heynes (18) 1n Hodghins laborttory used this Equation and has
been able to show that potassiim behaves passwvely m the nerne

Lotsperch How does the force of this pump compare with the
force of the hydrogen 10n secretion pump m the hidney? What
sort of gradient can be estabhshed there?

Ussing I dont know

Lotspeich Have you any 1deas on that Dr Pitts?

Pitts  The gradient there 15 somewhere around 8 to 1 The
gradient here would be — what?

Ussing You could make 1t 1000 with 180 mullivolts Wouldnt
that make 1 ratio of 10007

Visscher That i1s your theoretical mavunum gradtent What 15
the probable maxumal gradient before the skin can pick up sodwm
which you have observed?

Ussing 1 suppose that with a 1/100 mullmolar solution on the
outside and 100 mullimolar on the mside you still may get a post
trve sign of the mside solution

Visscher So it 15 10000 to 17

Ussing It probably would be Well I dont know w hether it can
be so high but 1t 1s close to that

Stewnbach I you treated frog sk n the same way that D:']
Audge treated hidney shices that 15 made shees of 1t and studre
10n uptake what would you find? 1

Ussing I dont know but there 1s one odd thing sf one equill
brates the shin with radioactive potissium and tnies to mesure the
leak out to one side o the other it turns out that nearly all P““‘sf
srum wall Jeak towards the inside Probably therefore the side o
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the eprthehum cells that faces outward 15 relatively permeable to
potassum compared with the side that faces mward

Visscher And how about sodm?

Ussing Of course sodm goes mn faster That 1s probably due
to the transport

Visscher Have yon determined the rate at which wsotopre equs
hbrum oceurs as far as the sodum 1 the frog shin cells 1s con
cerned?

Ussing Yes

Visscher With sodwm placed on erther side?

Ussmg Yes A steady state 1s obtamed i a matter of some fiftcen
mmutes There 1s a certain build up peniod but after about hfteen
mmutes the flet remains constant which I should say 15 an wdica
tion that a steady state 1s obtained

Visscher You mean the flux remams constant 1s judged by the
spectfic actinsty of the stuff that goes through?

Ussing Yes

Visscher T meant what is the speafic actiuty of the sodium of
the frog skin cells themselves® Have yon sacnificed the shin and
amalyzed for total sodium and radioacti ity?

Ussing That 1s one of the things we are trymg to do but 1t 1s
exceedngly difficult because the transporting cells make up 2 small
fraction of the total volume of the shin One would have to slce st
We tned freeze drymg the shin immedhately after expeniments

Visscher Have you tned the stratum germmatwvum to sce what
that would show?

Ussing The trouble 1s that even if one {reezes m hquid »r [
dont trust the soum 10n to stay where 1t should be

Visscher Why not?

Ussing Well it s very diffusible On the other hand 1t mas
stay where 1t 1s Anyway if we equhbrate the shin with Ringers
contamung K** and shee 1t the shoe contaming the stritum ger
mumativum contams by far the larger part of the radioactive potas
siim To me that would indtcte that the trinsporting cells them
sehves contamn perhaps mare potassium than sodwm  But [ should
bhe to have more evidence that the cells do contun 1 high con
centration of potassunm while they transport sadum

Visscher \ly questian was wshed becwuse I' think the answer
to 1t would help decide whether or not sodsum does pass through
the cells m ats wav acrass

Ussing Well nfter all the cells have to take care of it sn order
to transport 1t to the other side With no potential diffesence and
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muscle of the frog, rather than with a ier slice, or a hidney shee
Otherwise, the procedure was comparable We started with the
freshly 1solated sartornus muscle roughly, 01 molar m mtrabbral
potassium and Ol molar 1n mtrafibral sodium The muscle was
placed n a solution which was essentrlly 0 1 molar sodium chlonde
—actually, 1t had some phosphate buffer also —at about 2°C, 1
the 1cebox for about twenty four hours We ended up with a
muscle which had appr ly 05 M ¢ and 06 sodwm,
mside the fibers The total base (sum of sodum plus potassum)
had not changed, but actually with this treatment about half the
potasstum was lost and replaced by sodium

The other 10ns were not measured I relied upon the fact that
sf the sum of the concentrations of sodium and potassium remamed
farrly constant, and if the weight of the muscle did not change
(whtch it did not), probably the result would be a simple exchange
of sodum for potasstum If sodium rich muscle 1s now put into
Ringer’s solution 0 01 N 1n K at about 22° C for thirty minutes to
an hour, you dont quite get complete recovery of the origmal son
balance but you almost get 1t, so for the sake of simplicity m argu
ment, let us Just say you return to the ongmal condition

The questions now anse what 1s bemng moved, and why? Ads
you go from Stage 1 to Stage 2, the imtial loss of‘putassmm an
the gam of sodmm 1s a simple proposition It 15 a ‘runmng down
Ill” affarr The sodium goes according to its chemcal gradsent,
and the potassium goes according to its chemical gradient The
recovery process (Stage 2) however, mdicates that the potassum
1s moving very much agamnst its chemucal gradient, and likewsse
the sodm 15 gomg agamst its chermeal gradient As Dr Ussing
has pomted out 1if you take mto account the potential dn!ferencle
(I don’t know what 1t 1s here because I haven't measured 1t :;e
though we are m the process of meisunng 1t) you come to .
conclusion that the potasstam 1s just shding 1n on an clec(rochemlcld
gradient and the sodium, on the other hand, 1s being achvel
extruded 1 went

To gain more specific evidence for a sodwm transport, “tas
through another process of reasoming  Starting with lo“cropo "
sium content, and relatively high sodium content (Stage ~)’Ies
conld assume that there 1s some mechamsm which acti ely 1pu:“' >
potassium 1mto the cell If 1t does—and we already knowl (g e
svariety of evidence that chlonde can also go 1 and out — then ¢

Id take place regardless o
movement of potassium mnward shoul P! otassim
~ whether or not there 1s any sodium present in the fiber
h
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entrance by an active uptake pump should be independent of the
sodium concentration withm the cell On the other hand if we
say 1 agreement with Dr Ussing and thermodynamies that the
potassium moves freely and that the whole thing 1s due to an
ontward extrusion of sodium then the net uptake of potasstum n
recovery could not take place unless there was a net movement of
sodium outward If we stopped the movement of sodium outward
we should have no potasstam uptahe

Starting with our mstial condition (Stage 1) instead of putting,
the muscle 1n sodum chlonde solution I put 1t 1n buffered 01
molar choline 2° C for twenty four hours and ended up with 2
muscle which had about the same potasstum as the sodium chlonide
extracted muscle This cholme treated muscle did not appreciably
change 1 weight so I assumed choline entered m exchange for
sodmum and potssium There was httle or no sodmm left i the
muscle If the choline nch muscle 1s now put mto a recoveny
solution and left for a couple of hours there 1s no change n either
sodiim or potassium

This choline 15 choline and 1t 1s defimtely not sodim It rmght
be domng a large number of things to the hiving fibers m addition
to taking the place of sodium In order to obtam a check on the
general question of whether choline causes « pharmacological upset
somewhere along the Iine the experiment was repeated with an
equimolar mixture of choline and sodmm chlonde In essence
recovery was somewhat intermediate but there was no mdication
that the presence of choline mn the fibers mterfered with sodmum
transport (and potassum uptake) when sodium was available for
transport The results are detatled in Table XXII

Fitts You found n any evchange of sodwm and potassiom a
roughly equivalent amount of sodium entening the fiber and potas
sium leaving the fiber?

Steinbach Yes The frog 1solated sartonus 1s a nice matenal from
that point of view The tatal base content seems to be farly well
fixed and that 1s not true 1n all probability of some of the whole
antmal experiments on substitution of dretary sodium for potassium
as I suspect that new base binding groups may very well be created
during prolonged p depl or p ennichment
But i this frog sartorius system appirently you are dealing with

h which 15 physicoch lly quite desirable from the
biologist s pont of view It seems to stav put

Usning Does the muscle contract after this treatment with
cholme?
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TABLE XXH
Fxm!
Time ~-Na K C ~ Belatte
Treatment Min Muscle Frbers AFxbers Muxcle Fibers AF: lbcrs \hxgh!
Extracted. ] 9 8 REBE £
O1L A Choline 35 85 11 48 40 49 45 8
00! M Na 0 7 3 0 40
Recovery 80 84 5 0 8 4 LI
012 Af Na o &8 7 85 47
00l M K 90 40 13 46 41 51 4
o 7 5 51 68
20 38 8 48 58 i 45 O
B
Extracted 0 68 44 42 56
012 M Na 30 15 186 ~28 55 74 I8 9
Recovery 0 62 43 40 53
011 Chelme 90 8 7 38 60 76 +23
001 Na
001 K
c
Extracted ¢ 32 2 34 45
0055 Choline 30 24 11 - 60 62 417 B
0065 Na 0 31 20 486 61
Recovery 80 23 g 21 5 72 +1
055 Cholne
0063 Na
001 K —
T
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Mudge 1 have made a lot of comparable studies with hidney,
replacing sodtum with all sorts of things, such as sucrose, hthum
manmtol and, after I heard about your results, choline I readly
grant that the gO; 15 a fanly crude yardstick, nevertheless, when
ever sodum was replaced the O fell The evidence obtamed m
studies of hidney indicates that potassium uptake depends on
aerobic ovidation, and if the gO. 1s depressed by low sodum I
don’t see how we can escape the possibility that the effect on elec
trolyte transport may be due to interference with the metabolhc
machiery

Steinbach Those experiments are a hittle different, after all With
the les there 15 pr bly the repl of an mtracellular
cation, sodium or pe with another intracellular 10n, choline

Lithium probably wouldnt work Electrochemically, hthiem 1s
very close to sodium

Mudge I was not referrmg to how the pump works, but snply
to effects on the gO.

Steinbach In the case of nonelectrolytes, the effect on the
q0: might be very marked, because you would be mducing 2
considerable depletion of total base, presumably, within the cells

It 15 one thing to argue about what moves sodum or potassum
back and forth, and 1t 1s another to try to figure out what an 108
does once 1t gets there There, the zoologist 1s m a much worse
state than he 1s on the question of 1on transport We just do not
know With respect to the muscle, the actomyosm, for example,
doesn’t care whether 1t 1s sodum or potassium that it combimes
with It 1s perfectly happy with either 1on  But some of the trans
phosphorases, as you know, seem to require potassum

Darrow As I understand 1t, you have no sodium, and no transport
of potassium, 1 the cell, 1s that nght?

Stemnbach Yes

Darrow Well, then, when there 1s choline 1 the cells,
doesn’t the sodum diffuse 1nto the cells and start the pump_An 7
yet, there 15 no evidence that it does In other words, why shoul
there be a pump if 1t doesn’t get started by sodum diffusing 1to
the cells? )

Stembach 1 should try, I suppose, to do these expenments under
optimal survival conditions because, given time enough, )0!;1!:“2
quite nght  the sodium leaking should be available for ? 0 ”’:s
exchange and then be pumped out But that first leakage phase

extremely slow .
Darroto Potassium ought to diffuse 1n cells, too, should 1t not

why
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Stembach I have other data which tend to show that the sate
at which estracellular sodum ean be extruded 15 a function of the
rate at which potassium can be supphied from the outside

Thern Ts there any way that you could get around this deteriora-
tion? Would there be any chance of making these measurements
i an electrical field?

Stenbach 1 mught be able to am not sure 1t 1s a very diffieult
expeniment anyway, for other reasons That 1s why I haven't pushed
1t any further

Pitts In the last experiment suppose you used the recovery
solution and then put st back 1 the wcebos for twenty-four hours?

Darrow You wouldn't be mpunng 1t much more

Steinbach Oh, yon mught Isolated frog sartorius m the rcebox
is continually leakmg protem, for example

Lotsperch Could you bubble oxygen threugh the fud?

Steinbach I could, but T didnt try 1t

Dock Did sou ever have an opportumty to see whether equt
hbnum would occur 1 six hours m the cebox?

Stenbach Yes, 1t doesn t

Dock Tt takes twenty four hours to reach equiltbrium?

Stenbach  The wnitial change, where the sodim enters 1 and
the potassium leaches out 1s roughly linear m time

Mudge How far down will 1t go +f you heep it over twenty-
four hours?

Stembach  That 1s another question which I canmot answer
preassely I much more potassium than that 1s removed, then the
muscle 35 destroyed The injury potentsal goes down, t will no
longer move the sons It 15, mn cffect, a dead musele There 15 a
discontmuity which scems to occur at about an nternal sodm
potassium rato of 1

Puts Ts that when 1t breaks down the bound potassrum?

Stesnbach That's nght, 1t 1s when sodsum goes into mitochondra

Mudge 1€ you da the webox expertment with kidney shees,
the first half hour potassmun wall fall from 60 ta 20, but mn the next
twenty four hours 1t will go down to onh about 18, and after
another day 1t 1s at about the same lesel But of you keep them
longer you find that by seventy-two hours almost all of the potas
smm has run out

Stewbach Yes, you get a mee fushung-out cune The
between the two 15 that these muscles are very slow compred wath
the shees, and the same thing s true of-recovers
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Mudge T have made a Jot of comparable studies with adney
replacing sodwm with af] sorts of things, such as sucrose, hthum
manmitol and, after T heard about your results, cholme 1 readlly
grant that the gO_ 15 a tanly crude yardstick, nevertheless, when
ever sodium was replaced the gO fell The wvidence obtamed m
studies of kidney indicates that potasstum uptake depends on
aerobic oudation, and if the 0. 15 depressed by low sodum I
don’t see how we can escape the possibility that the effect on elec
trolyte transport may be due to mterference with the metabolic
machinery

Steinbach Those experiments are a httle different, after all With
the les there 15 p bly the repl. of an Lt
cation, sodium or potassum, with another mtracellulr 1on cholne
Lathum probably wouldn’t work Electrochemically, lithum 15
very close to sodium

Mudge I was not referring to how the pump works, but smply
to effects on the qO,

Stewnback In the case of nonelectrolytes, the effect on the
90z mught be very marked, because you would be mmducing 2
considerable depletion of total base presumably withm the cel

1t 15 one thing to argue about what moves sodum or potassum
back and forth, and 1t 1s another to try to figure out what an 10n
does once 1t gets therc There, the 2o0logist 15 in a much worse
state than he 1s on the question of 1on transport We just do not
hnow With respect to the muscle, the actomyosm, for evample
doesn’t care whether 1t 15 sodium or potassium that 1t combunes
with It 1s perfectly happy with either 1on  But some of the trans
phusphorases, as you know, seem to require potassium

Darrow As Y understand 1t, you have no sodium, and no transport
of potassium, 1n the cell, 1s that nght?

