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JOSIAH MACY, JR. FOUNDATION
CONFERENCE PROGRAM

As Ax vTropucTIoN to these Transactions of the Third Conference
on Renal Function, I should like to outhne what 1t 1s that the
Foundition hopes to accomphsh by its Conference Program We
are nterested, first of all, m furtherng knowledge about renal
function and to tlus end the participants were brought together
to exchange deas, expenences, data, and methods In addition to
this particular goa, however, there 15 a further, and perhaps more
fundamental aim which 1s shared by all our conference groups
f

This 15 the p o! fal ¢ won between
scaientific disaiphines
The problem of 1tion hetween disaipl we feel to

be a very real and a very urgent one, the most effectne advance
ment of the whole of science being to a large extent dependent
upon 1t Because of the accelerating rate at which new knowledge
15 accumulating and because discovenies in one ficld so often result
from mformation gained in quite another, channels must be estaby
hshed for the most relevant d 1on of this k
The ncreasing reahzation that nature atself recogmzes no
boundanes makes 1t evident also that the continued 1solation of
the several branches of science is a serious obstacle to scientific
progress Particularly 1s 1t so in medicine that the hmited view
through the lens of one discipline s no Jonger enough For example
today medicine must be well versed i nuclear phystes because
of the tracer techmques nd the mjury which can result from
radiation At the other extreme medicme 15 certamh a social
science and through mental health, must be concerned with
economxc and social questions The answer, then s not further
nto gly 1solated specialities 1 and
departments but the mtegmhon of scrence 1nd screntific knowledge
for the 1 of all t we feel cn
be encouraged by providing opporhlmhes for 1 multiprofessional
approach to grven topics
Although the fertility of the multsdiscipline approach 15 1ecog
mzed adequate provision is not made for 1t by our unnersities
scientific socretres and journals And perhaps the presence of other
hinderng factors must be admitted Pastly semantic in nature

7




8 Renal Function

they mny also to some degree be psychological Admuttedly st 15
oftentimes dificult to accept data demved from methods with
which one 1s unfamihar By maling free and imformal discussion
the central core of our meetings we hope to achieve an atmosphere
which s much as possible these emotional barrers

Thus our meetings are 1 contrast to the usual screntific gather
mngs They are not designed to present neat solutions to tidy prob
lems but to elicit provoeative discussion of the difficulties winch
are bemng encountered 1 research and practice For thns reason we
ask that the presentations be relatively bref and that emphasis
be placed on discussion as the heart of the meeting Our hope 15
that the participants will come prepared not to defend 4 single
pomnt of view but to t1he advantige of the meeting as w oppor
tumty to speak with representatves of other disciplines m much
the same way that they would tik with their own colleagues 1
therr own Iaboratortes

We have now thirteen groups functionmg under the Conference
Program The following topies are covered  adrenal cortex aging
bload clotting cold mury connectie tissues conscrousness ¢y ber
neties infancy nd childhood hver mury  metabohe mter
relitions nerve impulse renal function and shock nd circulitory
homeostasis

Vhen 2 new conference 1s organized the Chayman m consulta
tion with the Foundation selects fifteen screntists to be the nuclens
of the group and every effort 15 made to mclude representatives
from all pertinent disciplines From time to time new members are
added by the group to fill gaps in viewpomt or techmque A
hrmited number of guests re mwvited to attend esch meeting but
for the purpose of promoting full partieipation by all members
nd guests nttendance at my meelng 13 hmited to twenty five
It 1s mewatable that m no topic can we possibly include more than
a small friction of the hey mvestigators i the field nd one of
the difficulties 1 formung 4 group Iike thus 1s that 1t 1s necesswy
to leave out so many people whom we would hle to include

The transactions of these meetmgs are recorded nd published
Thus 15 done because the Foundation wishes to make current think

 a field available to all those working in 1t and because it
o are concerned

wg
beheves that conveying to those mn other fields wh
with science for example government officiils rdnunistrators ete
the essential nature of scientific research 1s also an smportant
problem 1n communication Logic 15 2 sital spect of science but
equally essentia] 1s the itmtine or creatne aspect Research 1s as
creative s the panting of ¢ portrut or the composing of 1 s\m
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phony Although logic 1s, of course, necessary 1 order to rearran
to test, and to validate, research thrnves on creativsty whech
s source m al g Unfortunate
however, m the fimshed products wlich are presented to the wo
through research reports this integral part of saentific endea
15 shrnveled by the cold, white bght of lome By preserving
formality of our confe m the pubhshed

hope to gie a truer preture of what actually goes on in the 1
of screntists and of the role which ereatnaty plays

Frank Faeviont-Swurn, M D,
Medical Direct






INTRODUCTORY REMARKS

ROBERT F PITTS

Churmar

1 sHALL cONFINE my remarks largely to welcoming our members
and guests and to acknowledgmg my mdebtedness to them I am
especially indebted to those who assisted me i arrangag this
program To all who are present mv thanks for making this meet
ng possble And to those who are to open the discussions my
special thanks for their willing ncquiescence his made the tash
of the Charman an esy one

This 1s for the benefit of those who have not attended previous
sessions  the third of our conferences on renal function The first
dealt with renal tubular functions the second with the endocrme
control of renal function more speasficlly with the control exerted
by the adrenal cortex and postenor pitmtiry and this the thied
1s to deal with physical factors in urme formition

There are two mnoyttions which the Foundation has mtroduced
thus year which 1 thunk are hughly hudible and which should
ncrease the interest and value of these conferences The first 15
the imnatng of 4 guest from abroid and we are verv fortunite
this vear in having with us Dr Frih Winton from Unnersity
College London The other is that the oundatian has inusted
representatues from each of the three major duvistons of the Armed
Forces We hope that the conference will be beneficral to them
T am sure that their contributions to this discussion will be helpful
to us

We shall proceed with the first of our discussons Ve are
fortunite in hwving Dr John Pappenheimer to onent our thmking
on the subject of filtration across capithiy membranes Bectuse
there 1s no general agreement as to what 1s meant by filtration we
are no less fortunate 1n having as a guest Dr Chinard a leader of
the opposition We shall be most mterested in the views of these
twa tnde sdutls for the help they wsll be i organezing ane thawghts
on the meanmg s well as the mechanism of filtrition



"HE PASSAGE OF SUBSTANCES
\ CROSS CAPILLARY WALLS™®

OoHN R I’APPENHEIMER
Departuient of Pphysiolog) Hartard Medsctl S¢ ool

1 spaLL TRY 10 present & picture of capillary permeablhty 1n terms
of the number and dimensions of aqueous channels through the
capillary wall which & ould explun observed perme? ity to hp

lary filtration, per\tub 0! 3
tubules, of other phys\cal processes m\o\\ec(i1 m the
0|

formation of urme Several new theones are ¥ \ved,

try to conc ntrate On describing el m wathout
attempung ¥ app! the results 0 h ey, hoping, ™ vertheless:
that such & pheations ge m th discussio

may
Membranes which sestnct the passage of large
may offer very dufferent resistances 10
hydrodynarme flow of Aw 1 ble
the filtration charactenshics of a vanety ©
one property 1t common, NAme y, th
t

where Q¢ =

7 DX
Q. rate of flow (ﬁ\tﬂhon), ml per se¢
Ap = 8red of membrane, © 2
r W3S cond
ds L.

+ The work presented for Guscyssion 1 1 pape ucted in collzboration
with E A Renhin A Soto Raverz 1, Borrex an Evdsol;_ kd h:u: been
‘upported, b grants from the Life Tnsurnce Agedical Tresearch Fur o

ot
Fagene Hhemas Trust
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Passage of Substances Across Capillary Walls 13

v = suscasity of flteate, dyne sec per em *
Ax = path length through medum, cm
AP = pressure drop across medim, dynes per em

The proportionthty constant K has the dimensions of em * and
st 1s determined solely by the number and dimensions of the pores
When used 10 connection with non-lving svstems, 1t 1s often called
the “coefficient of permeability™(1) I have {perhaps misgmdcdly)
called 1t the fltration constant since this term has heen used
prevsously sn the physiologreal hiterature

TABLE 1
Filteation Charucteristics of Certain Membranes

Relative Blteation
Membrane conetant
um x 12
1 Muscle capitlary, cat 02
2. Mlesentenc capillanes, frog 5
3 Clomerular capilfaries frog 19
4 Glomerular capillanies mammals 22
5 Colledion membrane, 03 ¢ 104 ¢m  thek
and of pare dumeter (110 A) sufficient to
retamn 93 per cent of serum albumm* 780

Reprinted bv permisuon, from Pappenheimer, J B Reokin E % and Bucro L
Am ] Physol 167, 13 (195})

In dealing with hving capdlanies, we can, 10 certin nstances,
measure expenimentally all the quantities required to define K
except the path length, Ax, through the capillary wall It 1s there-
fore comventent to consider a relatrve filtration constant XK' which
smeludes Ax and 15 defined by K’ = K/Ax The relative filtratron
constant will then have the dimensions of cm as shown in Table 1
To date, the relative hltration constant has been measured 1m two
types ot capifianes {4} Tne mdnidud) capifianes ot the trogs
mesentery(3), and (1) the muscle capilianes m the perfused
hindhmb(4,5) In both preparations the rate of filtration has becn
shown to be accurately proportional to the pressure difference
across the membrane OF course f the filtenng fimd contains solute
molecules to which the membrane 15 entwely or partally ympes-
meable, there will be osmotic pressure gradients across the mem
* This value 15 calcalsted from the duta of Elford and Ferry{2) on the assumption

that relatwe hltration constant varres mversely with membranc thickness  The
actual thicknesses used for theve measutements were 50 micrans or more