Steinback Yes

Darrow  Well then when there 1s choline m the cells, why
doesnt the sodium diffuse into the cells and start the PumPhA";d
yet, there 15 no evidence that 1t does In other words, why s 0:““’
there be a pump 1f 1t doesn’t get started by sodium diffusing v
the cells? ts under

Steinbach 1 should try, I suppose, to do these exPc”";f" S ‘: e
optimal survival conditions because, given time enuugf X aline
quite night  the sodium leaking mn should be available for ?mse ot
exchange and then be pumped out But that first leakage p
estremely slow

Dnmui Potassium ought to diffuse m cells, too should 1t not?
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Stembach 1 have other datr which tend to show that the rate
at which extracellular sodium can be extruded 15 a function of the
rate at which potassium can be supplied from the outside

Thorn s there any way that you could get around this deteniora-
tion? Would there be any chance of making these measurements
m an electrical field?

Stenbach T rmight be able to, I am not sure It 1s a very dufficult
experiment anyway, for other reasons That 1s why I haven't pushed
1t any further

Puts 1In the last experiment, suppose you used the recovery
solution and then put 1t back in the icebox for twenty four hours?

Darroww You wouldn’t be mpunng 1t much more

Stemnbacl  Oh, you might Isolated frog sartonius 1n the rcebox
1s continmlly leaking protemn for example

Lotsperch  Could you bubble oxygen through the fud?

Stembach I could but T didnt try 1t

Doch Did you ever have an opportumty to see whether equm
hbrium would occur 1n six hours in the 1cebo®

Stewnbach  Yes, 1t doesn't

Doch 1t takes twenty four hours to reach equilibrum?

Stetnbach ‘The mmtial change where the sodmm enters i and
the potassium leaches out 1s roughly lmear in time

Mudge How far down will 1t go if you heep it over twenty
four hours?

Stetnbach  That 1s another question which I cannot answer
preasely  If much more potassium than that 1s removed then the
muscle 1s destroyed The njury potential goes down, it will no
longer move the 1ons It 1s, in effect a dead muscle There 1s a
discontinuity which seems to occur at about an mtemnal sodium
potassium ratro of 1

Pitts 1s that when 1t breaks down the bound potassium?

Stembach Thats nght 1t 15 when sodium goes into mitochondrn

Mudge If you do the scebox expennment with hidney shices, m
the first half hour potassium will fall from 60 to 20, but i the next
twenty four hours 1t will go down to only about 16, and after
another day 1t 15 at about the same level But 1f you heep them
longer you find that by seventy two hours almost all of the potas
siem has run out

Steinbach Yes, you get 2 mice flushing out cune The companson
between the two 1s that these muscles are very slow compared with
the slices, and the same thing 1s true of recoven
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chlonde m the fud T shall pot say much about 1t because I do
not understand the connection, if there 1s any, myself, but since st
mught be worth thinking about, I call your attention to the strig
difference m ammoma concentration 1 the two loops This 1s 2
regular occurrence with the powsons that are used, whether it has
any bearng on mechamsm, or whether 1t 1s just meidental to a
change 1 permeability to ammonta or ammonwum 1on, I havent
the slightest :dea  But with poisons such as fluonide, cyamde, as
well as mercuric chlonde, this same sort of response 15 observed
Figure 36 shows the effect of arsemte
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leum Reprinted by pernussion from Ingraham B %
lF::rth!:r :trt’léles on }l'ntl:stmnl absorption with the performance of ofmotic WO
Am [ Physiol 121, 771 (1938)

We called the process chlonde impovenshment when “cl 51‘5:‘
saw st This hind of chlonde mmpovenshment occurs, not Di] )'n 1
the presence of sulfate, but any amon of valence greater (\; *
produces the same sort of effect as far as the chlonde 15 ctm;e o
Conversely, a comparable thing occurs with regard to T;al;o}s, -
tevlarly sodwm, if multwalent cations are present That 33
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You will see that over this pertod of time there was a small declye
1t sodium concentration which moved away from an equilbrium
concentration  Both magnesium and sulfate tons were present
Unt umvalent salt inpovenshment took place and chlonde absorp
tsan ocewrred against a concentration gradient It may also be noted
that the labeled sodium 10n concentration declined to about half
of uts starting value

We took samples of intestinal fluid hence these breaks m the
volume curves at 10 and 20 mmutes The volume change aside
from these removed samples was assumed to be hnear over this
period That may be an ncorrect wssumption but 1t probably does
not ntroduce any very sigmificant errors The same loop of mtestine
ws studied on another day in an experiment (on the nght m
Frgure 39) 1 which radio sodsum was placed 1n the blood and the
entrance of labeled sodntm over thirty mmnutes was noted The
fall 1 absolute sodwm concentration and the fall . absolite
chlonide concentration are also seen

T wish to pomt out the difference between jejunum sleum and
colon with respect to the slope of the disappearance curve for
Tabeled sodum from those three segments at the level of the bowel
as seen 1n Figure 40 There 1s a gradient of values for rates the
greatest rate bemng at the oral and the slowest absolute rate at the
aboral end of the gut This 1s not surprising perhaps

Pitts Are these corrected for surface area?

Visscher We used approumately the same length of loop and
the same volume .

Wallace When you say aberal do you mean the large bowe
or termmnal end? A

Visscher We mean large bowel This 1s the colan We use :t\
large proportion of the colon to make these loops there wasn
very much left § the

The first three panels 1n Figure 40 show measurements ©f P
mavement rate of labeled matenial from gut to blood The1 ng)
three panels show the mosement rate from blood to gut p fmf‘
the labeled 1sotope 1n the blood It will be noted that an abor
gradient for absolute flux rate holds m both cases

Calculations may be made from data such as I hwve o
according to rather complex mathematical procedures Wi dure 15
be found m our publications I think the calculaion P“’;‘e o the
quite valid 1t takes into account the back moyement mt rom
blood or vice versn when there 1s diffusion or maveme'l:mluns
one compartment to the other and isotopie tracer concen

shown you
will
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fon movement between the ntesttnal Jumen and the blood Am J tnystoi 1dy,
133 (1949)

tise i the compartment into which the movement 1s occurnng I
think we have taken mto account all the major sources of error
m the caleulation, and have caleulated the flux per umt of time
from standard solutions of the electralytes, to wlich I have referred

In addition to the assumptions that are necessary when one
caleulates flux from 1soptic tracer data, we assumed that the rate
of flrx {Rus) ont of the mteshine, plus the rate 1 {Ry), thing
account of the sign which you can call a minus sign, if you wish,
oquals the net rate of flux, that s

Rut —~ Ria == Rout 181

-
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Now, this 1s elementary If one actually measures total movement
in two dmections, the difference must be the net movement and
therefore 1f one measures any two quantities, one can calculate
the other by simple addition or subtraction
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sured tracer Move

In Figure 41 we have plotted on the abscissa
the flux rate of sodium out of the gut 1n mr
minutes aganst the comparable flux rate for so
The open aircles are the cases m which the mea: the
ment was from gut to blood That means we put the tracer 10 o

t The dots are the cases where we measured the mowemecr
the absolute flux from blood to gut We also measured thfe]{' ?

One pomnt I want to make, 1s that the aircles and dulsv-'lmLe
the same general region There 1s no systematic deviation We o
this to mean that there 15 some relability to the method of meas! W
ment But that 1s not the real pomt of showing the Flg;rfmhoﬂ
real pomnt 1s the 45° slope The net 1s measured by the’ em tho
from that slope You will note that in the case of the(;elll m ald
deviation 15 quite different from that of the colon an
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suggest that 1t be constdered i connection with structures which
handle these 1ons more speeifically than the gut does  1f one made
a comparable study, under appropnate circumstances with parts
of the renal tubule, one would find even greater deviations from
the 45° aus, or the 45° slope I do not know just how one 15 gong
to measure this very sahsfactorsly 1n the case of the renal tubule,
but I think it 1s somethng we should be thinking a httle about
at Jeast

To recapitulate the absolute rates of flux across the epithchum
of the colon are lower than m the leum which agamm are lower
than m the case of the jejunum or duodenum But the reltie
difference, and the ratio between the rates 1 and out become
greater as the aboral end of the gut 1s approached, and I would
suggest that this 1s a measure that we ought to try to use 1 other
situations

In some of these experiments we have also been measuning flux
rates of water m the two directions by similar means  Except for
a very few expeniments the actual measurements have been from
gut to blood because i the days when we were first doing these
expeniments and were most interested m them deutenum was not
easy to obtain and we did not hike the 1dea of putting 1 per cent
m the whole of the body water using a 20 hg dog Tigure 42
shows some of the rates of water movement observed when one
plices solutions contrnmg vanous concentritions of sodium chlo
nde m the intestne The concentrations on the abscissa are the
mean values over the time of absorption which was ten minutes
If you place an msotenic solution of sodium chloride 1n the intes
tine and let it stay there for ten mmnutes you wili not have the
same salt concentration at the end as you had i the beginning
Therefore, 1 order to make these d7ta meimngful we took the
anthmetic mean between the onginal and the final concentration

As Dr Ussing has smud there 15 a real question as to whether the
deutenum ovuide disapperance can be used appropniately as a
measure of total directronal movement of water 1 an osmouc
system  hrogh and Hevesy had shown some discrepancies about
the time we were domg these expertments and we were quite wor
nied about 1t but we oursches did some expertments with simple
osmometers and without capillany tubes Ve did not find any
discrepancies to worny about However it may sull be that the
volnme of water caleulated to have moved 1s too fow I am not
sure I do not know how one would calculate the magmitude of
the error in reality  How would you do st Dr Ussing?
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Fioure 42 Rates of water movement between the lumen of ileal segments and
blood 1n relation to concentration of NaCl m the gut as indicated along the absct
The rate of water movement out was caleulated from the rite of disappearance
deutenum the net movement was measured by the volume change and the 1
of movement into the gut was caleulited as mdicated in the text Reprnted

permission from Visscher M B etcher J¢ Carr C W Gregor H

Bushey M 5 and Barker D E Isotopic tracer studies on the movement of #
and 1ons between mtestnal lumen and blood Am J Psysiol 142, 550 (1944)

Ussing We have planned to do some experiments Iike thet
but they are just in the making We should ke to find out som
thing about the drag force that results when water 1s osmotical
suched through 2 membrane Using molecules of graded size, ¥
hope to determmne the relationship between pore size and dr
force on molecules of known size Then we shall try to use th
sime setup i hving membranes

Visscher That 1s where you are going to run into trouble



Water and Ion Motements 133

Usning Yes, exactly, because there mav be more than one pore
size mvolved But I hope when the experiments are done, we
shall know more about 1t

Visscher The net water movement 1s mesured Js a yvolume
change, and therefore the rates of water movement info the gut,
as cajeulated here, are going to be subject to any error that s
mvohed 1n the caleulation of the movements out If one assumes
that no sigmificant error does enter, then the interpretation of these
data would be as follows The rate of water movement mto the
mtestine 1s umnfluenced by the osmotic activity of the fluid in the
mtestine That 1s a perfectly straightfornard conclusion which s
thermodynamically correct for a diffusion sitnatron It would be
very strange if one found anything different on that score because
stis the activity of the water on one side of a membrane which wall
determme the rate at which that water wiil move to the other side
It 15 the activity on the other side which will determine the rate
at wheeh 1t will move from side 2 to mide 1 and st 1s of cowrse,
the difference 1n the activity that determmes the net change It
may be that this value, or all of these absolute flux values are too
low If they arc 1t would mean that the values for flux mto the
gut would be moved up on the ordinate but I should be very
much surprised 1f the flux mnto the mtestme were not independent
of gut flend concentration We should then have to find some other
factor to account for it, shouldn’t we Dr Ussing?

Ussing  Certainly After all there are glands m the gut so a
tertun amount of secretion must be expected

Visscher Yes, that 1s true and perhaps I should confess nght
now that m all these experiments we have assumed that whatever
glandulir actiaty there 1s 1s constant  Othernise we couldn ¢ really
mike our caleulations because there 1s no good way of measuning
glindular activity

Figure 43 gets to the next step m the story namely, what can be
done af the flux for water and a solute are known Here in Figure 43
we have caleulated, the apy or virtual and I
stress this, ta make 1t evident that we are not necessnly assuming
that this 15 an actual concentration The apparent concentration
of chforidie n the water moved out of the intestine 1s seen to merease
with meresing concentertion sn the lamen That perhaps, 1s not
supnsimg except for the fact that the apparent concentration of
chlonde in the water moved into the intestme 1s uninfluenced by
the concentration over the range studied
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Fioure 43 Apparent concentration of chloride 1on 1 the water moving between
gut and the blood m relation to the gut Auid salt concentration Reprnted byf
permission from Visscher et al Isotopic tracer studies on the movement o
water and 1ons between mtestinal Jomen and blood Am ] Physiol. 142, 550 (1944

Darrow If you altered the concentration of sodium 1 the serum,
do you think you would get the same concentration?

Visscher 1don’t know We have not done 1t I would doubt that
we would have the same concentration 1 think 1t 1s related to the
constancy of concentration of chlonde in the body fluids

Wallace Haven't you done some work durmg adrenal msuff
ciency that might provide the answer? |

Visscher We have never camed out tracer studies with adren3
wsufficiency only the net studies As a matter of fact, we hol’";
very shortly to do studies with tracers mn ammals with adrenal

msufficiency
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Steinbacy, g don’t quite see hoe You could expect any other
result, consldenng the size of the pools from which moy Cment g} og
place | can’t figyre out why yoy are surpriseq about 3

Visscher Tam not really Stprised pyy think 4 8Ives a pietypn
of the Movement of Water Containing elec(mbtc both oyt of, and
1nto, the Zut, and the dxfferencc neentration of the
 these iy nstances j5 ¢ thing IS Tespong;ble for whap we
call net absorption This 1s 5 Plausible 'Nterpretation of our dag,

a Suggesting 1¢ ¢ be Iam sure there grq mam
other Possible Interpretations and | Wwouldn't b, happy f 1o one
nsisted thay there were Some equal)y, Plausible alternatyy g

Berhne, Couldy the Ovement of both the Water and e
chlorde be Proportion,) to theyr conccnlmhons, or more Drecisely
to their Ctivities, sineq netther the concentration of chlonde gy
Side, nor the activity of water outgide change appreciably p The
Moy emeny would thep, Temam more or less 1 Proportion "t the
fived fatio outs;d, The Tererse woulg not be trye for Mo\ ement
Ol since the same fived ray, does not obtain mside the fly of
each woylg be indepen, ent of the other

Visschey Here vwe are dealng with sodium, chlorde solutiong
that ae » 150 ang hypertonc It becomnes a lttle difficult
when 30U take the case of the sodium chloride sodium sulfate
Mixtures, g, which the chloride ;5 MOvINg from o very Jow Concen
tration 1 g, 8ut to 4 mye) higher concentration 4 the blood 1
don’t think 5 “ould fit gh,¢ case

Berliney Weil, don’t Mean to mply thae transport 45 simply
dl[(usmn, €XCEDE 1 g DPticulyy CIrcumstance

Visscher Tagree with yoy that ths instance things Proceed ¢

on

1 shoulg now Iike ¢ mtroduce another complicatiop demed
from obscnnhom made collaboratiop, with D, oephe
on the OSmote activity of e mntesting) contents g blood during

¢ course of abwrptmn of varons solutions hyper hypo, and
Isotome Figure 44 shows the results from Some eYpertments m
Which sodum chlonde sodtum sulfate MItures v ora placed 4y
Hea} Joops of ancsthetizeg dogs, plotted along p, the changes

hlor,

abayt 75 mEq Der hiter, and we ended ¢ 5 Mmutes 4, 3tos
mEq of chlonde The Osmotie actinaty (0 ) of the phsma Was
not -‘llbsolurd) Constant g ¢y this yme but did npp change ‘eny
Rreathy

In Osmolay Cquialenyg of sodiym chlonde per hlograp, of water
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Fioure 45 Osmotic actrvities chlonde concentrations and volume of fimd mcogm;

the rght hand graph the rats were under ether throughout Reprimted with moditi,
tions by permussion from Follansbee The osmotic actvity of gastro ntestins!
flmds after water ingestion 1n the rat Am J Physiol 141, 355 (1945)

1n segments The per cent recovery of fluid 1n the vanous scgment:l,
an

the osmotic actvaty 1n osmolar equivalents of sodium chlonde,

the chloride concentration were measured You will notice that
by the time the matenal had reached or passed the first 20 per
cent 1n length of the small bowel, 1t had become 1sotonic In another
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e1perment the Ammals yepe etherized throughoyy and a5 yy,
sec the flyyq Temamed hypotonse Somevw hat longer
I show thege data because ¢ ™ 2 question By mammals v ey

sense relateq to Somethmg else 1 pomnteq out Dimely the Tapicity
With which 1005 move 1 both directions at the orap end of the
intestine  y might als, mention thyy nother of My assocrates Mr
h as t of

Mudg, OW much Wwater g required for thatp
Bscher Ten Per cent of the ody weight Produces 5 furly
regularly and fiye per cent only Occasonaffy,

Lotspegey, Dr Visscher YOU mentioned that in the movement
of sodyy nd chlord, o the gy glandulay eI 4 assumed
to be onstant  Jy 5 not clear yp my mnd whether You congider
the Movement of 1005 1nto the gut to be clnnckemnc of 0y mem

TWe or Whether they are actually papye of the Secretion of sucens
entericys which certainly 1 Furly ), 1y those 1ons 45 5 not?

T Yes gp )¢

Lotspeyey, I don¢ see how y oy can dxffcn-nhate the glandyy w
Problem oo hismygs 4 quite so quickiy
Visseher I woulg POt say that ye were dxsmnssmg it We oy
tentagy, cly 1En0nng gt g0, the Purpose of simplification howerver
# may py O\emmphﬁmhon
L"”Imch Lookmg at e Iclcolngmaﬂ) I do not understang the
Purpose of the inflyy of water and 1ons inio the ntestine 4, order
10 get them ot m the end hive never been able ¢, understang
Iy t 'm
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Visscher And since there 15 an mflux why shouldn t it be used?
1f you are arguing teleologically I think there 1s Just as good a case
for the argument that 1t should be used since 1t exsts

Olwer 'The process 1s correcting an earlier mustake 1 other
words

Visscher It might be I do not know that 1t 1s a mistake that
15 1 think 1t may be absolutely essential to have relatively rapid
movements of one thing and another 1 Irving systems m order to
get mxing 1if nothmg else If those movements can be ut lized
for concentration work why not do so? I have not used that as
a basis for my reasoning but since the problem of teleology has
been brought up I see no reason why 1t should not be used

Dock 1If you use a membrane Ithe unnary bladder 1s influx very
small or 1s there a big turnover?

Visscher It1s very small The unnary bladder 1s not impermenble
to water by any means but the flux rates are a small percentage
of the values found 1n the gut

Dock It must be very expenstve to make a columnar epithehum
m order to prevent small ons which make no difference to the
body anyway from passing back and forth through it It would
seem to me that a single layer of epithelum allowing chlonde and
water to go back and forth ‘as fast as they wanted to would be the
cheapest solution Tt costs money to make a waterproof jacket like
the covermng of the bladder

Vasscher 1t probably costs even more money to make 1onproof
jackets and what seems to be the case in the gut at the upper en
of the alimentary tract 1s that they are nat ionproof and that
at the lower end there 1s a certain amount of 1onproofness which
allows you to obtam the net absorption

Dock 1t 1s relattve 1onproofing 1snt 1t? There 1s still a large
turnover compared with excretion

Visscher Yes 1t 1s all relative

Pitts This ratio of concentration of ions and water entermg the
gastromtestinal tract and remumng constant 1s really a two Ph“ig
system — one part diffusion the other part secretion—1s it 10
Does that mdicate a flux of water without 1ons?

Visscher Perhaps 1t 15 all secretion

Pitts Or mrced with a small volume of secretion mn which wn;
are relatively concentrated Is that the way you break 1t down

Visscher When we plot our data 1n a shghtly different way “i
can show that i the cases where the umvalent 1on 1mpov enshﬂ:;?r
15 most rapid the virtual concentration of electrolytes in the w
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moving nte the gut 1s the lowest In other words, when we find
very low concentrations, such as a few milliequivalents per liter for
chlonide 1 the intestine, and measure the virtual concentration of
chlonde in the water, we can calculate, from 1sotopic tracer data
on the movement nto the intestime at that time, that concentration
approaches zero

Pitts Mavbe vour hypotonic solutions are stimulating secretion,
and the less hypotonic or the more nearly 1sotonic, they are the
less secretion 15 provoked

Visscher It 1s possible

Ussing But this treatment does assume then, that there 15 abso-
lutely no water permeability to those cells, that 1s apart from the
active transport of water in both directions

Visscher You mean an extreme application of the theory that
T have set forth?

Ussing Yes

Visscher At one end of the extreme 1t would be required That
1s correct But 1 do not think we need to make that assumption
Dr Ussing T think 1t 15 more complicated than that

Ussing 1 just wanted to pomt out that it would be surprising f
the cells had no passive water permeabihty

Visscher T am sure they do have some

Ussing Dut 1t would throw off the cnlevlation of the amount of
salts in the moving water

Visscher Yes We should have to say that the amount of flnd
moving into some other stream with salt n 1t would be smaller

Ussing In other words, the salt concentration would be higher

Visscher Thats nght

Ussing That brings me back to the question could it be the
salt transport which drags along the water?

Visscher 1t could af yon had pure water moving across some
other way  But it would have to be wirtually pure water

Ussinz T am not 5o certain about that The whole problem would
hare to be reconsidered in the light of the theory of solutions moy
g throngh pores The followinr Equation 1s approumatels s thd
for any type of flow

Xo
Muw o 1, Aw) 1
hgt=h+p |2k
. 19
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Dw 1s the diffusion coefficient for water diffusing m water Maxs
the mflux of water, Mo 1s the outflux, a, and a, are the actwities
of the water in the outside and the mside compartments, Tespec-
tively, Aw 1s the net flux of water (M ~ Mow), A 15 the fraction
of the total area which 1s lable to flow and diff of water
molecules, x 1 the distance from the mside boundary, and %, 15 the
total thickness of the membrane

This equation describes the interdependency between total water
flux and net water flux in the amplibian shin, quite satisfactonly,
and thus explams Krogh's old data on the frog skin This s a purely
formal description and cannot be used to distinguish between actne
transport and passive flow  But mn all cases of passive flow, ths
or a similar equation should apply

Philips What would happen if you produced acidosis or alka
losis? T am asking this question because of our experience 1 the
treatment of patients with cholera It was rather striling that after
the patient was brought back mto an acid base equilibrum and
rehydrated, he recovered from the disease That was true over
quite a peniod of time Hence, I wonder if it 15 possible that m
acidosts 1t would take longer and longer, going down the intestine
before osmotic equilibrium and 1sotomeity would be reached

Visscher We have never studied deutertum ouide movement with
changes m hydrogen 10n concentration, only the unmwalent salt
impovenshment m relation to hydrogen 1on concentration

Pitts Dr Wallace has some work which T think 1s appropriate
to the discussion

Wallace As pediatncians we have been interested in trymg to
find out why so much potass:um 1s lost 1n diarrhoeal stools A closely
allied problem 15 the hyperchloremic acidosis that occurs i patients
when the surgeon implants the ureters i the colon We ongmally
started by studymmg the changes occurnng in the 1ome composition
of bicarbonate Ringers when 1t 15 placed 1n the 1solated loops o
infants undergoing various types of bowel surgery Dr Willam
Schwartz and s associates, at Tufts, have studied what happens
o 155 mM sodim chlonde solution mstilled ato 1solated foops 0
the large bowel in dogs Figure 46 shows some of their data on the
behavior of chlonde and bicarbonate The change m chlonde con
centration 1s symilar to that shown 1n some of Dr_Visscher's Figures
which we saw earlier The concentration of chlonde falls, while
that of carbon diomide mereases m such a way as to heep the sum
of the two approximately constant

Taggart That 1s bicarbonate?
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EeA

Wallace That 1s total catbon dioude We have made a few pH
measurements that ndicated an merease of pif to about 7580
m same of the experaents with babies 1 had planned to present
some calculations on the bicarbonate concentration and COz ten-
ston made from pH and total CO. contents of colonse flud from
other experiments of ours However, Dr Visscher tells me that
K €O, values for gut floid may be as low as 55 1 had used the
salue for isotontc salt solutton This would probably get you into
difficulty, wouldn't it, Dr Visscher?

Visscher 1 think so

Wallace Figure 47 shows the changes that occur in the cations
during the process The problem of why stools have such a Jugh
potussium concentration may be raised here The Figure does not
shaw 4t yn o verv commeng fashion hut one can see that as
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[icure 47 Changes occurring with time fn the concentration of sodum and
potasstum after the mstillation of 155mM sodm chlonde solution into fsolated
colonic la?s of the dog Reprinted by permussion from D Agostino A Leadbetter
W F and Schwartz W B Alterations in the onic composition of isotonic salne
solution mnstilled mto the colon J Chn Incestigation 32, 444 {1953)

chloride falls sodium decreases but to a lesser degree, and potas
1um increases i concentration The sum of sodium and potassium
ends to stay constant I think the observations are of interest
secause they suggest that as chlomde and bicarbonate are ex
hanged, potassium tends to take part m the transaction One
vonders — and I wanted to draw Dr_Ussing out on this —does this
ndicate active transport of chloride by the gut? Perhaps this will
ome out 1n a later discussion

Elkinton Dr Wallace, how do you reconcile those two cures
uth the fact that 1n the stool you actually have a great deal more
otassium than sodwm?

Wallace 1 don't know P

Elkinton Here, your curves only approich each other, they do
ot actually cross
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Wallace We did some expenments m which we put 1sotome
(155 mM per L ) potassfum chloride m the gut, and found that the
potassium concentration decreased to about 40 m\M per lter Simi-
lady, when we put a flud with no potassium m the gut the
concentration approached 40 mM per L and in both instances
chlonde tended to decrease i concentration

Pitis Sodium rises on that, too

Wallace Yes, the opposite with potassium chlonide

Thom Did you mean hypochloremic or hyperchloremic? The
typical syndrome with ureteral implantation m man 1s elevation
of the serum chlonide lesel

Wallace There seems to be an overabsorption of chlonde

Visscher 1 think time 1s of the essence m all these processes, and
ve should avoid trapping ourselves m our interpretations Maybe
some of mime are subject to that error, I am not sure But along
the hines that have been developed by Dr Wallace, I wanted to
answer the question that was raised earlier about the pH changes
mn the intestine — and this 1s Jower tleum — while absorption of
the sodium chloride — sodrum sulfate was gomg on In a period of
mnety minutes, the mtinl pH of the flmd was 705 and the final
pH was 831 In ths case, chlonde fell from 733 to 37 mEq per
lter, and carbon dioude rose from 0 to 48, while at the end the
plasm values were 718 for pH, 102 mEq for chlonde, and for
total carbon dionide 25 m\{ per hiter

Now, this ss one expenment among many If one starts out
deliberately with a Jower pH, say 55, one finds that 1t tends to
rise, but not 10 neutrality Of course, the anfons must balance the
cattons, and if a readily dffusible anton 1s not present, and these
is chlonde removal, there wall be substitution with an amon that
<an be produced locally, hike bicarbonrte In the case of absorp
tron of pure sodwm chlonde, the total carbon dioude will be
higher Inaidentally, while getting absorption m the study of the
absorphion of autogenous serum, the cirbon dioude value nises mor

mately in the serum in the gut, because the bicarbonate 15 left
m, and the chlonde 15 removed

Wallace What happens to carbon dioude tension®

Visscher 1 have to plead that the prease values are not m my
mmd, because we never published them What we actually did m
making these mensurcments, 1n order to be quite sure of our ground,
Was o have a two-phase system mn the gut We put a gas phase
dlong with the fluid phase, and then waited until equilbrum
oceutred in the gas phase by measurcment of the gases with the
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Haldane apparatus We then used the gas phase, with which th
flud had been m equiltbrium 1n the gut, 1n the segments of th
mtestine, to flush through our small chamber 1 the thermoelectn
vapor tension apparatus We thought that would help us to know
exactly where we were

Pitts Is that the way you got the pk’s, too?