14 Renal Tuncfion

brane which must be consdered m computing the pressure
difference Dunng filtirabon of noimal plasma across capmitary
membranes at normal physiological pressures, the only molecules
winch establish appreciable osmotic gradients are the protems,
and, consequently, the rate of net filtrabon or net absarption 15
proportonal to the difference between mean capiliary hydrostatic
pressure and the protemr osmotic pressure Figure 1 shows that

oL /M
+50, FILTRATION
[ o ormal st
A 26X Gioul 0 24% Tym180mmg], %
{ X After 364 g bovae Albumn * .
Kbamn 67 Glabuln 20% My 501 mm g
+30]
+20
+10
DIFFERERCE IR PREISURE ACRASS CAPILLARY NEWSRAMES 1t 38)
-1y 8 a2
2 £ XY 3 40 2
R e
- - 0
20
4
4
|~ 30
=~ 49
ABSORPTION e Jun

FLUID EXCHANGE N HINDUMB QF CAT
Exp £~25 Limb Weght 302 grams
L. Tal Weal af  wnt The eato of Quid exchange 3
ot e
pealute value of

Teen W3

these guantities Repnsted by permusvon from Pappenhermer § R and Soto-
Rnera A Am ] Thysiol 152 471 (1948)

this 15 true in the Jundhmb perfus
osmotic pressure rangmg from 16 to 50 mm Hg The rate of net
s was proportsonal ta the

hydrodynamic flow across the capillane: b
difference between the mean capiflary iydrostatic pressure an

ed with protein solutions of



Passa.c of Substances Across Capillary W alls 15

the effective protein osmotic pressure When converted to cgs
units diuded by the capillary surface area (determined histo
logically) and multiphed by the viscosity of the filtrate the slope
of the line shown in Figure 1 15 numencally equal to the relative
filtration constant listed 1n Table I Data simular to those shown m
Figure 1 have been obtuned from about one hundred cat lindhmb
preparations perfused with whole blood or protein solutions at
temperatures rangmg from 10 to 45°C At low temperatures the
net rate of ﬂow of ﬂmd across the membranes per umt pressure

15 d ly m proportion to the incretse
of viscosity of water as shown 1 Table Il and predicted from
Equaton (1] Figure 1 and Table II tiken together provide
evidence that we are n fact dealing with viscous flow through
aqueous ehannels

TABLE L
Effect of T to Hydrod Tlow
and Malecular D.numn Through Muacle Capillartes
%x2C | 10=7C Fato
Filtration coefficient k¢
{Av of 15 expeniments)
ml /min /mm Hg/ 00146 00083 | K38 /R10° =178
100 g muscle
Average diffusion W
time across capiltaries NaCl 53 97 HTyo°/hTsq ®
minutes 10 °/4Tse
Sucrose 73 12
Viscosity of 10°
water centipoises 07085 | 1308 %ﬁ =185

Let us now return to Table I The figures given for frogs mesen
teric and cat hindlimb camilanies come directly from expenimentally
measured quantities In the case of the remammng membranes
some of the pnmary required for calcul relative
filtration constant have not yet been measured experimentally and
we have had to make some assumptions The detailed assumphions
mvolved may be found m Reference 5 It 15 mteresting that our
guess for glomerultr membranes leads to about the same value as
that recently proposed by Verney and Rushton(6) who used

hat different m performng their caleulations
Although we must regard some of the vlues given in Table I s httle
more than “orders of magmtude they nevertheless pomt to an
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Lapraies ana apout 4000 told more resstance than colloden
membrane of comparable thichness and permeability to proten On
the pore theory of capifiary permeability, we would 1nfer that the
pores m muscle capillanes are 4000 times Jess numerous per wmit
surface area than m collodion membrane of comparable pore size
The collective pore area 1n such a collodion membrane comaprises
about B0 per cent of the membrane surface(2) so that we may
guess that only 60/4000 or 0015 per cent of the muscle capillary
contains pores for the fltration of fud The corresponding figure
for the glomerular capillanies would be 1 to 2 per cent Evidence
m support of this conclusion comes from the study of molecular
diffusion through the capillary walls, and to this stady I now pro
pose to turn

If an mert, lipord msoluble, molecnlar species 15 added suddenly
to artenal blood supplying a tissue, there results an osmotic dis-
twrbance consisting of two related processes (a) the added
molecules tend to diffuse from the plasma, across the capifary
mermbranes, to the mtershital fuid, (b) the concentration gradient
of added molecules actoss the capillary membrancs results 1
osmotic withdrawal of fwd from the interstitzal compartment
mto the capillary blood Both processes continue until the concen
tration difference across the capiilary wall approaches zero as a
result of loss of molecules from blood to extravascular flud and
dilution of the blaod hy the absorbed mterstitinl fmd The rate at
winch these processes take place depends, 1 pat, on the hindrance
to diffusion of the added molecules through the capillary walls

n the 1solated perfused hindlimb prephration, the osmotic with-
drwal of fud dunng such an osmotic transient may be preyente
by rmsing the mean hydrostatic pressure m the capifanes by hnown
amounts just sufficient to mamtain the hmb at constant w eight(4)
Unde:r these conditions, the merement of mean capillary pressure
15 2 measure of the partinl osmotic pressure (or diffusion pressuce)
exerted by the added molecules across the capillary membranes
Figuwie 2A shows the time course of such osmotic trinsients for
urea and for ol diffusing across the capifiy membraues w the
hindhmb of a cat Throughout each transient, the mean capdlary
P was ally ady A by varywag the venons pressure
so that the leg remamed at constant weight {1segras unetnic state}

Pitts How do you avod the difficulties of changes m volume

of your vascular system?
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and

Pappenhetmer 1t 1s quite true that the large changes of venous
pressure required to maintain the 1sogravimetrc state durmg an
osmotic transient cause changes of vascular volume which tend to
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gﬁﬁ(et'ti Ctl}?ngE}S] of weight due to net filtration or net absarption

e changes of vascular volume followmg  sudd
change of venous pressure are almost 1stantaneous 1 gca parison
to the slow diffusion process Also the pressure volunme mp:mso?
the venous system 1s hyperbolic so that at high venous t;:rve .
such as those required to balance the mmtial osmotie elfgct ;oon
siderable changes of venous pressure are required to N son
sigmficant changes of vascular volume Neverthqeless the E::blg:
15 an annoying one particularly 1n the first stages of an osmotic
g:::xei::gﬁ;lu::;% ;n ll)mtlal large rise of venous pressure It has

y rmsmg the venous pressure to approxt

mately the correct vilue before the test molecules are added the
correct peak value being determined approximately from previous
expenience In this case rapid net filtration 15 occurning before the
test molecules are added and the mitial osmotic effect of the
added solute 1s to bring the preparation back to the 1sogravimetric
state With this method measurements can be made within three
to four mmnutes of adding the test substance this time bemng
required for adequate muung mn the perfusion system

The osmotic transients so measured dechne exponentially with
time as shown in Figure 2B and the tume constant of exponential
decay vanes mversely with molecular size This method of depict
mg the results has not however proved valuable except mn one
respect It will be noted that extrapolation of the cutves of Figure
9B to zero time yield oymotie pressures which are only smalf
fractions of the theoretical van t Hoff pressures predicted from the
concentrations of the test molecules 1 artenial plasma Thus urea
exerted only 4 per cent glucose 6 per cent and mulin 40 per cent
of the mitial vant Hoff pressure mn arterial plasma This 15 an
important pomnt because concentration mn arterial plisma has been
widely used as a measure of concentration m capillares for calenla
tions relating to transcapllary exchange rates of tracer molecules
myected mto the vascular system The reason why concentration
m arterial plasma 1s such a poor measure of that in capifianes 1
easily understood 1f measurements are made of artenioyenous con
centration differences Figure 3 shows the arteriovenous differeice
transient for D=0 followmg its addition to the perfused hundhmb
preparation Clearly the mean capillary concentration 1s very mouch
less than the artenal concentration and there must be a large
gradient of concentration along the length of the capilfary

Data of the type illustrated m Figure 2 may be combrned with
that of Figure 3 to yield information concerning the nature of the
capillary wall considered as a barner to diffusion Figure 4 ilfus
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~
o
3
i
o
<
)
£
o
=

I P=RTAC

A _ Qp(cz"cv) RT
ax DxP
Ficune 4
mmng out as stated algebrucally by
At of the
of

15 gomng 1 and what 15 co
equation I of Figure 4 Equation II i Figure 4 states th
test molecules are leaving the vascular system by a process
diffuston through aqueous channels, then the rate will be gren
by Fick’s Law It 1s important to call attention to two special
features of equation IT (a) 1f D 15 taken as the free diffusion
coeffictent of the test molecules m water, then A may be a virtual
aren refernng to that area required for free diffusion at the rate
dm/dt, (b) the mean concentration difference Oc across the
capillary wall 15 the resultant of several unknown factors Thus,
the concentration within the cypillary decreases along the capil
lary length, as suggested by the curve linking the arterral with
the venous concentration The form of this curve at any moment
1s unkmown Also, the concentration outside the capillary wall 1s
unknown and may be non uniform The important point 15 that
the same unknown B which proudes the gradient for diffuston
15 also responsible for the obscrved osmotic pressure, P, defined by
equation 11T This takes account also of different concentration

gradients 1 different capillaries
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The three equations of Figure 4 may now be combined to
elmmate dm/dt and A, thus solving for A/A \ i terms of expen-
mentally measurable quantities ¥Hence

Q& (C—-C) RT {2}

B T DxP

If equition {2] 1 correct, then A Ax 1 a geometneal property
of the capillary wall and should be mdependent of any changes
mn the terms on the nght hand side of the equation In any given
expenment 1 which the blood flow and temperature are mamn-
taned constant, the only vanables are the A V difference n con
centration and the osmotic transient, and we cin predict that their
Tatio must yemam constant  Expennmental venfication of this pre.
diction 15 Mustrated m Fugures 5A and 5B which show simut
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Fiouse 5 Reprinted by permission from Pappenbenver J R Renkn E M and
Borero L. Ar  Ehyator 467, 13 (1951

taneously measured osmotic and A-V difference transents for the
case of sucrose and wnubn It 15 clear that i this evpenment the
*atio of AV difference o osmotic pressure 7emamed approvmately
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constant throughout the transient When mulhphed by Q, and
R T/D, the ratio should be numencally equal to the area per untt
length m the capullary walls which 1s avarlable for the diffrsion of
these substances Similar results have been pbtaned wath a varety
of molecules and will be considered 1n 2 moment Further evdence
In support of equation [2] comes from studymng the effects of
changmng the blood flow If A/A x1s a geometnical property of the
capillary wall, 1ts value must be mdependent of the flow rate
Figure 6 shows the effects of varymg the blood flow (by svarymg
the arterial perfusion pressure) on the osmotic and A.V thfference
transients mn the case of raffinose It 1s seen that at Jow blood flow
the A V diffeence 1s greatly increased and by jyust such an amount
that the caleulated value for A/A < remuns constant

Dock Does that mean that the area does not change as the
capillaries are dilated by the rise of pressure necessary to produce
greater flow?