Visscher At that time we tried to determine the pK for gut fnd
and found that no two samples of gut fluid under these creum
stances gave us the same values Again we have never published
those data We were frustrated somewhat on that score, but it is
a problem which I think would be worthy of further mvestigation
We may get to 1t sometrme

Dr Wallace I think this falls in line with your observations
Actually, 1f an evogenous polyvalent anton 15 not present and
chlonde 1s removed, bicarbonate 1on will increase

Berliner One question Do you know what happens to the pH
when you have nonabsorbed cation? Does it go up higher than
1t does when you have, say, sediumn chloride?

Visscher Yes

Berliner 1t 1s interesting that that 1s just what happens m the
kidney When you have amons which cannot be reabsorbed you
get very acid unne and when you have non reabsorbed cation
you are likely to get very alkaline urine

Visscher There are several ways of looking at this problem and
T think you might be mterested 1 some additional data sihich we
have obtamed 1 our laboratories bearing on intestinal absorption
from another viewpomt Two of my collaborators Dr Eu%ene
Grmm and Mr J S Lee, are primanily responsible for the dat2
which I shall discuss nest having to do with the distnibution
between the blood vascular channels and the lymphatic channels
m the intestine, of materials that undergo absorption m the intes
time We know that the wtestime has a very ample steuctural ar
rangement for lymph flow, and that certaim materals m3) le
absorbed to a fairly large extent through the lymphatics Previous l);
we had not considered the possiality that lymphatic Chg""e
might be of some importance 1 connection with mtestimal a 50‘;’1'*
tion, and recently, therefore, we felt that it was worth makng
some studies

Fhud g d oude m 1005 b(;f 52“;:
11 per cent was placed mto an 1ntestinal segment, and "mes
collected from the femoral artery and from the mesentencd o
draiming the segment of mtestime while lymph was obtamne
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TABLE \XIV

The Effect of Salt Concentration in D.0-Solutron
vage on the D.0 Concentration of
Mesenterie Venous Blood

Venous D-O Concentration (wt %)

]
Dog D O Conc
Lavage Isotome 1/3 Lsotome Tsotonse
Flud Lavage Lavage Lavage
13 2 006 (3) 010 (2) 007 (1)
15 2 004 (2) 005 (3) 005 (3)
16 2 003 (3) 013 (8) 008 (3)
21 2 003 (2) 014 (2) | 007 (2)
17 2 005 (2) 009 (2) _—
23 1 004 (2) 004 (1) | 004 (1)
Mean ’ 004 ’ 009 006
Numerals i parentheses ndicate the number of samples collected the DO

concentration given being the mean value

Unpublshed data from expenments of E Gnm ] § Lee and M B Vasscher

controlled rate of water movement, or one mght conclude that
only about five per cent of all the blood gomng to a segment of the
mtestine actually perfuses the intestinal mucosa I personally fird
the latter interpretation very difficult to accept without more
esidence.

Pitts Have you scraped off the willous surface, just to get the
very superficral layer of mucosa, to see what 1ts relative deuterum

oude content 1s? o
Visscher The superficial layer of mucosa has a high deutenu

oxide content .
Pitts You would assume, then, that the mterstittal core of eac‘?

villus 15 m essential equilibrium with the flud content of the g
Visscher 1 should think so en
What we propose to do 15 to remove the mtestinal mucos2 ol

tirely, and repeat the experiments in segments of mtestl;emm

mucosa, which, oddly enough, can be done without so much tedonc

rhage that the segment cannot be used again We have no

that experniment, but 1t 1s our next step
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It 15 surpusing that the values for D:Q concentration i the
Iymph approach the artenal much more closely than
they do the venous concentrations When Iymph 15 collected, et
us say five centimeters away from the mtestinal mucosa, these are
the vales obtamed It might be supposed that the lymph bemg
collected was not really formed in the vilk and mucosa of the gut,
and that the formation of villus lymph s very low under condh-
tions like these, where there 1s salt solution 1n the ntestine This
15 possible It us also possible, ¥ thud, that a hmphatic which
starts m the villus, may pass through other structures at a distance
irom the gut lumen, with re-equlbration of water The submucosa
has a capillacy network filled with blood wlich has never ap
proached the mucosal surface and re-equilibration under these
uroumstances would yield values for lymphatic DO close to those
for artenal D20 1 do not know whether or not that 1s the answer
but it 15 certamly one possible mnterpretation of the data 1 have
fust shown you ‘I mentian 1t prumanly because I think we hate
to be cautious about making what appear to be the simplest pos
sible interpretations of our data 1n connection with problems ke
these Thus 1s certainly not what we evpected to find

Steinbach Isw't the rate of lymph flow very slow?

Visscher Yes, st is

Steinbach Why 1sn't the lymph just tending towards equiibrium
with this body fiind around the mesentery?

Visscher That is 2 vanant of the wea that I have st given you

Thorn What 15 the actual rate of disappearance from the Jumen
of the bowel?

Visscher Thete is no net loss over the time of study 1 should
like to mention the fact that the rate of lymph flow seems to be
Increased when one puts a hypotonc solution 1 the intestine as
compared with the ssotonse solution I don't want to stress that
pont oo much, because the number of expenments 1s small  Like-
Wise, with regard to the blood flow there 1s evidence that there
is a slightly increased blood flow shen hypotome solntions are m
the gut, as compared with 1sotome solutions

1 also want to present 2 few data on transport of potassim and ™~
sediem as measwred by ssotopic tracers A sample expenment with .
Potasstum 42 is shown m Table XAV (A} It will be seen tha ™
exeept 1 the case of the by potome solution the lymphatie s *
attiaty is Jess than the venous That for the mucosa ds less ¢
for the lav sge fnd, n Fact about one-mmth The muscularis
& still Jower value In other words the ,S:i'“.‘,‘" beng
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TABLE XXV

The Relation of Concentration of Lavage Fluid to the
Absorption of Tsotopic Potassium and Sodium

{A) Potassum (K42)

Ongm of
Sample

Specific Actvity (Counts/min/mEq X 10-3)

Isotome ’ 1/3 Isotorue Tsotomic
vage vage Lavage

Lavage Flud 8800 9500 8500
Lymph 18 205 {2) 40
Mesenteric
Venous Blood 58 (2) 95 (2) 65
Femoral
Artental Blood 0 3 1
Intestinal Mucosa oo
Intestinal Muscle 300*

*At conclusion of evpertment

{B) Sodium (Na?%)

Speaific Actwaty (Counts/min/mEq X 103)

Ongm of
Sample Isotone 1/3 Isotome TIsotonie
Lavage Lavage Lavage

Lavage Flnd 1720 5420 8
Lymph 15 371(2) 139
Mesentenc
Venous Blood 54(2) 98(2) 19(2)
Mesenteric
Venous Plasma 136(2) 257(2) 4 le)
Femoral
Arterral Blood 08 16*
Femoral
Arterial Plasma 23 41

I 1o witbdrawn at end of the period of Na?Z Lanage
s e e e e miosper o] spinples callected if geater

than one, the specific activity given being the mean value

Ungublished data from expernments of E Grin J S Lee, and M

B Visscher
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TABLE XXV

The Relation of Concentration of Lavage Fluid to the
Absorption of Isotopic Potassium and Sedium

(A) Potassium (K42)

—
Specific Activity (Counts/mim/mEq X 10-3)
Ongm of
Sample Isotonte 1/3 Isotonie Isotome
Lavage avage Lavage
Lavage Flud 8300 9300 8500
Lymph 18 295 (2) 40
Mesentenc
Venous Blood 58 (2) 95 (2) 65
Femoral
Arterial Blood 1] 3 1
Intestmal Mucosa 1000*
Intestinal Muscle 800*
*At conclusion of experiment
(B) Sodium (Na2??)
Specific Activity {Counts/min/mEq X 10-3)
Onigm of
Isot:
e | e | e
Lavage Flud 1720 5420 0
Lymph 15 571(2) 139
Mesenteric
Venous Blood 54(2) 98(2) 19(2)
Mesenteric
Venous Plasma 136 (2) 257 (2) 41(2)
Femoral
Arterral Blood 08 16*
Femoral
Arterial Plasma 23 41°
f the od of Na22 Lavage
N e e e th ‘wamber OF s:x:Ylu otlocted if greater
than one, the specific activity given being the mean value _‘__,_J

Unpublished data from expenments of E Grm J S Lee, and M B Visscher
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from the outer layers even of the mucosa by “1rtenal” blood which
did not come within effectine diffuston distances from the gut
lumen

Pitts This was 1000 at the time the lymph was 40 and the
mesentenc venous blood was 65°

Visscher Yes With regard to venous blood of course potassium
m the red cells had not come nto equihbrium 1 this time  there
fore we might perhaps double these values or a lttle less than
double to obtamn a figure that would be the proper value for the
plasma potassium You wall note agun that with regard to the
lymph while the 1sotonte solution 1s being absorbed 1t 1s closer
to the femoral artenal blood than it 15 to the mesenteric venous
blood However wath the one third 1sotonic solution 1f one doubles
the value one still finds that the lymph value 15 higher One would
conclude then that there 15 quite a bit of the labeled potassim
m the lymph as collected when a hypotome solution i1s bemng
absorbed This one experiment 1s typical of about four others and
we think 1t 15 quite rehable

In the case of sodium 1n a sumilar expenment one finds as seen
m Table XXV (B) a somewhat comparable effect the speafic
actmity 1n the Iymph is closer to the femoral artenal than to the
mesentenic venous plasma n the case of the isotonic and the
reve g F , o
the
has .
smply means that we are washing out lymph that was formed
during the earlier penod It probably represents, ¥ think 1 tech
nical nadequacy Of course there was radioactivity m the venous
plasma too Perhaps I had better change that and say that there
1s radioactivity 1n the sodum i the wall of the segment of gut
and that 1t 15 bemng washed out slowly

Now I should like to present 1 few data from evpenments m
our laboratorses for which Mr T Hoshiko and Mr R E Swanson
are mamly responsible They deal with double perfusion 1sotopic
tracer studies of renal tubule studies n the bullirog Ve have
measured the movement of the matenals across the renal tubule
1 the frog because of the availabihty of the renal portal vem as
a portal of entry for blood which largely perfuses the capillanes
gong to the tubules under proper pressure conditions m the renal
artery and renal portal vein One can distnguish satisfactonly

tween the materjals appearing n urme by glomerular fltratton
and the matenals that reach the urmne via trans tubular transport
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TABLE Xxv
The Relaliun of Concentrnlion of Lmage Fluig 4, the
Absorph of Isoropic Polassium and Sodium

) Polasaium (K1z)

Mesenteno
Venous Bloog

Femora]
Arteryg) Bloog

Specige Amwty (Counl:/mm/mEq X 10-1)
Ongin o
Loty 1/3 Ysotope Lsotonre

Lavage Flug 1720 5420 0
Lymph, 15 371 (9) 139

Mes, Nteric
Vefufus Bloog 54(2) 98(2) I9(2)
Mes, Nterie

Veioeuse}’lasma 136(g) 257(2) 41 ({)

chm-al
Artersa] Blood 0g

of greater

Crm 1S Lee, ang M B Viechn
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152 Renal Function

particularly by the use of a double glomerular filtration rate est
mation Using muhn for one vascular source, and creatinme for
the other, one can determme the relative contnibutions of renal
artery and renal portal vem perfusate to the total glomerular fltra
tion, and can correct, thereby, any values for appearance of vanous
materials n the urme

If one puts creatimmne and mulin in the renal artery perfusate,
the measured glomerular filtration rates are very nearly the same,
although there 15 consistently in our hands about a five per cent
discrepancy with the creatinine higher than the mulin glomerular
filtration rate If one places both of them 1n the renal portal vem
perfusate, the discrepancy becomes proportionately very great
There can be anywhere from zero to a very small glomerular filtra
tion rate measured with mulin from the renal portal system, but
there 1s always a significant excretion of creatmmne We mterpret
this to mean that there 15 some tubular transport of creattmae 2
the frog kidney Whether this 1s secretion or leakage, I cannot
say Perhaps others may have some 1deas on that score In general
however, the expermments which I am gomng to talk to you about
are those 1n which less than 1 per cent of the glomerular filtraton
rate was attnibutable to the renal portal vem, (sometimes as httle
as 01 per cent) as measured by wuln clearances from the renal
portal venous blood

Beanng 1n rmnd, then, the fact that the bullfrog kidney was
perfused with a saline Rmger’s fluid, which may mduce certam
sigmficant changes, let us look at the data to see what they may,
or may not, mean m connection with problems of renal secre!wx:
Table XXVI presents the results of a representative experimen
The rates of perfusion, and urme flow m this particular expel'ii
ment, ndicate that about two per cent of the perfusate appearec
as urme The glomerular fltration rate dicated as clearnn'ce,n
compared with urne flow, shows the relatively small reabsorptio
of water I call attention to this because some of you aré gﬂl;’%
to be very critical of these small differences between the tota:
clearance and the urne flow This 1s a pomt which I 1’81;5 par
ticularly 1 relation to the question as to whether this can be C";‘f
sidered to be a normal kidney However, the concentrahul"lis o
sodium m the urne were farly low —49, 55, 62 mEq of Slf’i l:is
per iter —as compared with the 110 or so the perfusion “! -
1n other words, half of the sodium was being reabsorbed I rgen In
this because 1t mdicates that the kidney was not dead, by @ Y

SSIum
means It was also reabsorbing potassim, because the pota
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154 Renal Function

concentration in the perfusate was about 2 mEg per Wter, and the
urine potassium concentration was between 6 and 8 mEq per hter

In the perfusate that passed through the renal portal vem and
did not enter the glomerult to any sigmficant extent, there was
1 mole per cent excess of D;O In the urine as collected, there were
78 724 and 602 moles per cent excess of D.O m the three
periods  Now thus D20 did not get to the unne by glomerar
fltration, that 15 of we assume that glomerular filtration can be
measured with muln It must have come from the pentubular
capillartes  We do not know what the concentration of Da0
the pentubular capillaries 15, because unless Dr Olwer can tell
us some way i which we can determine exactly how flud dis
tributes 1tself between the renal artery and renal portal vem sys
tems by the time 1t reaches the pentubular capillanies we do not
know how anyone could get a value for penitubular D;0 con
centration

However what we have done 1s this we collected the renal
vemn outflow, which, as you can see, 15 bound to be a muxture of
the effluents from the renal artery and the renal portal vemn systems
and as a first approximation we made the tentative assumption that
the penitubular D20 concentration was not too far from the renal
vem concentration If we do make such an assumption, we find
that the equiibrium approached 1s not too bad

I have shown results of one expeniment because I thought ot
would be easier to thmk about a single experiment than about
averages But I want to wam you that we do have instances 12
which the urne moles per cent excess for D O 1s higher than the
renal ven moles per cent excess I have a suspicion that the assump
tion which I have been talkmg about 1s not always valid, stoetly
speaking It 15 not much Migher, but 1t 1s high enough so that
1t 15 outside the range of expersmental error for the measurements

In the case of sodim we put mto the renal portal vem perfusate
some Sodiom 22 {29000 counts per mmute per mithequivalent ﬂd
sodium) In the unme as formed there were 10000, 11.000]““c
9,000 counts per minute per milliequivalent of sodium and in ;. le;
three periods the renal vem counts were more thin twice as g

With regard to potassium approvimately the same thing occu}T‘t;]c
except that the urine approached the renal vem Pomss'“mh“ t‘{he
more closely than the sodmm did Thus it can be said ¢ 2\“(!'.
percentage of approach toward equilibrium m this eVP“"“‘e’; renal
respect to potassum was higher than for sodm The unn
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158 Renal Function

merult In ths case the total glomerular fltration (clearance) was
about six per cent of the perfusion rate

In Table XXVII are some additional data on the effect of
cyamde poisomng, which show the same appearance of 1sotopes
n the unne mn the poisoned hidney This occurs quite regularly
even though sodium reabsorption by the tubule has been greatly
affected, as can be seen from the Table

Pitts Dr Visscher, 1t was my impression, although you didat
say so, that there was no real change in the figures for water, sodum
or potasstum

Visscher I certanly wouldr't want to say defimtely

Pitts ' What happened m the average for all experments?

Visscher There was no change However, I should Iike to call
attention to the fact that there was considerable vanabibty, and
we do not consider the absence of change to be proved

Olwer Why didn’t you put the cyamde 1n the renal vem so that
you would obtam a2 maumum tubular perfusion of your poison?
When you put 1t 1n the artery, you may have been Iutting just the
tips of the tubules, a part which 1sn’t too mmportant

Visscher It 1s altogether possible Now, perhaps we could use
some other cnteria, such as absorption of sugar or urea

Olwer T think sugar would be much easter to use, and there
would be a greater difference 1 functional activity between normal
and damaged tubules

Pitts You could do 1t at the same time

Ohger Yes but I dont thnk the difference m functional effect
would be as large, would it, if the urea were used?

Forster To my knowledge simultaneous concentration gradients
for urea and glucose have not been determmed m the frog

Thorn You mndicated that the differences i sodum change \\el;
not significant In the next table, however, sodium decreased Sﬂf‘
potasstum mcreased Would you consider that 2 significant dt
ference?

Visscher Yes I would

Thorn Was that true m all experiments?

Visscher No, 1t was not, that 1s the trouble )

Dock There 1s no objection to putting the cyamde 1o both per
fusates, 15 there?

Visscher No do that

Dock You really don’t know where you are unti] you do e

Visscher  No, but let me explam one thing The Ie::;onuate
thought that cyamide placed in the renal artery would be adeq!
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was because 1f it 15 put there, 1t gets mto the glomerular filtrate
and should poisan the tubule along its length Now, we know that
the tubule was poisoned, because sodium reabsorption was erther
abolished or greatly dimmished In other words, 1t was evident that
there was some poisoning, there 1s no question about that Whether
it was totally poisoned or not, we do not know

Ohcer Arent these assumptions contradictory® In your normal
exp you that sul perfused through the
glomeruh would not disturb the tubules sufficrently to interfere
with the expeniment and then, when the pason was given by per
fusion of the glomernli, you assumed it would affect the tubules

Visscher No, as a matter of fact, we have done the experiment
in reverse with regard to D20 and sodum, and have put the D_.O
and sodium m the renal artery I did not show any of those data
because they really do not add anything except to answer this
question 1f one puts the D20, or sodiarn i the renal artery and
there 15 no tracer 1n the renal portal system, one finds just as n
o nt excess of D:0 and the

that of the renal vem by
not remam at the values

they had 1 the renal artery 1n other words, whichever way you
do1t jou get the same result It means that water sodum and
Potasstum, the three things we have measured which get mto the
glomerulus through the renal artery or the particular molecules
or jons that get through are not exclusively those that eventually
ppear m the urine, but have been equilibrated one way or another
with molecules and 10ns of the same species

Tagzart Even asstmung that the cyamde 1s as diffusible as D.O,
1 wonder 1f the cyamde level 1snt a hitle borderline Mot of the
tansport systems need mearly M/1000 for complete mhubition
Your fimal concentration here must have been close to M/200D

Visscher Yes The gut 1s pretty badly lnt by M/1000 Perhaps
we haven't yet done exactly what we ought to do, I am quite
willing to concede that

Forster Was thys done on Rana catesbeiana?

Visscher Yes, the bullfrog trol

Forster I think there 15 cause to examme your contro} prepara
tion on the basnl: of some observations whieh Bodil Schmudt Nielsen
and T made this past summer on Rane catesbeiana (2) We have
been worned shout the possibibty that idney function salues
observed 1n frogs, maintamed for long perods m the Yaboratory
or exposed to trauma panymg perfusion exp , may
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mervh Jn this case the total glomerular fltration {clearance) was
about six per cent of the perfusion rate

In Table XXVIII are some additional data on the effect of
cyamde poisoming, which show the same appearance of 1sotopes
mn the urne i the poisoned hidney This occurs quite regularly
even though sodum reabsorption by the tubule has been greatly
affected, as can be seen from the Table

Pitts Dr Visscher, it was my mmpression, although you didn't
say so, that there was no real change i the figures for water, sodum
or potassium

Visscher 1 certamly wouldn't want to say definitely

Putts What happened 1n the average for all expenments?

Visscher There was no change However, I should like to call
attention to the fact that there was considerable vanability, and
we do not consider the absence of change to be proved

Olver Why didn’t you put the cyanide 1n the renal vein so that
you would obtamn a maximum tubular perfusion of your powon?
When you put 1t m the artery, you may have been hittmg just the
tips of the tubules, a part which 1sn’t too 1mportant

Visscher It 1s altogether possible Now, perhaps we could use
some other criteria, such as absorption of sugar or urea

Olwer 1 think sugar would be much easier to use, and there
would be a greater difference mn functional activity between normal
and damaged tubules

Pitts You could do 1t at the same time

Olwer Yes but I dont thnk the difference m functional effect
would be as large, would 1t, if the urea were used?

Forster To my knowledge stmultaneous concentration grathents
for urea and glucose have not been determined mn the frog

Thorn You mdicated that the differences m sodium change “ﬂ;
not significant In the next table, however, sodum decreased 3“[
potassum ncreased Would you consider that a significant ¢l
ference?

Visscher Yes, I would

Thorn Was that true m all experiments?

Visscher No 1t was not, that is the trouble

Dock There 1s no objection to putting the cyamde 11 both per
fusates, 15 theref

Visscher No

Dock You really don’t hnow where you are until you do d“:(e

Visscher No, but let me explam one thing The '”;‘mum
thought that cyamde placed n the renal artery would be adeq
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was because if 1t 15 put there it gets into the glomerular filtrate
and should paison the tubule along its length Now we know that
the tubule was poisoned because sodium reabsorption was either
abolished or greatly dimimshed In other words 1t was evident that
there was some posoning there 1s no question about that Whether
1t was totally porsoned or not we do not know

Olier Arent these assumptions contradictory? In your normal
exp you d that sul perfused through the
glomeruh would not disturb the tubules sufficiently to interfere
with the experiment and then when the poison was given by per
fusion of the glomeruli you assumed 1t would affect the tubules

Visscher No as a matter of fact we have done the experiment
n reverse with regard to D-O and sodium and have put the D O
and sodium in the renal artery I did not show any of those data
because they really do not add anythmg except to answer this
question If one puts the D20 or sodum 1n the renal artery and
there 1 no tracer m the renal portal system one finds just as i
the opposite case that the moles per cent excess of D:0 and the
spearfic actvity of the sodum approach that of the renal vem by
the same fractions — 9 and 5—and do not remamn at the values
they had 1n the renal artery m other words whichever way you
do1t you get the same result It means that water sodum and
potassium  the three things we have measured which get mto the
glomerulus through the renal artery or the particular molecules
or 1ons that get through are not excl ly those that Ily
ppear in the urme but have been equmiibrated one way or nother
with molecules and 10ns of the same species

Taggart Even assummg that the cyamde 15 as diffusible as D O
I wonder i the cyanmide level 1snt a httle borderlne Most of the
transport systems need mearly M/1000 for complete mhibition

our final concentration here must have been close to M 2000

Visscher Yes The gut 1s pretty badly Iut by /1000 Perhaps
we havent yet done exactly what we ought to do I wm qute
willing to concede that

Forster Was this done on Rana catesbeiana®

Visscher Yes the bullfrog

Forster 1 think there 15 cause to examue your control prepara
Yon on the basis of some observations which Bodil Schmidt Nielsen
and I made thys past summer on Rana catesbeiana (2) We have

¢en worned about the possibility that hidney function values
observed 1 frogs mamtamed for long pertods 1n the laboratory
or exposed to trauma g perfusion exy nts may
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meruli In this case the total glomerular filtration ( clearance) was
about six per cent of the perfusion rate

In Table XXVIII are some additional data on the effect of
cyamde poisoning, which show the same appearance of 1sotopes
m the unne i the poisoned kidney This occurs quite regularly
even though sodium reabsorption by the tubule has been greatly
affected, as can be seen from the Table

Puts Dr Visscher, 1t was my impression, although you didst
say so, that there was no real change 1n the figures for water, sodum
or potassium

Visscher 1 certainly wouldn't want to say definitely

Pitts What happened m the average for all evperiments?

Visscher There was no change However, I should Iike to call
attention to the fact that there was considerable vanabihty, and
we do not consider the absence of change to be proved

Oliwer Why didn’t you put the cyanide 1n the renal vemn so that
you would obtun a maumum tubular perfusion of your poison
When you put 1t 1n the artery, you may have been hutting just the
tips of the tubules, a part which 1snt too important

Visscher It 1s altogether posstble Now, perhaps we could use
some other criterta, such as absorption of sugar or urea

Oliver 1 thik sugar would be much easter to use, and theri
would be a greater difference in functional actvity between norma
and damaged tubules

Pitts You could do 1t at the same time

Olwer Yes, but I don’t think the difference m functional effect
would be as large, would 1t, if the urea were used? .

Forster To my knowledge 1 tration g
for urea and glucose have not been determmned i the frog

Thorn You indrcated that the differences i sodium change were
not significant In the next table, however, sodum decreased ?{?{
potassium mcreased Would you consider that a sigmficant
ference?

Visscher Yes, 1 would

Thorn Was that true m all experiments?

Visscher No, 1t was not, that 1s the trouble b per

Dock There 1s no objection to putting the cyamde in both P
fusates, 1s there?

Visscher No

Doch You really don’t know where you are until you dnnth‘i“;

Visscher No, but let me explain one thing The m‘;o uate
thought that cyamde placed 1 the renal artery would be aced
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not be 1dentical with those noted 1n ammals kept under more or
less normal conditions as far as ecological relationships are con
cerned There are three differences between the mtact frog m its
natural environment and your control perfusion preparatians so
far as tubule function 15 concerned In the first place, there 15 a
considerably higher rate of tubular water reabsorption after the
glomerular filtrate has been formed in the mtact ammal under
optumal conditions  In contrast to the mulin U/P ratio of 1 1 noted
1 some of the perfused nephrons, frogs i their natural environment
may have ratios of 6, 8 or perhaps even as high as 10, that 15, even
when the animal 1s totally immersed and maximally hydrated

Visscher You see, we are frankly admitting that what we call
our buffered 10n solution may not be just what 1t ought to be
the frog nephron to do the job correctly It 1s admitted that this
1s an abnormal situation

Forster The second pomt I wanted to bring up was the matter
of creatimne leahage through the tubule cells I was struck, when
we ongmally made these studies in 1938 (3), with the fact that
the mulim clearance cheched the 1 bsolutel
and with wide vanations m the hydration state of the frogs there
was never any deviation from umty

Visscher No deviation at all?

Forster Only random varations within the expenmental error
of five per cent or so The mean creatnme/inubn clearance rato
1s 0996, standard deviation of 0064

Visscher There was as much distribution above as there was
below 100 per cent?

Forster Yes

Visscher That 1s where we come out drfferently Consxdenn%
twenty-four simultaneous clearances through the renal arlﬂf)'}‘l’
inulin and creatinme n only two was the ratio below 1 In all lhe
others 1t was above 1, the hughest value above 1 was 108, and the
lIowest value 87

Forster The dentity of the wwln and creatuune clearances h[:s
recently been vertfied in Rana catesbeiana and Bufo "'“"'”"t !}:
the Sawyers (4) at Harvard so I think that ss another mdlca‘wn
of a difference between your perfuston setup and renal func me
m the mtact ammal The Bufo marinus creatimne/ulin clearanc
ratio 15 104, = 0066

The third difference 15 that while mtac
sodium and chlonde m the unne, normally 1t 1s prac
tilled water, with essentially all the filtered sodium an

t fi do Jose a litle
e tically dis
d chionde
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bemg rebsorbed by the tubule cells Ay erage salt concentration
m unne of sumer frogs 15 46 mM S0 1t seems to me that there
are three aspects of your contral preparation which mécate that
the nephron has been disturbed somewhat physologseally namely,
the fact that the tubules are reabsorhing essentrally no water, that
they are leakng creatimmne, and that they are fathng to reabsorb
at least 50 per cent of the sodram and chlonde which one would
expect

Visscher You probably know that Hogben and Boliman m
Rachester did some creatimne mahn clearances with the bullfrog,
and found on the average that this ratia was 127 i therr prepara
tons This may fall 1 Ime with what vou are svying that they
bad even more abnosmal preparations than we had

Pitts Have you perfused the venal portal vem with creatmine
to mdicate secretion?