Pappenhermer In the experument of Figure 6 there was m fact
no change of mean capillary pressure When the arteral pressure
was increased to produce the high blood flow, the venous pressure
was simultaneously decreased to keep the limb 1sogravimetric (1€
mantain constant mean capillary pressure) Nevertheless, even if
the capillary pressure had been rassed (within physiologie il imts),
there would, I think, have been no detectable change of area The
reason for this supposthon 15 given n Figure 1 wluch shows that
the rate of flud exchange 1s proportional to the differcnce in pres
sure across the capillary wall but 1s independent of the absolute
hydrostatic pressure over a wide range 1 think the mechanics
mvolved m this constancy of area with change of captllary pressure
may possibly be found m Burton’s recent formulation of the relh
tions between presstre wall tension, and tube radis(7) When
the radis of a vessel is smll, very large pressures mdeed are
required to stretch the wall To be sure capillares will dilte
under the mfluence of metabohtes, pharmacological agents ete
and we have studied the effects of several drugs, both dilator and
constrctor, from this pomt of view Although these agents alter
the resistance to blood flow over a ten fold range, they do not
affect the filtration coeficsent or osmotic transients by sigmfiewnt
amounts I suspect that mn the 1solated preparation the capx\'luneﬂ
are already dilated and the effects of epinephrme, uret mr;‘ﬂ
acetylcholne, pitressin, chloral hydrate, ete, are exerted prnapii)
on the artertoles and venules But that 15 another story a

Let us consider now that our theories thus far are conectn:m
that we can measure the aren per unst path length in the eaillary
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walls required to explam the observed diffusion rate of any test
molecular specses What do the results show?

It 15 evident from Figures 5A and 5B thit the area asailable
for free diffusion of muln through the cipillary walls 15 consider
ably less than that for glucose In Figure 7 are plotted, as a

AREA FOR DIFFUSION PER UNIT PATH-LENGTH
IN THE CAPILLARY WALLS
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Ficure 7 Modified from a Bgure appearing in  Pappenhemmer
and Borrero L Am J Physiol 167,13 {1951) and reprinted

R Renkin E M
Y penmiss on

function of molecular weight, the free diffusion areas per umt
path length avalable to six molecular species Since the path
length 1s presumably the same for each spectes, it follows that the
area for free” diffusion becomes progressively restncted with
mereasing moleculwr weight What absolute values of area are
mvolved? From Figure 7, the area per umt path length for NaCl
15 11 x 10% cm sn 100 grams of muscle, and extrapolation to a
molecule the size of water yields only a shghtly greater value
Thus, for a molecule the size of waters A = 13 x 103Ax em * We
do not know the path length, Ax, but 1t can hardly be more than
one micron because the capillanies m muscle are often only five
mictons m outside diameter(8) A high estimute for the diffusion
area for a molecule the size of water would, therefore, be
13 x 10% x 10¢ or 18 em * The diffusion areas available to the
other molecular species shown m Figure 7 are less tha this as
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mdicated on the scale relitive to water (A A«) on the nght hand
ordmate

This estimate for diffusion wren m1y now be compared with the
total surface area of the capillarnes m 100 grims of perfused muscle
A preaise figure for eapllary surfice 2rea 1s hard to obtun Usual
histologreal techmques mvolving perf with Indinink followed
by fixation paraffin imbedding and capilliry counts have led
previous meshigators to eshmates ranging from 175 to 82 M °
per 100 grams of muscle Any value above 4 N\ 1s however
mmprobably high because 1t would imph 2 capillary volume of at
least 4 per cent of the muscle weight wd the total blood volume
m muscle 1s no more than this Cur own estimtes 1n the perfused
hindhmb preparation are lower than this {about 07 M ” per 100
grams) possibly because we he used frozen sections which avod
shnnhage and ‘this results m fewer capiflin counts per mm°
Comparnison of our estimate for diffusion aren (less than 13 em )
with our estimate for capillary surfice wea (approuimately 7 000
cm”) leads us to the conclusion that the frictional pore wea
the cimllary walls avulible to a molecule the size of water 1s less
than 02 per cent This small fraction 1s of the sime order as that
estimated above (see page 16) from the hvdrodvnume resistance
to flow offered by the muscle cpillines m comparsen with col
lodion membranes of comparable thickness and pore size It lends
support to the view that the diffusion of small hpid nsoluble mole
cules takes place through the same chanmnels s hydrodynamic
flow and that these channels comprise onlv 1 munute portion of
the total capilary surface

Fremont Smuth  \\ith respect to water are you working on the
basic assumption that at equilibrum no water exchange 15 taking
Place:

Pappenhermer In the 1sogravimetric state there 1s 1lmost no et
exchange of water across the capillaries I say almost™ because
there 15 actually a very small net flow of fluid mto the tissues to
balance the evaporative losses from the surface of the perfused
limb However two types of steady state exchange of water mole
cules across the 11 are undoubtedly g The first 1s
hydrodynamic flow out of capillanes or portions of capillaries
where the hydrostatic pressure exceeds the effectne osmotic pres
sare This 15 balanced by an egual Tate of fiow mio expillanes o
portions of capillaries where the hydrostatic pressure s less than
the effectis ¢ osmotic pressure This rite may be estimated from the
filtration coefficient of the capiliwnes (Igure 1) and the hydro
static pressure drop along the capillary*length (about 10 mm Hg)

£
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geometry In order to allustrate this dernation let us consider the
smple case of uniform eylindnical pores We shall assume that
bydrodynimee flow through these pores may be described by
Poiseutlle s Taw with  small correction which llows for the fict
that the pore area wulble for water 1s shghtly less than thit
available to a molecule of zero molecultr waght (eg nfimtely
small compared to the true pore size Sce Figure 7)

L Dt A 181

“71070%;, = flow per umt pressure difference 1cross the capil
lary walls which 1s measurable experimentally s shown in Figure 1
and 15 designited by ke The rads of the pore 15 ¥ nd Ac1s the
collecti e pore area v ulible for Bltration Solv ing for1 we have
8yh¢
AVBx 4]
But 1f the area for filtration 15 the same as that for diffusion of
molecule the size of water then we know the value of Ar Ax from
the results shown in Figure 7 Typical values for insertion into
equation [4] are y = 0007 poises he = 21 x 107 m] per sec per
yne per em ” A/Ax = 13 x 10%cm Whenee r = 30 x I10% em
This result means that umform pores of radws 30 Angstrom
Umts and of collective aren per umt path length 13 x 105 em
would offer the observed hydrodynamic resistance to flow and at
the s1me time satisfy the p d duff rate for 1 molecul
the size of water The same methods m1y be employed to caleulate
the pore radn 1n any given distribution of cyhndrical pores or to
solve for the dimensions of any other gien pore geometry There
are in fict an infinte number of distributions of pore sizes or
geometries or their combmation which will result m the observed
hydrodyname resist: to flow nd diff rte for 2 1
the size of water
In order to go further we must consider our 1emunmg data
namely the restncted diffusion areas 1w-ulable for the larger
molecules shown 1n Figure 7 On first thought one might suppose
that the restricted diffusion area for a molecule such 7s sucrose
(ext 44 per cent of that fo v molecule the size of wter 1s shown
m Figure 7) would be simply explained by assuming that 56 per
cent of the pores were smaller than the smallest dimension of
sucrose and 44 per cent were larger This simple explination must
ovnever be disearded becuse the smallest dimension of sucrose

r o=
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MOLECULAR DIMENSIONS
(ESTIMATES AS OF 1951)
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15 8 A (Figure 8) and 1f 56 per cent of the pores were smaller than
this, then all the remaming pores would hive to be luger than
100 A m diameter 1 order to satisfy the observed hydrodynamtc
resistance to flow Such a distnbution would not satisfy the results
for the remammng molecules We have to ask, theiefore, whether
the reduced diffusion areas available to molecules larger than
water may be explamed, at least in part by restriction to diffusion
through umform pores The followmng considerations suggest that
severe restriction to diffusion my be expected when the radws of
the duffy lecule 1s ble with the d of the
pore (a) The probability of a molecule entering 2 pore without
striking the edge of the opeming will depend on the area of the
malecule relative to the arex of the poie Foi the case of spherical
molecules entering cylmdncal pores, the free area for penetration
will be A = 1(r — a)? where r 15 the rdws of the pore and a
that of the molecule Relative to the aren of the pore, the free
aren for penetration becomes (1 — a/r)?
= (1 —alr)?

15]
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{b) Once the molecule enters the pore 1ts progress by diffusion
will be retarded as a result of viscous drig t the stiomwny walls
of the pore This factor has been stuthed quintitneh n connee
tion sith corrections to Stokes I 1 sistems where particle size
15 comparable with the size of the sedsmentition chamber For

e case of sphencal particles sedimentmg m cvhodrica) tubee
ths correction ks been gien by Lidonburg(9 w the form
MY 4+ 24 g/r) An wvogons correction s been shown by
Westgren (10} to appls to ultranuarnscapic pretickes sedunenting
i a wedge shiped container Westgren utihzed the Tyndall effect
to follow ‘the rate of sedimentation of the suspended puticles

Combrmng these factors which muy restrict the rite of diffusion
of sphencal molecules through ovldrical pores we hue
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Thrs theoretical restrsction to diffusion 1s plotted m Figure 9 for
the case of umform cyltndneal pores of radius 30 & and compared
with the observed restrictions to diffusion offered by the capillarses
to the molecules we have studied so far Unfortunately none of
the test molecules 15 actually spherical and there 15 therefore
doubt as to the proper dimensions to use As a first 1pproumation
we have used the Eimstemn Stokes radis of the molecule e g the
radws of 3 sphere of eqmvalent free diffi i but the
longest molecular @ 1s also depicted 1 Figure D 15 a
horizontal bar Current estimates of these molecular dimensions
are summarnized m Figure 8 Inspection of Figure 9 shows that
umform cylndncal pores of radius 80 A will account reasonably
well for the observed restnictions to diffusion of the lipid insoluble
molecules thus fur studied For the ease of a fong chan molecule
such as mulin the Emstemn Stokes diffusion radius rather than the
longest molecular dimension appenrs to be the important drmen
sion to consider However we cannot trust this result too much
becawse wmuhn m2y be polydisperse and st 15 possible that the
observed aren per umit path length wailable to mulin may be the
mean of the areas wvulable to two or more components

Chinard  Ingelman(1l) has indicated that 1 prepuition of
mulin studied i the ultricentnifuge was polydisperse Mo dat
were grven The extent of the polydispersity of that preprition s
not known nor do studies 1ppear to hnve been made on material
that 1s used clmcally 1n this country

Pappenheimer  Certanly the restriction to diffusion of mono
disperse polymers of various shapes should now be miestigated
with the new methods both m capillanies and m aetificral mem
brane systems The results m1y be expected to protde mformation
about the shape of the capillary pores nd would be unportint
so i designmg molecoles for use 1s plisma extenders

The fact that umform cylmdrcal pores of radws 50 A will
account for the lhindhmb data does not exclude other pore
geometries or a mited distnbution of pore sizes One Alternatne
geometrs pimely rectangular shes of width 37 A has lreads
been shown to atcount for the facts as successfully 4s do eyln
drical pores (Figure 9) However the data are not consistent with
2 broad distrihution of pore sizes for reasons which hue already
been gicen semy quantitatnvely (see page 27) A Gaussian istribu
tion of pore ridit vbout a mean radius of 24 A with a standard
deviation of 12 A 15 the broadest distnbntion consistent with our
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obseried hy drodvnamite 1essstance to flow, with area per umt path
length for a molecule the size of water and with restrictions to
the diffusion of larger molecules

1 have now presented most of the evidence and the theories
which go to make up our present preture of the permeabdity (to
water and Iipid insolible molecules) of capillanies 1n the muscles
of perfused cat lundlmbs We mught summanze this picture as
follows

1) In 100 grams of perfused muscle there 1s a tota} capillary
surface of about 7,000 cm.? which 1s roughly the same as the
glomerular capitly surface m one human kidaey(12) The hvdro-
dynamic resistance to flow through the walls of these muscle capal-
lartes 15 such that 2 pressure difference of about 60 mm Hg ss re-
qmred to cause a filtrahion rate of 1 ml per minute Thus resistance
1s roughly 100 fold that of glomerular capillaries and 4,000 fold that
of a collod: b f ble thickness and permeability
to protem, a fact which suggests that only 2 minute fraction of the
captilary surface 1s avarlable for hydrodyn imic flow (filtration)

2) New methads developed for the study of diffusion vates
mdicate that the area available for the diffusion of 2 malecule the
size of water 15 Jess than 13 em 2 in the capsHlanies of 200 grams of
muscle Both hvdrody flow and duff rates are slowed at
Jow temperatures m proportion to the temperature coeffictent of
wsconity of water, a fact wiich suggests that aqueous channels are
mvohed

3) Combimation of diffusion data with hydrodynamic flow data
allows a numencal solution for the numbes and dimensions of
pores of any given geometry Umform cyhndrical pores of radsus
30 Angstrom Umits and collective area per umt path length 18
x 10%m 1 100 grams of muscle would form one type of pare
system resulting 1n the observed resstance o fow and area for
dsffusion A population density of about 2 x 10° such pores per
am ? of capillary wall would be required Other pore geometries
such as uniform rectangular shts 87 A wide and of collectn e length
apout 10 times that of the capillaries, would also acconnt for the
results

4} A theowy has been developed to acconnt for 1estnction to
diffusion of molecules through pores of the above dunensions The
theory agrees rensonbly well with the facts and suggests that the
system g5 relatrvely 1soporaus

Fremont-Snuth Wil you now distingrush sheply between filtra
tion wnd diffuston?
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Pappenheimer 1 have been using filiration rate n the
hydrodynamic flow through the membranes The energy
process 15 that required to overcome the viscous reswstanci
passing through the membrane If 1 concentration differer
across the membrane as a result of molecular sieving
energy required to mamtam flow agamnst this concentra
ference must be subtracted from the total I thinh it 15 cl
Figure 1 that filtration rate m this sense 1s mdependen
concentration gradient of protein across the membranes '
of hydrodynamic flow depends only upon the difference
hydrostatic and effective osmotic pressures If the effective
pressure within the capillaries exceeds the mean hydrostal
sure by 10 mm Hg then there will be 1 net flow of interstii
mto the capillanies at precisely the same rate as that whiel
out of the capillaries when the mean hydrostatic pressure
the effective osmohc pressure by 10 mm Hg When flow
nto the capillanes 1t 15 called absorption when flow occur:
the capillaries 1t 1s called fltration This termmology m?
poor one but 1t 1s widely used in renal and capillary phs
Perhaps we should always refer to hydrodynimc flow m o
noid ambiguties If there were no concentration gradients
the membranes then this same rate of hydrodynimic flow
oceur when the mean capillary hydrostatic pressure 1s 10 m

Diffusion on the other hand 15 independent of hydrod;
flow The dnving pressure 1s due to the concentration gr
and the energy 15 dissipated 1n overcommg the viscous res!
of the solvent to the kinetic movements of the solute mok
This 15 the basis of Emstens denvation of Ficks lw of dil
from kmetic theory Diffusion may occur raprdly m the dir
opposite to that of hydrodynimic flow This 1s often the ¢
the lving capillanes A good example 1s the excretion of PA
the mammahan kidney PAH passes rapidly by diffusion th
the pentubular capillaries to the tubule cells mn spite of the
that there 1s a hydrodyname flow (pentubular capilhry '}“h
tion) of about 120 ml per min m the oppostte irection t‘r
the same capillanies Conversely the rate at which small mole:
diffuse through the capillaries of the perfused hindlimb 15
apprectably accelerated by rapid net filtration caused Dy 1
yenous pressure

The quintitative relations between trans
diffusion as compared to filtration may be derne!

for of substances
d as follows
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of mulm and molecules Jarger than wmukn s suflicrently great to
allow such concentration gradients during extremely rapid fltra
tion These may be detected erther chemically or osmotically as
described m Beference 5

Sclkure What would be the effect of combimng certam molecules
m ths situation? Wouldn t you expect, along the Ines of what yon
are saymg that that would also impede diffusion, if vou think
terms of competition of these molecules for the pore? Huve you
analyzed any mixtures 1 teims of figuring out these diffusions?

Pappenheumer  We have not mvestigated the effects of adding
two or more Iipid Jubl lecul, i ly 1

species
would suspect that they would not mterfere with onc another
appreciably because the number of solute molecules mvoh ed would
be so small compared to the number of water molecules

Winton There 15 a pont that I am not clear about In your
filtration equation, the A for the molecule, or A,, mght be affected
by the presence of protemns if protemns are layered on the mem
brane That would impede the transfer, would it not?

Pappenheimer Yes, 1t would, m fact I think 1t does If il protems
are removed (e g perfuston with Ringer’s solution), the filtration
constant 1s gieatly increased and the ciffuston rates of small mole
cules are greatly increased also This 15 a reversible phenomenon
addition of sufficient protem restores the normal permeabiity of
the membranes One therefore, suspects that mteraction between
protem and capillary wall may be a factor in determiming pore
stze Muck work remams to be done along s hve

Chinard You have pores which are holes in a presumably sohd
phite and you have hydraulic flow through these pores of molecular
dimensions Where does the separation of protem take place?

Pappenheimer A few of the protein molecules will fall within
1 ridws (r — 2) These molecules will skp through but all the
rest go night around the cirenlation

Chinard Do the protems pile up aver the holes 1 process of
filtration? I can’t visualize the physical process mnvoled here

Pappenheimer  If they are too big to go through, then the are?
available by the formula as well as by the epenment 1s zero

r—a)=20
( CIumird I am talling about the restriction that protemn might

ut on the passage as simple plugs
P Berliner I';’hoyg\nll redulze gncgalue of A and are included
the equation The circumstances under which A 1s determined 15
such that the effect of protem on the area available for moyement
15 antomatieally incorporated
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Pappenheimer. Yes, I think those go to make up A

Clunard 1 see

l;ilppenhcimar But there I am on much more tenuous ground,
really,

Thorn Is 1t true that you have observed no change in diffusion
rate with these changes mn pressure and that you are assuming
that the membrane permeability stays the same?