Visscher Both mubn and creatimune  ere put m the renal portal
vem perfusate

Pitts And you got no inubn m the unne, but some creatmmne?

Visscher That's nght

Ftts What happens m that preparation if you put the same
amount of cyamde 1n?

Visscher We baven't done 1t

Bott When these evpeniments were reported last spring at the
Federation meetings {5), 1 made the eritictsm that the concentra
tion ratios did not seem to be high enough and certamly in some
cases should stll say so However, T laoked up some of our double
perfusion expenments and found that according to our results, it
was very diffiendt to get the concentration ratio of mulm very high
under these conditions 1 suggested, m talkmg with Mr Hoshiko,
that the renal perfusion pressures were a hitle higher than seemed
vecessary, especially the renal portal perfusion pressure 1 won-
dered 1f redueing these might not make the ratios more normal 1
suggested, also, that some other determinations, such as chlonde,

made Do you know whether he tned these suggestions?

Visscher Not as yet, but st 15 on aur schedule to do both of those
things, Dr Bott They were very good suggestions

Bott 1 think Dr Ohver's suggestion about the sugar was evcel-
 but what about the sodium concentration of the perdusate?
Have you found an average figure of 1107 1 thmk that 1s what
You sard

Visseher ¥ hnow 1t 15 Tow
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Bott Yes It s lower than in the mammal, but 1t seemed to me
that my average figures were 2 httle ngher than that *

Visscher Several values i that range — 100, 110 or 120 - have
been used, and no sigmficant differences were seen

Tt might be of some imterest to report on observations made on
the quantitatine relationship between glomerular filtration and
volume of unine flow m frog hidneys doubly perfused, n which a
solution hypertomc to that used in the renal artery was put mto
the renal portal vem A typical experiment 1s seen 1n Table ANIY
It will be noted that when 10 per cent manmtol was added to the
perfusate for the renal artery, the urmne flow figures became higher
than the measured glomerular filtration (clearance) values Thus
2 net transport of water mto the tubules was mdicated

Of course this finding may not be surpnsing but, neserthless
we thought 1t mteresting The same diectional changes oceur if
one uses five per cent manmtol We might have expected that the
unine would contun water that was drawn m by osmotic forces
nevertheless, we thought it worth while to make some measure
ments to confirm 1t

Pitts Dr Visscher, do you use any colloids at all 1 either of
your perfusing solutions?

Visscher No at least, we haven't so far

Pitts Do you have any reason for not doing so? Do you think
you could possibly estabhish more nearly normal unne flow
Bltraton rate relationslups, by adding colloids of some vanety
to both your circulations, especially to the renal portal venous
crreulation?

Visscher It 15 possible that a more nearly normal preparation
could be obtmned

Selhurt Dr Forster, 1n terms of your own experience, and s 4
comparative figure to these data what are the normal filtratron
rates 1n these bullfrogs? .

Forster Well 1t 1s very difficult to charactenze ‘normal arcult
tion m a cold blooded amimal, and especially 1 a semiaquatic form
such as the frog This species (Rana catesheana) 15 prmany
aquatic, but spends a good deal of time sitting out of \\mir Ole’
hly pads, as I know from direct expenence The water b::]ﬂﬂcr
problem differs radically 1n those two cireumstances A thir d“s
culation norm 1s ntroduced mnto many renal clearance st l:‘
when heavy hydration 15 induced by the mjection of large qui™
#A search of my notes disclosed an average of 102 mEq per L. for bullfrog scrum
sodium
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Pitts Dr Visscher you have awfully low filtration fractions do
you not 1f you consider the artenal perfusion? Even there you get
rather Jow filtration rates considenng the volume of flwmd perfusing
the renal artery alone

Dock Ten per cent mn the ones mentioned earher where the
data were given

Pitts 1 thought they were somewhat less than that

Visscher Well five to ten per cent in the best cases

Forster About five to ten per cent of the renal plasma flow 15
filtered 1n the mtact frog that 15 of blood arnving via both the
renal portal vemn and the renal rtery In heavily hydrated mtact
bullfrogs renal plasma flow w1s 700 m! per kg per min when te
simultaneous glomerulr filtration rate was 42 m! per mm nd
hence the filtration friction was 006 (6)

Pitts Couldnt you solve your problem by bringing the frog
back under the conditions which result from sitting on a hly padif
you just Jonered the pressures and ended up with less glomerular
filtration?

Visscher That 1s what Dr Oliver suggested this morning

Oliwer We found that with what was apparently a good prepra
tion we could mahe sugar disappear or reappear i the urme semply
by Lftung the artenial bottle or lowermg 1t and so speeding or
slowing the rate at which filtrate was formed

Pitts T thought these filtration rates were per kilogram per hour

Visscher No these are absolute numbers for the ammal

Piits Well they are roughly four times the normal

Selkurt What was the portal venous perfusion pressure? I dont
think you cited 1t

Visscher It was adjusted m different expeniments so as to obtan
approumately 50 50 flows through the two circmts As I remllll 115‘
was something like 50 centrmeters of water for the atery ar
or 20 for the portal I do not have the tabulation here

Torster We tght consider the situation which ewsts m ¢
aglomerular hidney of certan manne fish where 1 double T’“s
fusion setup 1s not required to study diserete tubular func(mr:)
The entire hidney 1 such a form as the goosefish 15 made (np '
nephrons one very much Itke another composed solely l; tehll‘r
thelmrm simlar to that of the proximal convoluted segment 010 o
vertebrate hidneys and undifferentiated along its entue e:g,,
down to the area of the collecting ducts The renal tubule 1san lc
plied solely by a venous circulation so there 1s a stmple 1;:"5‘5
ment m which the pentubulir erculation under low pres:

he
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presentuwig the normal plasma constituents to a single layer of cells

Unne obtamed from freshly caught goosefish 15 essentually
sodum- and chlonde-free The magnesium and sulfate content,
however, may be a hundred times greater than that of the blood
Such unne, despite the deficiency of umvalent 1oms, approaches
sotomerty with the plasma but does net quite aclueve 1t The
urme 15 always hypotonie to blood m both glomerular and aglo
merular manme fish, and from a teleologecal standpomt this 15 a
perfectly nidieulows situation because here are ammaly Ining m a
bypertonic medium whose hidneys are saving salt, while the fish
are dnnking sea water But I think this serves to demonstrate the
complevitres of 10n regulation 1n a system, which 1s morphologically
as stmple as anything we have w renal physiology Presumably
bighly diffusible unnalent sons are on one side of the smgle cell
barcier and don’t appear on the other side at all, and on the other
hand the dualent ions are 1 agamst a d
gradient  Furthermore the urine 1s hypotowe to the plasma and
a pressure 15 bult up m the nreter which 1s hugher than that of
the venous pressure

Darrow Hypotome? How do you estimate that?

Forster By freemng-pomt depression There 1s about an atmos
phere, or 01 of a degree C  difference hetween venous blood and
unne * Average freezmng pomt of Lopluus piscatonus unne 1s
~0562° €, and plasma 15 ~0665 I dont know how this should
be mterpreted It 1s rather difficult to envisage a diffuston process
2t one level of the tubule which would carry across sodum and
<hlonde, and then have reabsorption of these 10ns at another level,
because there 15 nothing ke proumal and distal segments, or any
other cvuidence of morphological differentiation, along the length
of these aglomerular tubules On the other hand, 1t 15 cqually
awkward to concene of a barmter with respect to sodwm and
chlonde transport when the dwalent wons can get through as fast
as they do

Another strange thing that happens to aglomerular and other
manne fish, 15 that once they are captured and mantained m the
lahoratory, sodium and chloride floods mto the unne, they exinbit
a progressive dwirests, and the unne becomes 1sotonte with blood
and remarns so, as the total electrolyte content of blood continues ,
to nge <

SForster, R P A comparative study of renal function m marme teleosts {Unpub- ~
lished dita
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The only explanation I can give as to why renal tubules of manne
fish save salt, 15 1 terms of teleost evolution Pale ontological and
other evidence, advanced by Marshall and Smith (7), mdrcates that
they spent ther early evolutionary history in fresh water, and
although these forms have now gone into the ocen, and have made
suitable adjustment with respect to water conservation via reduc-
tion of glomerular actinity, the tubules havent heard about it yet
and are gomg on saving sodium and chlonde as they did i the
old freshwater days

Darrow But are your fish m the ocean?

Forster Yes, when they are observed over some period of time
they are mantamed erther 1n hvecars out in the bay, or 1n large
tubs supphed with runnmg sea water 1n the laboratory

Berliner Don’t you thmk you ought to mention 1n that regard
that the sodium and chlonide probably come out m large amounts
through the gills?

Forster Yes Smuth showed long ago (8), and subsequent studies
have confirmed the fact, that sodum and chlonde, along with

are actively el d by the gills of marme fish Manne
fish drink hypertontc sea water continually 2nd absorb considerable
quantities of 1t, but high sodium and chlonde concentrations do
not bmld up n the blood because the glls normally get nd of
these umvalent 1ons as fast as they are absorbed from the gut
Plasma chlonide concentration 1s relatively stable at 175 mEq per L
m Lophius The kidney’s role in electiolyte excretron consists
maunly of elmmnating the divalent 10ns

Olwer Why should they change when you simply keep them
m a pen?

Forster Grafflin has called attention to esmotic difficulties fol]o;
mg shin damage, meurred n * mamtenince, as the
mitiatimg event (9)

Pitts 1 don’t think you '?t:::
say a salt-water fish 1s & ?
but 1t doesn’t . * '
tory, it begms
1t, pich 1t up, 1
1s a different fi

Forster 1 ¢
Pitts says 1s [
caught, they
associated with
composttion of »
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ance of sigmficant quantities of sodium and chlonde i the urine

Bott Do they go on Lving as normal ammals?

Forster  Phystologyeally, no manmne fish 1s 2 rormal ammal once
st has been caught, but they are active and look fine These aglo
merular goosefish weigh fifty pounds or so and 1t 15 a tremendous
1ob restraming them for unne and blood collections even after they
have been mamtamed m tubs for 10 days or so They seem to be
m good condition 1n every way, except for the cnitena which we
assoctate with physiological irregalanty, manly dwresis, and the
presence of sodiim and chlonide 1n urine The gut 1s filled with
flud, and the divalent 10n concentration 1n the plasma nses even
though the total amount excreted 1s increasmg This could only
mean mereased drnking and absorption of sea water What causes
the mcreased drinking 15 another matter

Pitts Presumably, the gills can’t handle the large amount of sale
which 15 acquired as a q of d rate of dnnking

Visscher Dr Forster, what 1s the composition of the flmd at the
head end of this tabule?

Forster 1 wish I knew

Visscher The reason I ash the question 1s this that there are
very few membranes I know of which are permeable to divalent
10ns, and impermeable to monavalent 1ons It 15 true that one could
magine a hind of carner system which would move divalent and
rot monovalent 1ons Is that nght, Dr Ussmg?

Ussing 1t sounds Iikely

Visschor On the other hand there 1s nothing very difficult about
quite another assumption namely, that at the head end of the
aglomerular nephron, the fluid m the pentubular space passes in
by some mechamsm, let's say electro osmosss, which moves this
stream of flud wath the sodium chlonide, magnesium and sulfate
Then, f farther along the tubule there 1s 2 different permeabuhity,
more charactenstic of many membranes such as the gut, m which
or across which, divalent sons of both signs move with great difi
culty but monovalent ones move with much greater ease the
sodium chloride might move out with the stream of flud and there
would be a flid ewrcut that would accomplish eserything includ
mg the production of hypatonrerty

Pitts  Haven't you merely described aglomerular glomerular
activity?

Bott Inulm 1s not excreted Dby this fish 15 1t? 1 know the toadfish
oesn’t excrete 1t 501t conld not he that exactly

&
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the flow m normal undisturbed fish with chlonde free unne 1
probably fess than 3 ml per kg per duy This tendency Yo form
{arge quantities of urine by tubule actrity when there s a ngh
unnary electrolyte content 15 remumscent of Visschers observation
mn the perfused frog where the addition of osmotically actise sub
stances ndaced urme flows higher than simultaneous glomerular
filtration rates Completely plomerular marme fish such as the
sculpin_also exhibit urine flows exceeding glomerulr filtration rates
when they are mamtained several days i diluted sea water pre
sumably because additional fmd 1s added to the fltrate by the
tubules along with the transport of osmotically active umvalent
md divalent 10ns

Stemnbach As the unne output nises does sodium chlonde excre
tion merease?

Forster Sodwm chlonde concentrition goes up with unne flon
the salt concentration and the freezing pomnt depresston rawe the
urine volume

Dock s st wsotome?

Forster Urine and plasma are sotone dunng drresis Unae
1s hypotome only i the normal state In the dwretie state the
unme suddenly becomes 1sotome and remams ssotome throughout
the progressive dinresis which we have followed for as Jong s
ten days

Dock 1t remuns acid?

Torster Yes you ¢ant make manne teleost urme afkaline even
by the of enough bicack to fall 1t

Steimbach The whole behaiar 1s consistent with a nonlethal
quantitative change asnt 1? It certunly doesnt botber the fsh
All the fish markng espenments which are done nclude hnnd]mﬁ:
the fish and you catch them agam three or four years Tater st
alve and actise If there 15 greatly merensed unme flow and the
appearance of salt 1t appears to me the cbvious hypothess 18
similar to one that Dr Visscher postulated

Taggart Doesnt that mmply that all the things wh
solely by glomerular filtration mn other hidneys we her

ch 1re excreted
¢ completely

reabsorbed? .
Visscher Na I abject st 1y to that uucxf ;t)ze :;Zn
15 na reason whatever to suppose that the permeability 0 o

nto whieh let us say the sodum chlonde enters 15 dentic

the permeability of the glomerulus
Dt{:ﬂk Dr Wallace do you think that when sweat 15 bewg ex
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Olwer It would depend on how long the tubule was Ther
are such wide radiation effects

Dock It depends on how big the halo 15, of course

Ussing  Of course, phosphate has a big range It 15 really ong
of the worst

Dock I thm\ that cannulating the salivary and other ducts would
be a difficult job 1 do not beleve any of those will be normal when
you get to work on them

Puts Fundamentally, that 1 what you want to know, 10t 1t?
Is this unine more or less concentrated with respect to any given
constituent at its head end or 1ts tal endp

Dock How long are these nephrons?