Pappenheimer Yes

Thorn But do we have a nght to assume that membrane
permeability stays the same when we start the expeniment with a
relatively poor blood flow and end the experiment with a rapid
blood flow?

Pappenhetmer The answer to this really belongs to that part of
the story which was published m 1948(4) The way these thmgs
are done 1s to start with an exceedingly high blood flow and then
go down to the lowest you can get away with and still have the
hindhmb in good condition In a typical preparation, the range
usunally covers from about 50 ml per min to 8 ml per min Extra-
polation to zero flow then yields the 1sogravimetnic capillary pres-
sure which has been shown to equal the effective osmotic pressure
across the capillary membranes In the steady state of flud
exchange, this pressure 1s about 95 per cent of the protein osmotic
pressure as measured i vuro(4)

Fremont Smith  Haven't you made a basic assumption all the
way along that there 1s no temperature gradient across your capil
lary membrane

Pappenhermer Yes, but there 1s this about 1t if you put n a
substance which does not go through the membrane such as hemo
globin or serum albumin, vou get very nearly the theoretical van't
Hoff pressure exerted across the capillary membranes

Fremont-Smith  You are justifying the assumption?

Pappenheimer Exactly Howeser, we have played with changes
i temperature By suddenly changing the temperature of arterial
blood supplying the preparation, perhaps from 40 to 10°C, one
can observe enormous osmotic effects They are extremely com-
plicated, howeer, because there are vascular reactions as well(13),
so I can't say much about the teady-state of
Once a new steady-state 1s reached, the theoretic! protein pressure
1s agun measurable Tiltration and diffusion velocities are, however,
stowed at low temperatures m proportion to change m viscosity
of water

Doch Do you want to say anything about lipid solubihitv here? 4

4
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Pappenh The permeability of the capllartes to hpid soluble
molecules appears to be quite different from that to the Ipd m
soluble molecules disenssed <o far About two years ago, when the
results first indicated that such a small capillary area 1s v olved
m the transport of liprd msolubl lecules, Roughton pomted out
that this small area would not account for the observed rate of
transport of ovygen and CO. across the capillanies The answer
to this discrepancy appears to be concerned with Jipid solubshity
Both these molecules are more soluble m olive il than m water
We huve since found thit such molecules, even in lugh osmotic
actiaty, traverse the capillanes so rapidly that no osmotic transients
are detectable Glycerol behaves as predicted, but 1f you substitute
acetate groups getting larger molecules of progressively greater
solubiltties 1n ohive o1, you get less and less osmotic pressure(14)

Piits How do your data bear on the problem of the site of pis-
sage of water and electrolytes through the capillary wall, do these
materials pass through the mtercellular cement or through the cell
membrane? Are the cells present meiely to hold the mtereellular
cement m place or do they function more actively as the matnx
supporting and sepirating the poes?

Pappenheimer Needless to say, our experiments tell us nothing
directly about the anatomrel location of transfer sites It 1s tempting
to speculate from the 1esults, however, that the small area available
for the exchange of hipid Tubl lecules s localized in nter-
cellula 1egions which contamm aqueous channels of the dimensions
we have deduced, whereas lipid soluble molecules dissolve 1n the
plisma membranes of the endothehal cells themsclies and are
thus capable of utihzing the entire cipillary surface We, therefore,
think of two types of caprllary penmeability, one of these 1s similar
to that of cells m general, that 1s a high degree of cellular per-
meabthty to ipd soluble molecules and a relatinely low degree of
cellular permeability to water and electrolytes To this must be
added the permeabihity resulting from speaithzed aqueous channels
between cells Perhaps these channels are formed by a gel structure
o1 a fibrous structure We do not know We do know that 1t presents
the s.me buner to hydiodynamee flow and diffusion of solutes as
would uniform eyhndrical pores of radius 80 A and arer per umt
pth length 13« 10%m per 100 grams of muscle

Bott May T ash a question which 1s of practical smportance to
me? If you icrease protem {such as hemoglobn) concentration
m the plasma why does the propmtion that comes across the mem-

brance merease?(15,16)
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Shock Hemoglobin clearances on humans hate been done m our
Inboratory by Dr McDonald and Dr Miller(17) Our results show
that 1s the amoun! of hemoglobmn 1 the plasma 1s mereased the
amount of } d also The amount of
hemoglobin excreted per umt of glomerular filtrate goes up hinealy
with mcreasing concentrations of hemoglobin 1 the plasmr (Digure
10

T i T i T ki L
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Fievre 10 The relationshr be«wcen plasma hemoglobin concem.nlmn and the
unnary excretion of hemoglobin Eer of glomerular Bltrate The x mtercept
of the hnear function indicates tl lhearehcnl lenal threshold lor hemuglobm The

v intercept indicates the tubular recovery of hemoglobm in mg per 100 ml of
filate The subjeet recawved 85 gm hemoglobin at a mate of 60 mg per vun
Reprinted by permussion from McDonald T K Miler JH and Rowh I' B

] Chn Ingestigation 30 1042 (1951)

Dock These results are sumilar to those published by Brandt(18)

Besliner But the slope of the relationship of hemoglobin excre
tion to plism hemoglobin concentiatron becomes the filhiation rate
of hemoglobin does 1t not?

Shock The slope of the plot of urmary excretion per umt of
glomerular fltrate aganst plsma hemoglobin concentration nd

cates the petmerbthty of the glomeruli to hemoglobwn relative to
wuln
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Berlmer It suggests that the concentration m the filtrate 1
directly proportional to the concentration 1n the plasma I thuk
that 1s the pomt that 1s pertinent here

Swann- Does the renal plasma flow change m these expenments®

Shock  In the human hidney, plasma flow may fall from norma
levels of mound 600 ml per min to 250 ml per nun when plismt
hemoglobm levels are around 50-100 mg per 100 m) (19)

Doch With hemoglobin, mmediately?

Shock Yes, wath hemoglobn the decrease i flow can be detected
witlun the first twenty mmutes

Darrow Do any other protems appear with mcreases 1 hemo
globin?

Doch Protemuria does not mcrease during studies of hemoglobm
excretion

Clunard We observed an nciease in the glomerubwr clearance
of albwmin in pitients with nephrotic syndrome who were guen
albermin Tollowing the admumstration of albumm intravenonsly,
there was an increase m the concentration of albumin in the plasma,
but the clearance of albumin mereased much more than the clear
ance of creattmne (which also increased) Tlus may haye something
to do with pressure relttionships, and 1t was suggested at one tine
that the effect might be 1elated to stretching the membrane — if the
membrane can be stretched
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POSSIBLE MECHANISMS OF FORMATION
OF GLOMERULAR FLUID*

FRANCIS P CHINARD

Departments of Phystologieal Chemtstry and of Medisne
The [olns Hopkms Unnernty School of Medicine

Tims prESCNTATION wiLL emphasize the mechanism of passage of
substances across the glomerular capillary walls It s concerned
with working hypotheses and experimental methods of attack rather
than with defimtive results

On the assumption that secretory activity 1s absent, there are
two possible mechamsms by which water and other substances can
cross capillary walls {a) filtration and (b) diffusion Defimtions
of these two mechamsms follow Filtration occurs because of
by draulic pressure gradients Protemns remain m plasma because of
the sieve-like structure of the capillary walls, water and other sub-
stances pass in bulk through pores without separation of any of
these smaller substances It s generally assumed that laws of
hydraulic flow {(including P lle’s law) are appheable to this
flow through pores Diffusion effects are assumed to be neghgible
Diffusion occurs because of gradients of chemieal potentials of the
ndividual substances The rate of net passage 1s proportional to the
diffusion coefficient of the substance m the vessel wall All sub-
stances, including proteins, cross the wall at a finite rate However,
the diffusion coefficient of a small substance 1 the wall may be close
to 1ts diffusion coefficient in water, while the diffusion coefficient of
a large substance, such as a protem, may be so small as to be
neghgible The factors which determime the gradients of the chenit
cal potentials arc concentration gradient of the substance con
sidered concentration gradients of other substances, gradient of
pressure, and gradient of temperature The gradient of temperature
15 considered to be zero across the glomerular capillwy walls Dif-
fusion can take place as the result of pressure gradients alone

Knowledge of the mechamsm would permit deductions as to
strugture of the capillary wall If the mechamsm 15 filtration,
must visualize pores of specific dimensions m an otherwise
permeable surface, movement through these pores can occur 0

e Life Insurance Mec
hboration with Dr L

Ths work has been supported by a grant from th
Rescarch Fund The evperiments were carried out in col
B Flemer
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w the direction of the pressure gradient 1 diffusion 1s the mechan-
ssm, then one can visushze a latticework of fibers of molecular
dimensions, through this latbeework mdwidual molecules or par-
tcles mave wn random fashion Across any gmven arex of a wall,
substances may move i hoth directions at high rates Net mave-
wients, the results of gradients of chemucal potentuals, take place at
much slower rates

From thermodynamic cons:demhons‘ it posnble to derne

for the gl Tar of any sulbst; and for
the mte of formaven of glmerular flud (GFR) without any
as to the mect of passage The basic assumption

{ef de Gmol(l) and Prigogine{2)} 15 made that the pet rate of

pnssage,’ati of any substance, J, 1s proportional to the product

of the chemscal potential gradsent of J,

Apy
AXY
which passage takes place, and the concentration of J, {J1, on that
side of the wall where ats chemical patential 35 greatest For small
gradients we can wnte

Bt

S =K i) 01
The “ refers to the blood side of the wall and the ' {0 the glomerular
fhnd side Ki is a coeffictent which depends on the mechamsm and
op the substance considered AX 1 the thickness of the capillary
wall across which the gradient exsts {1t 15 assumed that passage
from bload to glomerular flud ocewns along the whole length of
the gh)meruhr capiilanies and that therefore p” > #') Differences

of ch P s can be expressed as
w4 = Nif§
wi ) = V(P - x»)mmﬁ{?{ [35)]

Vi 1s the partial motal volume of J, P 1s the hydraulie pressure,
R 15 the gas constant, T the absolute temperature, In denotes ratural
logansthm, Ni mole fraction of ], and f; mole frachon actmaty co-
efficient of J By combinmg {10} and

111} there 15 obtamned

as, afe N
‘m":K’”rZ}‘{v‘“’ r)+mr1nw] 112)
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On rearrangement, this becomes

1od% . A TP —P) + RTln L
07 @ TN AR [N P aRThge i)
which 1s the glomerular clearance of J

For water instead of the term myolving mole fractians, its
equivalent, Vio (x ~ 1) can be wniten, 1 — 7 15 the collad
osmotic pressure as conventionally estimated Tor water [18] be
comes

1 dSu A
— == K, —P "+
ol a = K Voo (P =P =a'ex] 1

This 1s simlar to the expression generally used for GFR, namely
CFR~K (P —~P ~"+ 1) A stnct expression for GFR from
the thermodynimic formulations 1s

3 4
a8, = - A NiiF
GFR= }~2Vy= ) K; {J]"V; —=| Vo P" - P L2 15
Z"* 3 Z;m 'Ax[“ }+ RTin o [15]

The contribution of each constituent of the glomerular fimd to the
volume of the glomeralwr flmd 15 summed for all the constituents
This 15 2 dervation of an expression far GFR It can be shown that
{1381 1s appbeable to a mech of diff ar to one of bulk
pssage (If diffusion 1s the mechanmism K = l?'ll‘
the diffusion coefficient of J m the wall In the case of hydravhe
flow, on the assumption that Powsewlle’s law apphes, Kno =

, where Dz s

~_.—£—2~—~ , where r1s the pore radius and 5 15 the viscomty)
Vit 8y

Protems cross the glomerular capillary walls i very small amounts
m normal individuals and 1n relatively large amounts m patients
with the nephrotic syndrome where the glomerular clearance of
albumin 15 of the order of 05 to 4 per cent of the creatinine clear
ance A protemn such as albumun does not “restrain” 1ts own passige
across the glomerular capillary wall and does not necessarily affect
the passnge of different substances to the syme extent Expressions
including osmotic: pressure terms are not applicable to the passage
of albumin and may not be strictly applicable to any substance but
water It s preferable therefore, to use an expression such s [13]
rather than one m which osmotic pressure terms appear
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‘The effect of a sudden increase 1n protemn concentratson 1 plasma
on the passage of water and of creatinine can be predicted from
[18] without any assumption as to mechamsm A sudden mcrease in
the concentration of protem will not change the concentration of
water relattve to the concentration of creatmmne ([H:0]" [Cr]”
and Niro N& will not be changed) However, fi o should be de-
creased much more than f& (Creatinne is normally present in
plasma 1w such small molar concentrations that 1ts solution m
plasma may be considered :deal Water 15 approximately 53 molar
m plasma It can be seen from the graph of Scatchard and s
co worhers{3) that at high protem concentrations the effect of
changes of protemn concentration on fii n 1s exponential rather than
hnear Changes 1 £; should be much less than changes m £ o)

foll g the rapid of protemn mto the renal
artery, one would expect to find an increase 1 the concentration
of creatinme 1 the unne relative to the concentration of water

This 1s put to experimental test as follows Anesthetized mongrel
dogs are used A flank mcision 1s made and the aorta and ongm
of the left renal artery are exposed by a retroperitoneal approach
The njection 15 made through a needle introduced mnto the aorta
and then turned up 1nto the renal artery, the renal artery itself 1s

Fioure 11 Operative approach
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not touched (Figure 11) The ureters are cathetenized unmne 1
collected duning penods of four to thirty seconds duration To
obtun adequate urme flow » a mercurial diurette or mannitol 15 gnen

1007 MANN TOL

m_06.
245ecp ,
0 oz
Y E 8 o 2T z 4 66 012"
PEROD PEROD

Ficune 12 Effects of human serum albumn and of mann tol onﬂdwakcrd;'nd
creatinme exeretion Ordinates top  creatimine excretion in Bg per per o 4"‘ onl
Creatimine concentrabion in g per 01 ml bottom urine flow i ml per 24 secon|
period HSA 5 ml of 25 per cent } uman serum alburmn injected M matol 1o,
of 15 per cent manmtol myected Black dots  espenmental kidney cucles

Nidney

Figure 12 illustrates the result of suddenly injecting 125 gram{
of humn serum albumm 1n 1 volume of 5 ml (the mnjection too
eleven seconds) into the renal artery No sigmficant changes oc
cutsed m the control hidney In the expertmentt! idney, there "I"
an immediate decrease 1n urne flow with a delyed merease m h?
concentrition of creatinme i the urine and m the etc;eho% (:t
creatimine per period ( Each period was twenty four sccon({e)( (h‘qt
the effect on unne flow 15 inmediate 1s ascnibed to the fac i
the whole system from glomerulwr fhnd to eatheter tip 1s ;lntmn
nected hydraulic system The delay in the nse m thlt cn:wcnl o
of ereatmme s 1senbed to the time required for flud to true
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the glomerulus to the catheter ip The conclusion 15 that the
thermodynamic formulation 15 compatible with the data

As a control, an equal volume of 1sotome NaCl 1s injected There
are very slight changes i the creatimmne concentration and unne
fiow (Expenments in which sulfhy dryl compounds are 1jected into
the renal artery mdicate that whibition of a mercunal diresss 1s
not immediate but requires five to eight mmutes to become fully
established Similarly, diuresis by a mercunial takes five to eight
minutes to be fully established)

Pappenhesmer How do you know that the hydrostatic pressure
of the capillary has not been changed as a result of the albummn?

Chinard 1f the pressure has been changed, 1t has probably been
mereased

Suann How do you know that spism did not occur?

Clunard We don't The experiment 1s, admittedly, not conclusnve
The fact remams that the thermodynamic formulation 15 compatible
with the expenimental result A major objection not yet mentioned
1s that the effect of protesn may be mediated at the level of the
peritubular capillaries n the process of renbsorption of water This
posstbility cannot be eliminated In any case, the meretse in protemn
concentration m renal artenal blood 15 followed by a decrease m
the rate of excretion of water protem acts directly as an “antr-
dretie,” as would be exp 1 from the \? above,
although not necessanly solely as a result of action at the level of
the glomerulus but possibly also as a result of action at the level
of the perttubular capillwnes The effects of the mjection of 1 ml
of a 15 per cent solution of mmmntol are also shown 1 Figure 12
The diretic effect 15 evident

Under the usual conditions of clearance studhes, changes m the
concentration of t]|e test subskances are kept to a mmmum To
determme whether fil r caffs 1s the mecl molved,
1t 15 necessary to arrange ll\e expenmental conditions so that the
concentrations m plasma of the test substances are changed rapidly
and proportionately If filtration 1s the mechamsm, the clearance
ratios of the test substances (assumed to enter the unne only at
the level of the glomerulus) should reman unchanged i spite of
rapid changes m the concentrations m plisma If diffusion 15 the
mechamsm the clearance of creatimne, which has a higher diffusion

lary wall In the first set of expeniments, an “instantaneous” 1y
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tion of a mixture of test substances was made mnto the renal artery,
urne was sampled from cach ureter for a number of periods of
twelve seconds cach (In an “mstantaneous” mjection there 1s first
a very rapid nse n the concentration 1 the plasmn, then a leveling
off, and finally a rapid fall A solution may be mjected m a “squire
wave” but the dynamics of flow are such that the material 1s rapidly
spread out We have found no evidence for separation* of such sub
stances as mulin and creatinmne following njection mto the aorta
vi1 the carotid and sampling from the femoral artery No evidence
of separation was found after mjection mto the nght auncle and
samplg from the carotid) Figure 13 shows the results of an

800, oo INULIN 2mq injected
®—e CREATININE  K0mg injacted
44 PaHsecreted  Smy Injacted
Duralion of pariods {2 secs.
500, Urine fiow por kidnay~ 3 mi/mn
Peak dfference 36 secs
Appearance time |6mn
Inuhn=creatinine cleon-out htme~4min
400 PAH cleon-out time~ 5 min
Manndol diuresss
8
& 300]
]
[
~
-
= 200]
100.