Olwer How big 1s the fish?

Forster In a fish that weighs about fifty pounds, the hidney may
be half as big as my fist

Dock But the length of the nephron must be several centimeters
long You don t need to worry about halo effect there

Olwer If the tubule 1s o centimeter or so long perhaps you could
stretch 1t out

Pitts Well, these things come all curled up

Olver You can stretch them out

Forster There are no morphologeal markers either, as to what
1s proximal and distal It would be necessary to tease out carefully
the entire length of a tubule m order to orient 1t

Dock Then they wouldn’t be any good

Thorn If these ammals die via the mechanism of ingesting sea
water, has 1t been shown that they would Ine twice as long 1
sea water were diluted 50 per cent, or do they just drmk more
under these circumstances?

Torster 1 don’t know

Stemnbach Does caleium go along with magnesiom? Is there
change m caleram concentration?

Pebes Tt 15 considerably lower, I think, than the magnesm

Stewnbach That 1s, the ratio of unne to sea water concentrations
15 not the same for magnesium as for caleim? ]

Pitts Tt mught be, but there 15 more magnesium than cal cumix1

Stemnbach T know that, but because of this mechanism \\h\;\
reabsorbs the monovalent fon, I was wondenng whether you m‘iémf
expect all the 1ons to concentrate about the same percentage
a given value

%xlt: It would just be concentrated sea water from which sodwm

and chloride had heen removed, wouldn't st
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4 Pz:ts I have tred it on a mammahan hidney, and you cannot
o i

Dock You mean you get too much edema formation, or what
happens?

Putts Yes, I think so I should like to ash Dr Berhner whether
he ever gave 6063 to a dogfish, or to an aglomerular fish?

Berlmer 1 should Iike to mentton some expennments which Dr
Henry Hemmeman, and Dr Jurg Hodler,* mn Dr Homer Smiths
laboratory, were doing 1n Maine this summer I haven't done them
myself, I was only an interested bystander They gave 6063 to
several species of fish In the dogfish the urine pH vaned over a
narrow range around a value of 58 and 1t was not shifted from
this value by large amounts of esther bicarbonate or 6063 How
ever, there were some very interesting changes m the blood after
6063, which suggested mterference with the transport of sodium
10n by the gills, as well as some mterference with the transport of
CO_, that 15, the loss of CO._ through the gills However, the
changes were not all due to falure to hberate CO- m the plls
They also gave 6063 to sculpws and found no effect on the unme,
these were long horn sculpins which have apprecuable filtration
rates The situation was different 1 the catfish, a fresh water species
which has a relatively much higher filtration rate and unne flow,
more hike the frog in that it always puts out 1 dilute unine contaming
practrcally no electrolyte When catfish were given 6063 the urme
pH rose about one unit from around 6 to about 7 These fish were
the only ones in the group Drs Hememan and Hodler studied, 1
which the urtne became alkaline w hen bicatbonate was admimstered

Pits 1 have gven bicarbonate wtravenously to dogfish until
they became ngid and tetame and still put out urmne that was
highly acid

Berliner Yes thev guve large amounts of brearbonate If the
- ) brcarbonate Toad without prac-

1e plasma bicarbonate and pH
! within an hour However, if
they gave 6063 at the same time, the plasmt bicarbonite hid not
come down within 24 hours 5
Dock Did they have carbonic anhydrase m thewr gitls
Berhiner Yes, they did (10)
Bott I have beeny\vondermg whether any of the 1on tyr;xgsz;ugt
serts here would interpret for me those experments of Wi r; »
1) that were made i Philadelphia 2 number of years ag

ememan H and Hodler ] Personal communication
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potential 1s measured? That as what would be needed to evaluate
the figures

Pists Dr Thom has some data on intestmal transport of 1ons
Would you care to comment?

Thorn Returnmng to the discussion of the hormonal effect on the
intestind] tract I should like to report that Dr Kendall Emerson
Jr, and Dr Dalton Jenlans, in our Taboratory, have followed work
along the same Imes as Dr Benger and Dr Murray Steele, m New
York i thewr study of the effect of adrenal hormone on sodmm
exchange 1 the wnfestinal tract Normally, of cousse, even m
adrenl insufficiency, there 1s httle sodium lost m the feces ‘This
1s of great mterest m view of the tremendous turnover of sodum
which occurs normally m the mtestimal tract We know that m
patients with large quantibes of sodwm chlonde m therr body,
such as the edematous nephrotic type of patient, the admnstration
of an 1on exchange resin by mouth does not produce any hree
quantity of sodium chlonde i the stool Tt would appear, under
these cucnmstances, that the resim 15 meapable of extracting sodiom
which 15 turned over m the mtestinal tract On the other hand if
sodium chlonde intake by mouth is mereised then the resm be-
comes quite effective 1 enhancing the sediam loss m the feces

1 can now report a study of 2 patient with Addison’s diserse who
was not bemg d on desaxy acetate  Under
these eircumstances, on a control diet the fecal excretion of sodium
aver a three day perted amounted to approamately 20 millt
eqiuvalents for the entire peniod When a guantity of vesm, approd
mately 45 grams per day was admuustered, the fecal sodwm
excretion rase tenfold to approximatcly 225 milhequvalents This
would suggest that m the Addisonian patient, without adrenal com
pensatory mechamsms the resm was ble to extract sodwum chionde
from the mtestnal tract When the same expersment was repeated
on desoxycorhicosterone, there was a reductson in the total quantity
of sodrum chloride extracted from the mtestinal tract by the sesin
The dose of desoxycorticosterone utihzed was 10 mg This stody
has been reported by Dr Emerson (12) Congidenng the entre
grstrontestinal tract, 1t 1s imteresting to amilyze the different sites
of action of the vanous adrenal sterods We know that desovy~
corticosterone can affect the sodium potassam ratio of the s}lnal
aud apparently under certamn circumstances cap affect the ;C:r
loss of sodsum and potasssum  We know also that the carmon’
hy drocortisone type of compound can pepsinog
aixd e nse tg,p an ancreased uropepsin excretion  Dr Seymour
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diet, at some critical pomt the reabsorption of sodium from the
lower part of the gut 15 reduced

Elkinton 1 mght pomt out that the only cardrac studied m our
Iaboratory with resm 1 whom we were able to remove 1 much
larger amount of sodiwm than was mn the diet, was a patient who
had had a colostomy (13) He was not pssing the resin by rectum,
we were obtarmng 1t from Ins upper colon He was the only one
from whom we could take out approximately 150 to 160 mEq of
sodium m twenty four hours, when the mtake was only 20 or 30
But then if you say that there 1s a constant equilibration between
the resm and the sodwum content of the gut, I am still wondenng
what goes back mto that resm when 1t comes out with such 2
small amount

Visscher Potassium, hydrogen yon and ammonium ron

Dock It was potassium 1n Steele’s experiments

Berliner The increase in potassum did not equal the reduction
mn sodrum excreted

Doch But 1t 1s mamly potassum that 1s added

Berliner To balance up some of the resm must come out i the
hydrogen form.

Visscher There could be ammonwm There has to be some
catton

Berliner The resin 1s not actually necessary to produce the phe
nomenon It can be observed with the spontaneous electrolyte
content of the stool Drs | O Davis and D § Howell m owr
Iiboratory have been working with dogs with expernmental aseites
The normal dog has a small amount of both sodium and potassium
1n 1ts stools When ascites 1s produced, the sodmm goes down
the potassum up When the adrenals are removed the sodium golcls
back up and the potassium down The absolute changes are st

but the relative changes quite large
Stetnbach To whatgdegree can the mntestine be used as :;l m;dd
of the ludney tubule i other words, what 1 the relationshup! a
Thorn I would be willing to speculate that the more we ;(uﬂ“):’
the turnover of the electrolytes m the intestinal tract, an 1 bo
factors winch regulate this flux, the more analogies there fw;nml
between the secrotory and reabsorptise aspects of the iote
tract with those of the renal tubuies @
Pizts Fundamentally the reason for pu
of this sort was th: bel)llcf that certan processes of nanspm;;. ‘;l:‘s‘;:
can be identified sn nerve and moscle cells, and Dbsenl:m elms o
Jated renal tubulir segments and m lver shees have e

wng together a program
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ommon Ve foyy that absorption mn the Sastromtestyyg) tract 15
Telated o absorption by the renal tubyjeg In other words we fol
that we g5 ren] physxologlsts could Jeary, from 5 mulud(scxplunry
approach many things applicable ¢ the hdney 1 certan mstanceg
sunpler Systems haye been Studied mye}, more thoroughly and
3much mere penelratmg fashion than hgs the }udney Iam certun
that mych, ¢, what has °en said bout el function here can and
en. nchion

Sodium Movement Is that correct?

Forster Yes malpxghxan tubules of fresh water mseets whch
resemble aglomerylyy renal tubyles seem to form approvimately
Sotonre yypyp, Socium reabsorpion oceurs subsequently in the
Teetum wherg the g becomes hypoton;e before beng elimmated
(14) © Nephridia] tubules of the earthworm which are supphed
“ith 5 nephndxostome, have beep studied recently by Ramsay
{15 €y form , hypotomc urme i the dista] Segments and ,
(e"'l"mg nalogy hys een drawn bety, een the nephnidium ang the
tertebrate nephron Tp, Sttuation 1 yhe AN mnyertebrytag 15
Qute chaggye at the present time by 1t seems that there 15 very
lttfe tonze regulation any of them €YCept perhaps the cephalopod
Volluseq and the decapogd Crustacea (16) A YTy recent paper by

Ms2y on the
Malpighyan tubules of blood sucking 1nsect Rhodoms gryes 5
detaileq account of 1omie regulation and water balance (17)

teinbac) t has intere, ed me over 5 penod of years ghay on
3 cellulye basis t}, Me phenomena e be dupheated m frog
puscle f Ve One of the mam functions of cells 1n mayy
hmmg herr Interng] eMironment 4nd Protoplasmie ©omposition
seems 2 sodium trusion 5o thay to get g secreting ep;
thehumy all one needs 15 gp ordmary ce]] which is a Iittle one sided
its 32 € Impression that moths Or some other Varety
of insect b Peculanty of producmg Dotassium 1 large
ounts g thesr extracellylyy flods  ang Practically no sodym
Is thag o, hep
Uy

g That i trre for many mnsects
lts Whay happens to their cells? Whay do they have to have
" they cells . sodmump
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Stewnbach There 15 a dwvision between herbn orous and carny
orous nsects on that The carmvorous msects function the way we
do, and the herbivores have very lugh potassium A few measure-
ments have been done on tissues, and the tissues {muscle) are
quite ike mammals with respect to sodium and potassium

Dock In the cells?

Ussing Have you seen the paper by Hoyle (18), in which he
states that if you mject beneath the nerve sheath of an mnsect the
same high potassium concentration found in its blood, st will block
the nerve? Evidently there 1s a very thin layer along the nene
underneath the nerve sheath, which has a composition quite dif
ferent from that of the nsect blood, and rather like our own tissue
fluid with ats low potasstum concentration When high concentra
tion potassium solution 1s injected mto this space, the nerve 1s
blocked Perhaps the difference between vertebrates and msects
1s not so great as 1t seems

Steinbach In essence, all cells that face to the outside and
excrete to the outside, tend to reabsorb sodium

Forster Dunng their evolutionary history, since Devonan times,
marme fish pr bly have been sloughing off thew glomerul
in the mterest of water conservation I dont see what could be
gamed ‘water-wise’ by replacing one leaky membrane with another,
that 15, discarding the glomerulus m exchange for another non
selective membrane, made up m this case of thick epithehal cells

Darrow Can you study hidneys 1n fish without paying attention
to what 1s happenmg to the gils? The gills must be exchanging
electrolyte quite differently

Berliner That 1s true, but during a perod of mamtamed elesa-
tion of the plasma bicarbonate, plus mmhibitors which makedlhc
urme alkaline m many other species, the urne remans acid m
glomerular fish (dogfish)

Darrow Yes, but hasn’t 1t lost that fun:
must be doing something?

Berliner Yes, that’s probably true

Wallace Does anybody know anythm,
That 15 the only membrane I can thin
mentioned here What do(;es 1t do? ?It on
filtrate 1n one direction, doesn’t 1t

Ussing Couldn't there be actve sodmm transport, e‘;‘;’zrne
sodwm 1s shghtly higher in the secretion, as far as 1 rem o

Wallace Could that be accounted for by the dilference

temn concentration?

ction because the gll

g about the choroid plevus?
1 of which has not been
ly pumps water and ultra
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Ussing Yes, st mught

Darrow I should like to ask what the zoologists know about
the transport of other ions, that 15 which ones have transport
mechamsms amongst the chlonde bicarbonate and potassum?

Ussing T think there are cases of active transport i all of them
Sodium, most defimtely, but also chlonide, at least under certam
arcamstances, and potasssum m the red cell, I don't know how else
one could explam the high potasstum concentration in the erythro
cytes Apparently, the organmism knows how to transport all the
monosalent 1ons But how much the mechanisms are used 1s still
2 problem

Wallace Is 1t necessary to mvohe chlonde transport sn the
red cellsP

Ussing No not in the red cells I was thinking of the epmeph
fine-stimulated frog skin, and the gastnc mucosi

And as T have already mentioned Dr Jorgensen * in our labora
tory, has found that live frogs may take up chlonde from potassium
chlonide solutions even when the potentral 15 not high enough to
explam the uptake The chlonide uptake takes place as an exchange
agamst bicarhonate

Wallace Does the exchange of chlonide and bicwrbonate mvohve

1 transfer of J P

Ussing No, the potassium 1s not taken up at all You could use
calerum chloride instead, but even though 1t 1s present, the chlonde
uptake would contmue under certan circumstances mn the form
of an exchange against bicarbonate 1ons

Madge 1 should hke to ash what examples there are of mtra
cellufar el lytes whose can be explaeed by a
Donnan equilibrium under normal circumstances Are there any
tnstances of thisP

Wallace Red cells can

Mudge No, they can’t They are full of chlonde

Berliner Do you mean the situation Conway postulated for
muscle?

Mudge That's nght

Wallace The red cell 1s Conway's 1deat cell He tned to make
the muscle be like 1t

Mudge No, the wiracellular chlonde m the red cell completely
upset the ealculation

Berliner That's night

——
*Unptblished data
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Wallace No, not necessarily There may be simply more chlonde
tn red cells than m muscle cells Perhaps the muscle cell has 5o
much other anion 1n 5t that there is sumply 1o space for chlonde
Is there Iittle chlonde 1 muscle cell just because there 15 0 much
phosphate wiuch s nondiffusible?