T2 6 20 24 = 28
PERIOD  NUMBER

Froune 13 * Instantaneous” mjection of muvture of muln creatimnc and PAH
B 0 exetaten oo oriod Abscwssa, period number DAL scercted eentted
from PAH excreted minus wulin excreted

I curves

+ The sigmficance of the separation of the peiks of the mulin and the PA

T racusied bicauss of the Lack of tme The separation 38 mferprried: 13
mean that the rate Lmiting process m the secretion of PAIL 15 either dnch mlmmfl
ernse the tubular cells of the bberation from the cells mto the tubular lument

underestimates
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e—~e RAFFINOSE 24mg injected
o~=0 XYLOSE 12mg inected
1009 Duration of periods |2secs
7 Urine tlow per kidney 2ml/min
Appearance time 60 secs
Clean-out time ~32mn
Maonnitol dwresis

750

pg/ PERIOD
8
=]

4 8 2
PERIOD

Ficure 14 “Instantanecus” mjection of maxture of xylose and raffinose

16 20

eperiment m which mulm, creatimne, and PAH were mjected
Creatinme 15 present at the begmming m a higher concentration
than nuln There 1s separation PAH 1s likewise present at the
g m a hgher than the mnulin

Flgure 14 shows the result of an expeniment with xvlose and
raffinose Xylose 1s reabsorbed more completely than raffinose The
concentration of xylose 1s equal to that of raffinose at the beginning
Ths 15 evidence for separation, if bulk passage occurred, the con
centration of xylose should be less than that of raffinose Figure 15
shows the results of an experiment with inukn and ferrocyamde
No sigmficant separation was found The method for the determna
tion of ferrocyanide are not sufficiently precise to permut any con
clusion other than that the clearances are essentially the same (In
ali these expeniments and most of those which follow 1t was possible
to correct for recirculation by subtraction of the amount of the test
substances excreted in the corresponding peniod from the control
kadney All results are corrected for differences m the amount of
each test substance mmjected The assumption 1s made that the
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100] S INULIN 4mg injected
©—O0 FERROCYANIDE 10mg injected
Duration of periods 12 secs
Urine flow per kidney ~I175ml/min
. Appearance hme 12min
Clean out time ~ 3% min
Mornitol diuresis

75

19 /PERIOD
O
2

25]

PERICD
Cigune 15 Instantancous injection of miture of ferrocyamide and nuln

Cregtinine Inulin Rotios

Duration of pericds  42secs

Steody-stote ratio

PERIOD

Ficune 16 Loginthmic imjection of muvture of creatimne and il Ordinate
rato of creatmne excreted to mulin cxereted Results not corrected for mcucul.\honl
Steady state ritio mdicrted by dotted hne is clearince ritio for expenmentsl
lidney when the concentrations of creatmme and of inubn were kept constant
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effects abserved occurred at the level of the glomerulus and not
m the course of the passage of the urine along the tubules The
hnear veloaity of the urine in the tubules must be of the order of
several millimeters per second diffusion effects in the tubules are
therefore considered to be neghgible }

The nst: hmque does not gne sufficient
miormation bectuse the merease m concentration is not a sustamed
one Accordingly njection of the muxture of test substances m
other expeniments was made mechamcally at a loganthmic rate
The results are shown m Figures 16 and 17 for different test sub
stances In all expeniments wnth, the possible exception of the xylose
sucrose expeniment stgmficant differences were found in the excre
tion ratios m the eirly penods The differences are particularly
large 1n the crettimine mulin md vylose raffinose expentments
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cone to talk about some rather simple properties of the

dney and some ways m which I have med 1o explore them In
«w of the previous discussion 1t seems more switable to take up

“ood

fow first and mtrarenal pressure i a rather subsidiiry way

tor that 1 shall treak off after duscussing mteraction between
trarenal pressure and blood flow without deseloping other aspects
1 intrarenal pressuse very far Some others hese tahe a very dif

rent

view af wtrarenal pressure from mune, and ¥ think that might

a promising field for later discussion

[t

A
e W TOPY S
E 7 o [ 3 3 Iy ()

ALSURE mm Wy

The effects of artenal pressure on the flow of blood and of Ren;
the wolated perfused lidoey of the dog at 37° C Values of Bow ‘5)5:;;
of values meastred durng stepwise mncyeases and stepwise decreases

.
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Because the actual rate of increase of the concentration of the
test substances i the plasma was small (the maximum rate of
mjection of the muxture 15 calculited to about 10 per cent of the
renal blood flow ), these must be considered preliminary expenments

These experiments are considered to lend support to the working
hypotheses (a) that substances cross capillary walls by a process
of diffusion rather than by a process of filtration, and (b} that the
glomerular capillary walls, as well as the walls of the other capillary
networks 1n the body, m1y be likened to gel-lihe structures made
of fibers of molecular dimensions, rather than to impermeable plates
with discrete holes of relatively umform radis
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cumstances m which actne physiological responses are absent?
Or 1s 1t an affmr which depends on the special properties of the
bleod, as a heterogeneous liqud, posably m connection with the
fact that a rather substantial fraction of water m the blood 1s wath-
drawn as glomerular filtrate leaving more wiscid blood behind{4)

Let us consider the 1wt possibihity first One way of approaching
the problem 1s to perfuse a Jadney with Ringer’s solution, because
Binger’s solution can not be made more visad by withdrawing
fltrate m the glomerulus The difficulty with this approach is that
the Rngers pressure flow cune, though adnuttedly of the same
general form as that of blood pressure flow curves of all other
organs w that the flow mcresses proportionately more than the
pressure, 1s otherwise quite unexpected (Tigure 18) The Fanger
flow 15 much less than the blood flow at the same pertusion pressore,
although the viscosity of the Ruwgers solution 15 alse much less,

1

and that shows that the whole 1 has been it
disortented When Ringers solution reaches the ladney, the organ
diately expands and b very tense The maumn resistance

to the perfusion of Ringer’s solution n the kidney 1s not, then, the
normal +iscular resistance in the kidney at all, but an entirely
abnormal development of intrarenal pressure compressmg the
vessels There may be other factors miolved, but that certamly
must be one major factor, and that particular approach to this
problem 1 not, therefore much help m solving 1t

Selkurt Have you tried nsing plasma alone?

Winton Yes I have I got down to about 3 or 4 per cent cor-
puscles but ¥ found st extremely dfficult to keep ladneys m steady -
states under those conditions A rather rapud dnft sets m, so I
bavent any rehiable quanttative data about it

Selkurt Tve tried a pectm solution which has the osmotic proper
ties of plasma, then one gets a curve like sour Ringer's showing
a straight hne relationship

Winton What was the oncotic presswie of that?

Selkurt The svme as plasma It 15 a plasma subshitute that was
used during the war, and we did some v estigation 1n our depart
ment to ascertain its propetties { used 1t, medentally to mvesbgate
the same problem you are 1 estigating here, because it does reduce
or mimmize, the cdema caused by Tunger's Nevertheless, we do
get the straight hine relitionship with that solvtion, such as you
found with Ringer's

Wanton That 1s very interesting

Figure 19 indieates that this charactenshic pheriomenon stil} per-
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The particular problem about blood flow 1n the hdney which 1
want to discuss 1s shown m Figure 18 There 1s general agreement
about the facts qualitatys ely, but some divergence of views quanti
tatnely Everyone, I believe, who has myestigated blood flow in
the hudney agrees that 1t changes much less m that organ with
change m arterial pressure than 1t does m any other organ{1) This
property of the hidney does not differ much, as far as we know,
1 the hidney of the mtact animal or the denervated hdney m the
anesthetized ammal or the 1solated perfused hidoey I propose,
therefore, manly to consider 1solated perfused dog hidneys because
a direct method, 1 e stopw 1tch and measuring cybnder, can be used
to measure the bload flow and cne need not worry abaut whether
an indirect method of measurement 1s night or wiong One can
arrange manometers to be close to the artery, vem, ureter, and so
on, and thus, the problem becomes simpler to think about than m
the whole animal where one always has to keep an eye on the ques
tion of whether mdirect methods are really measuring what they
clam to be

The phenomenon everybody 1s agreed about, I think, 1s that the
arterial pressure produces an merease of blood flow, some say next
to none, others say much less than would be expected I hold that
1t 15 much less than one would expect In practice, this charactenstic
property only obtamns above an artertal pressure of 50 or 60 mm of
mercury Below that pressure, the blood pressure flow curve in the
kidney 15 stmilar to that which is found m any other organ 1n the
body that 1s to say, the blood flow increases moie, proportionately,
than the blood pressure (Figure 18) But above that pressure, the
characteristic renal response 1s that the blood flow mcreases much
less than proportionately with the blood pressure, usually following
a farly straight hne unti), at very high pressures, the blood flow
beguns to merease relatively more raprdly If you extrapolate the
straight part of this line backw ards, 1t generally mtercepts the flow
axis somewhere between 40 and 60 m! per mm in & hidney of
average size, 50 ml per mmn 1s about the average mtercept it
Ludneys that I have had under observation These are usually hid
neys taken from rather small dogs e weight ranging from 6 to
10 Liograms

The problem 1s how does this increased resistance to blood ow
at mcreasing artenial pressure come about? Is there a phystalageal
response of the ledney, for example, an automatie vasoconstriction,
such as Remn(2) and Homer Smuth(3) have suggested® Or s it 2
more or less mechanical afur which can be demonstrated 1 crr
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cumstances 1 which acttse phvsiologic !l responses are absent?
Or 1s 1t an affar which depends on the special properhies of the
blood a5 a heterogenecus hiquid possibly in cannection with the
fact that  rather substantsal fraction of water 1 the blood 15 with
drawn as glomerular filtrate Jem ing more viserd blood behmd(4}

Let us consider the last possibshty first One way of approaching
the problem 15 to perfuse 2 hidney with Rmgers solution beeanse
Ringers solution ¢ not he mide more wisad by withdrws g
filtrate 10 the glomerulus The diffienlty with this approach s that
the Ringers pressure flow cunve though admuttedhy of the same
general form s that of blood pressure flow curves of all other
organs 1n that the flow ncreses proportionately more than the
pressure 15 othermise quite unespected (Figure 18) The Ringer
flow 1s much less than the hlood How at the same perfusion pressure
afthough the viscosmty of the Rmgers solubion 15 also much less
and that shows that the whole i has been letely
disontented When Ringer s solution reaches the hadney the orgm
mmmedhately expands and becomes very tense The mam resistance
to the perfusion of Ringers solution m the lidney s not then the
normal vascular resistance m the hidnes at all but an entirely
abnormal development of miricenyl pressure compressing the
vessels There may be other fictors mvohved but that certamly
must be one muyor factor and that particuln ipproach to this
problem 1s not therefore much help m solving

Selhurt Hase you tried using plasma alone?