Mudge The equation as written states i terms of concentra
tion, that potissium mside, over potassium outside, equals chlonde
mside, over chlonde outside, and so forth and so on For what
cells 15 this true?

Wallace Why 150t 1t true about red cells? The distribution of
anion is best deseribed by a Donnan type of equlibrium

Mudge No, I disagree | dan’t thik 1t's true for red cells Taking
the analyses of human erythrocytes the Brst two terms n the
equation would be

15 _ 105
T [10]

and anthmetically, that's Just not correct

Berliner The Donnan equltbrium applies very well to the dis
tributton of amons mside and outside the red cells, as described
by Van Slyke and his co workers (19), but it does not explam
the cation distribution

Mudge 1 know of no normal han cell whose position
i accurtely described by the equation It 1s not valid for Lxd(i]ety,
for erythrocytes, or for sheletal muscle Accuracy 1s suppose: g
be one of the virtues of mathematics and if an equation is foun
fo be maccurate, T don’t see why we keep using 1t "

Ussing 1t describes conditions m nerve fibers, aocordmi o l“:'
Hodgkin group (20) But, of course, those nerves were lm lc?i oDn '
of the body, and whether they are hke Conway's muscle
know
Mudge Whv do you heep using this equation Dr D:;rr;\:’:

Darrow 1 really used the Donnn effects because I \vanezdm
¢e what Dr Ussing’s reaction would be, but 1t seems tlob‘x?\\m ot
he problem 1s somewhat analogous to a Donnan fqm‘ons o
his sense, that you have diffusible and mdiffusible :;m ns and
ions 1n the cell which are i equilibrium with sxm; ar o
xtracellular fluds The concentrations of some tons mft he sce o
ontrolled by factors other than osmotic and elech:ﬁﬁ OI‘Q:n ot
hat 10t what Donnan described, but 1t 1s & mo' ca (li;!fcanons
hich we have to think We have to consider how the m&) P
roduced by cellular metabolism alter the osmotic an
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equilibrium defined by Donnan The cucumstances were pecular
m that the amons which were mdiffustble mnde the b
were the only mdiffusible sons, and energy was not supplied to
the system

Wallgee. The sums don’t have to be the same?

Darrows No

Wallaee The sum of the mtraceflular cations can be very &if
ferent from the sum of those m extracellular fnd

Dock We have a lot of protein there

Ussing Waouldn't we be able to explun the known facts it we
assumed that although there 1s 1 the cells an appreciable amount
of potasstum that behaves pretty clasely accordwg to the Donnan
theory, there may be m certam cell types a fraction of potassim
that behaves differently In the cells you have studied there may
be an appreciable amount of the fractian that does not hehave
The whale theory need not be wrong because there 15 a certam
fraction that does not behase according to theory

Steinbach 1f the Donnan equhbnum, as modified by Conway,
1 examimed, and Conway's test for the applicabihity of fus verston
15 taken, which is princrpally tissue swelling as potasstum chlonde
1 substituted for sodm chlonide, then a simple answer can be
given ‘There are some vertebrate striated muscles that behave well
down to a low level of potassium, and vertebrate nerves follow
the prediction fairly well Vertebrate smooth muscle and vertebrate
cardize muscle are letely off — they absolutely fad to show
the modsfied Donnan equibibrium at all ~ and mvertebrate muscles
n general, more especially the manne mvertebrate muscles, nenves
and other tissues that have been tested, frequently behave sery
oddly mdeed That, however, does nat mean thit the Donnan
equiltbrium 15 of no use, 3t would be 2 nustake to say that What
2 amaunts to 1s that cells may have a number of active processes
which can go on between the wside and the outside of the eell,
and the cell 1s capable of making due allowance for them  Cer-
tainly no simple formulation warks 1 the majonty of the cell types
that hase been studied

Darrow Perhaps none

Stewnbach Perhaps none, but I dont think there 15 cause for
warry,

Lotspeich  You are altenng our teaching

Steinbach No Tor example, 1 disagree violently with respect
ta mechanisms assumed by Dr Conway, but 1 must admt that f
You assume the mechamsm he does, the formulation works beaut-
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Wallace No, not necessanily There may be stmply more chlonde
m red cells than 1n muscle cells Perhaps the muscle cell has so
much other anion n 1t that there 15 simply no space for chlonde
Is there Lttle chlonde in muscle cell just because there 15 so much
phosphate which 1s nondiffusible?

Mudge The equation as written states, m terms of concentra
tion, that p mside, over p outside, equals chlonde
mside, over chloride outside, and so forth and so on For what
cells 1s this true?

Wallace Why 1sn’t 1t true about red cells? The distribution of
anion 1s best described by a Donnan type of equilibrium

Mudge No, Idisagree I don't think 1t’s true for red cells Taking
the analyses of human erythrocytes the first two terms m the
equation would be

15 _ 105
FETB [10]

and anthmetically, that's just not correct

Berliner The Donnan equilibrium applies very well to the dis
tnbution of amons mside and outside the red cells, as described
by Van Slyke and his co workers (19), but 1t does not explam
the cation distribution

Mudge 1 know of no normal lian cell whose p
1s accurately deseribed by the equatton It 15 not valid for L:d{;lety,
for erythrocytes, or for sheletal muscle Accuracy s suppose 3
be one of the virtues of mathematics, and if an equation 15 foun
to be inaccurate, 1 don’t see why we keep using 1t &

Ussing It describes conditions m nerve fibers, nccordm%\ to oui
Hodgkin group (20) But, of course, those nerves were ]!a Ier(ll o
of the body, and whether they are like Conway’s muscle
know

Mudge Why do you lLeep using t

Darrow I really used the Donntn &
see what Dr Ussxlr(lg’s reaction would be, but 1t seems t]obm:]!“:h:‘;
the problem 1s somewhat analogous to a Donnan equit rrlls "
this sense, that you have diffusible and indiffustble :;mo s o
cations m the cell which are in equiltbrium with stmtlax 1“5 .
extracellular fluds The concentrations of some 1ons mflhcceSCE Now.
controlled by factors other than osmotic and electr:]cr crl e about
that 1sn’t what Donnan descnibed, but 1t 1s a modilica d[ﬂc:‘lllﬂ"s
which we have to think We have to constder how the m&) e o]
produced by cellular metabolsm alter the osmotic an

his equation, Dr Darrow?
flects because I wanted to
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equilibryyy, defined by Donnap The UCUmstances Mere pecnfiar
n that the amons v [yop ere mdy,, ble nside the Membrape
1S, and ener,

1,
were the only mdiffugibly 10 €I8Y Was pot Supphed ¢,
€ System
Wallaco, The sums dopy have g be the same?
Darroyy, No

Wallacy The sum of the ntracellylay cattons cay po very g, f
fereny from the SUM 0f thoge I extracelfylyy flmd
A N there

e modified
185 CXamineq, and Cumvays fest for the apphmblbt) of hug version
5 takey, which 5 Principayy, tissue Swellng a5 Potassium, chlonde
s subxtmned for o, Um chlong hen Mple o
& here 3are some ‘ertebrate Striated Muscles th,, behave y, ell

he Prediction f:urly well tebrate 20th musele Vertebrate
usele g completely Off — they, ebsulutely fai] to show
he m, dified Cqulibrigy 4 U~ and, ebrate muscles
i gen Tal, m, Ccially Marme 1y ertebrate Muscles, pep, es
an T tissy, at haye cen tested, frequenlb behare
ly ing d s howeyey, does ngg mean that gpo Dy
S,

and the cell 15 o, able of . Mg due afjowanca for them, Cer-
targly no Simple {ormulauon works in the majonty of ghe cell typeg
hat have N Studied

lzrrow

€rhaps none
SIL‘mbach Perhapg fone, byt y dont thypt there 15 cause for
Worry

L"tsﬁt’/dl You are altering oy teaching

Stcmbac], No por example, f isagree violenty with respect
to mahamsms assumed by, 1y, Conway, byt I must admit ghay if
You sume ¢he mechansy, o does, H o nlation 4, Oths beauy
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Assumpy, f 8], Mechanism if yoq don't W any about
Walr, h UInS oyt to b e transp, f Sstum,
15 that Yo Meanp
Stembac/ ) 1N the Case the 8 mus, s Mstead a8y stem
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mean that potassium 1s not bound by ery thracytes, 1t just indcates
that not enough 1s bound to be piched up by our present tech
mques If only one part in a thousand were bound, st 15 concenable
that that one part might be very important i transport From the
hrochemical pomnt of view, some of these reactions are certamly
best exammed m the most active organs

Ussing 1 was wondenng whether, on a surface basss, the frog
skin and the gut arent working just as fast as the hidney tubule
¥ think 1t 1s difficult to calculate

Mudge Yes but one should be able to do 1t

Ussing 1t 1s susprising, really, how much ss transported by the
gut and the skin

Mudge What does the whale gut reabsorb —a ffth of the total
plasma sodmm?

Visscher A fifth per ten minutes, perhaps What 1 the area of
the entire gut as compared with the surface area of all the tubules
w the hidney? This 1s a little problem s mathematics which we
have to work out fiest, but we do know that if ¢alculations are made
from the flux values which I showed this mormng, all the sodwm
m the phisma of the dog passes through the shmentary tract and
15 reabsorbed once m, I thinh, 83 rmnutes I am not sure that 18
the evact figure, but 1t 15 a faly short peniad of time My guess
15 that the area figures would come out as Dr Ussing suggests,
and that 1t may be gomg on just about as fast

Mudge Well, I think the gut 1s all nght The thing 1 dont hke
15 the red cell I tlunk too many studres are extrapolated from red
cells to the tissues

Wallace Isn't time a factor to consid
tike of an mdividual 1s suddenly mcreased, the gnstrmn‘tﬁshﬂ“l
tract wall handle it, but renal evcretion « 0l rutrally fall shog of
mamtaming balance and the subject will gun weight The b )M‘Ye
will gradually gan the ability to excrete the merement even Wht
the wncreased mtake 1s mamtuned 1 am not sure that ths 18 Se}‘l\
mane to the argument, but it seems to me that you cannot t::!
about transfer of electrolytes m a quantitatn e sense until a steady
state 1s achieved This may take many duys bsorb per

Lotspetch  How many bters of fud does the gut reabsorb P!

day? \
¢ 1y obtamed a good figuce for the
o st and ol the ggures that aie gren m the text

total flux for water and all the
books are values for net absorption which of course are open 10
great question

or? When the electrolyte
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Darrow They are handed down from twenty fie or thuty
years ago

Thorn 1 should think that the important correlation would be
that which occurred during active periods of digestion Ope would
expect a rapid rate of turnoser of secretory enzymes, electrolvtes,
and so forth, 1n the first two to four hours after the mgestion of
food Followmng this, the over-all flux might fall to a low level
durmg the mterval penods without actne digestve processes
gomg on

Lotspesch The hidney reabsorbs what — about 140 hters a day®

Visscher Yes The gut would probably not have to do as much
in order to have a comparable activity, because I think there would
be very much less error As I say, I haven’t made the caleulations

Doch May the kidney also have actnve diffusion going on like
the gut, 1n addition to what 15 filtered® I mean, water can be dif
fusing through a tubule and back agamn, we don’t have to assume
tht the tubular cell lets water go only one way

Visscher It has occurred to me that there may be quite a dif
ference between the renal tubule and the gut wath respect to the
rate at which a2 pump system 15 working  For example, sodium 1s
bemg moved from the mtenior of the tubule to the peritubular
space, and back into the blood but what happens as regards move
ment 1 the other direction 15 that there 1s a certamn leakage if you
like, and that 1t may be the leakage that determines how much
of aload 1s put on the actnve pump mechanism  1f the leak 15 more
than so much the net urinary excretion 1s gomng to increase It may

e the control of the leak which determines how much sodum 15
retaned 1n the body, for example It may be that desovy corticos-
terone has an effect on the leakiness of that membrane, rather than
having an effect on some carner mechanism

As T sard earlier, T am simply throwmng out these suggestions,
becanse T do not think we have any nght to be dogmatic at our
Present stage of knowledge about this problem I dont think we
have enough mformation to say that only one particulir explanation
will account for ths, that, or the other, mechamsm T think we
must keep an open mind, and look at all the possible solutions
until we have proof that one or the other 15 either smpossible or
mevitable There are sa many conclusions that are possible, but not
mevitable, at the present time and unti! we know more, T don't
thnk we should evelude any of the possible mechasusms

Pitts 1 wonder, n tion with your di of flux of
water, and of sodim and potassium i both directions through the
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renal tubule where 1t puts us with respect to flux of the second
most diffusible component 1n the body namely urea with relation
to the excretory processes mnvolved m the excretion of urea?

Visscher You mean how could a membrane be impermeable for
urea and not for sodum ron?

Pitts Yes basically that

Visscher Well I dont know enough about the hydrated molec
ular diameter of urea for one thing to be able to answer that
question How about that Dr Ussing?

Ussing Actually I could not say There 1s always the question
of chmge 1 the membrane In a membrane phase which was
negatively charged the sodm 10n would pass more easily whereas
an uncharged one might not go so fast

Visscher The capillary membrane 1s such a leaky membrane
compared with the structures we are talking about

Doch But for the relatve sizes Pappenhermers data are avail
able

Berliner He has esttmates of the effective radws based on dif
fuston data

Ussing That does not relate to charge effects

Dock In one human disese reabsorption of urea and glucose
from the gut are mterfered with In sprue a patent cant absorb
dextrose from his upper gastromtestmal tract and he doesn t absorb
urea properly erther for some strange reason i

Visscher Well 1 mght have sud that 1f you place urea 1 sal t
solutions at approumately blood concentrations of urea while
sodum and chloride reabsorption are gomng on there 1s a concen
tration of urea m the gut That l])lears on ymir It)omt

Putts then the gut 1snt really so nonselective

Vtsschis No 1 dong t think 1t 15 yIt 1s absorbing sodium chlonde
agamst concentratron gradients and leaving urea 1 dont lxl(l)lI?l‘IV
enough about the physicochemical characterisbics of urea m ssnon
tions to give you any really intelhigent answer to your gueé
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