Winton Yes I have I got down to about 3 or 4 per cent cor
puscles but I found st estremely difficult to keep hidneys m steady
states under those conditions A rather raypid dnft sets 1 so I
havent any reliable quantitatie data about 1t

Sefurt Ive tried a pectin solution which has the osmotic proper
ties of plasma then one gets A curve like your Ringers showing
a straight hne relationship

Winton What was the oncotic pressure of that?

SeRurt The same as plasma 3t s a plisma substitute that was
used during the war and we did some mvestigation wn our depart
ment to ascertan its properbies J nsed 1t madentally to ravestigate
the s une probilem jott ace it estigating here becarse st does reduce
or mmmmze the edema caused by Rmgers Nevertheless we do
get the strayght Ime relwionship with that solution such as you
found with Rmgers

Winton Tht 1 very inferesting

Frgore 19 mdicates that this charactenstic phenomenon still per
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Figunz 19 The effects of artenal pressure on blood flow m two ssolated perfused
Kidneys (dog) at 4° C_Values of flow are the means of alues obtamed dumeg
stepwise increases and decreases of )iressure The two curves show the range of
Vatsation abserved i different covled Xidneys

sists at very low temperatures The Figure shows blood pressure
flow curves m two different kidneys at 4°, and the curves have the
same umque form as mn the kidney at body temperature The upper
curve represents an unusually large kidney which happened to have
a blood flow at 4° C roughly equal to the flow of the smaller hiduevs
already described at body temperature, both flows were tiken at
120 mm Hg This makes 1t possible to compare the slopes of the
cold and warm renal pressure flow curves by noting the values of
the intercepts on the flow aus In cold hidneys, on an average, the
resistance to blood flow increases a Iittle less saure than

1 warm hidneys, but theé;r' ~ phe.s stll well

- marked
%, The changes 1n resistance ;> atd al pres
sures are summanzed i Fr 4 show ‘for a
" {a)’ . S

“ faly large s .
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Ficuse 20  The effects of atterial %l’essu.\c on mean Tes staaces to hivod flow of
(a) budneys at body temperature (b) kodneys from 8t 32 € {¢) hmndkeibs
at body tersperaturd gnd '|d) a glass viscometer 1 mm dsm The ralonlstion of
Fes Stanices 50 as 10 Make them compurable s explamed mn the text The curves show
that at phy¢ ological arter sl pressutes the hindimbs have a fower resstance and
both sets of kudnevs a Ingher resistance thap that of the wiscometer Cold kidney
fesistances ave Witermed ate between those of warm kdneys and that of tle
Wiscometer

1. o as 1o~ [ o

value of 100 mi per mun at 4 pressure of 120 mm Hg and the
reciprocal of the resistances to blood Sow (12 ml per min per 10
mm Hg) at all pressures have been multiphed by this same factor

Tt will be seen that 1n warm Xadneys the resistance rises steeply
at Jow artenal pressures until it reaches a broad matimum between
approumately 90 and 160 mm Hg dechimng agam at higher pres
sures In cold fudneys the muumum resistance 15 considerably
lower than i the warm kidneys but the change 1 resistance with
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pressure has the svme general form In the glss viscometer the
blood flow substantially follow s Poisewlle s Jaw nd since 1t 15 scaled
to 100 m} per nun at 120 mn Hg the reciprocal of the resistance
remuns constwt 1t ll relevant pressures at the vilue 83 ml per
mm per 10 mm Hg As shown the resistance of the hindimb s
lower than that of the glass tube and this would be true also of i
other orgwns such as the lungs coroniry system etc with the
single exception of the hidney where the resistance 15 higher than
1 the glss tube when the arterral pressure exceeds 60 to 70 mm Hg

The cunous crrcumstnce that this 1esistance phenomenon does
not begin to appear m the kidnev until artenal pressure exceeds
60 mm Hg or thereabouts may be coupled with another curious
crrenmstance of the same hind The arteriovenous oy gen difference
i the hidney also remans practically constant and independent of
blood flow above that pressure As fir as I know thus property 1s
unknown 1 other orgins Agun below that pressure the hidney
resembles all other organs i showing incresmg artenioyenous
oxvgen difference at lower blood flows There 1s 2 third property
of the hidney which appers at yust about the syme artenizl pres
sure and that 1s the production of glomerular filtration and forma
tion of urme 1bove that pressure Those three umque propertres
taken together made me wonder whether 1t was not really glomert
Iar filtration stself which might be responsible for the resistance
phenomenon and if 1t could be explamed on the basis of the m
creased viscostty of the blood remumng m the vas1 efferentra(4)

When I first becume mterested m these things no meisurements
h1d been made of the viscosity of blood m very smll tubes Onhy
measurements of the viscosity of blood more or less concentrated
n relituely large ghss tubes were mulable In order to obtun
\alues of the viscostty appropnate to tubes the size of arteroles
and capillanes we mide 1 series of viscosity determnations m the
Tindhmb of 2 dog(5) which were mtended as 2 prelude to camymg
out sinular obsersations on hidneys Unfortunately the espenments
on hidneys gave us such vaned results m a given hidney ot hfferent
trmes that we did not feel they were fit to publish Howeier the
values we obtuned m the hindhimb were used for calculatmg the
amount of glomerular filtrate which would have to be withdrawn
from blood to get this curious slope of the blood pressure flow curve
Figure 21 shows how the calculation was made(1) Tt 15 only 'u;
approumate graplical methed and more detaled mqthemfmcﬁi
analises hne been made by others since(3) but 1 think 1t tells

}nll one really needs to know for this purpose
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fioiae 21 Obeerved effects of anternl pressure on bloed fSow and creatm ne
clesrynce of a perfused doy £ dney at 37° € and the theorehea) comstruct oy
wreded to dedyce tle influence of change n blood v seas ty assocated w th 3¢ o
concentration 1 the glomerulus.

The ssumption 15 first mde that as far as the blood pressure
flow curve 15 concerned the Midnev behaves hilke a hindlimb below
the artennf pressure 1t which glomerulyr Sltranon starts which 1
hwe tahen to be 50 millimeters here The bypothetical blood pres
stre blood flow cunve for the hidney e then be obtamed 1n the
absence of glomerular filtrion hy drawing a strught hoe jounng
the blood flow at 56 mm Hg to un intercept of 10 mllupeters on
the arternal pressure s which from expenence we found was
approumely the curve characterstic of the hindlimb The ke
15 not straght at very low pressures because 1t curves around
tonards the ongm but for hagher artenal piessures the hindhmb
will gne 1 quite strught ine s i the Figure

A funily of strught ines 15 then drawn fanning out from the
mtercept with slopes cifeubted from the mcreased viscosity of
blaod produced by concentr thion of the corpuscles 1md the nereased
plasma protem concentration when vnons proportions of ultra
filtrate fhase been removed The points at whiel these hines mtersect
the observed rensl pressare flow conve would on this hypathess
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factor involved

This 15 perhaps, 2 lttle on the thearetical side and one would
Bhe to check by more direct expentment a conclusion of that hind
1 have already mentoned the approach to the problem myolv-
g ehmnation of hgquds hhke blood, thus preventing increase
viseosity, by Ringer perfusion, and I shonld ke to know what
happens with other plasma substitutes, of there are such, wluch do
not produce, as Ringers solution does, so great a nise 1 mntrarenal
pressure as to invahdate evidence denved from the pressure flow
relations But there 15 another way one might approach the problera
One might amm at keepmg the filtration fraction steady at different
wenn} pressures

The first and most obvaans way 1s to abolish glomerular fltrition
altogether Glomerular filtration can be abobshed by higatuning the
ureter But this does not provide satisfactory evidence because of
the ureter 15 tied the pressure i the ureter nses on the hidney
side of the obstruction to the maximal ureter pressure and that
nises with arteral pressure Unfortunately the ureter pressure itself
has some effect on the blood flow 1t hrs much less effect than the
1enous pressure but « farge merease i ureter pressure does dimimsh
the blood flow I, therefore 1n a kidney with obstructed ureter
an mereased resistance to blood fow with ncreased artenal pres-
sure 1s found 1t may be argued that thus 1s only due to a mse
ureter presstre tself producing mcreased obstruction to the outflow
of blood

Therefore T modified the exp hat bv trying the
effect of varymyg glomerular Bltrabion rate m two ways first by
ureter pressure mcreases which keep the glomemlar filtration rite
constant m spite of increise m artenal presswre This procedure
hnd relatively Lttle effect on the slope of blood pressure blood flow
curve Second the glomerular filtration rate ¢wn,be greatly reduced
by cooling Mdnevs within the physiotogcal range of artenal pres
sure, as compared with that in warm Jadneys(8) Tt s hugher at Jow
artennal pressures as shown m Figure 22, and m cold hidney s there
1s a urine flow at pressures too Jow to produce 1t m warm kadness,
just as f osmotie churetics are used But over the greater part of
the pressure range, the clearance m a cold adney 15 markedly less
than that of the creatinme clerance in a warm kidney and, n most
experiments, it 1s reduced to ahout one fifth

The merease m resistance to blood flow with increasing pressure
is a ittle less m cold than in warm bidneys (Figure 19), and 1 tlugl
that difference may be attnbuted wn part, perhaps, to the lower




60 Rengy Funcnan

w
g
S
3
o
H
3
E
P
I
[] 0 ) I I
ARTER(a PRESsung ™ Hg
Freyg, 22 fecrs of artersy}
Xt c Dressure on Creiming cley rfased
hdney at 37° o 17¢ ¢ and ge C Eaepy val epresenu :l medn of vialues
©btamed When the Pressure was Taned g, and | M was g, oW ere, d

glomeml * filtragon Tate i he Id Bug, qm, allbangh the
Qualitatyy, © evidence supports the vy, of ] he analygs y have 8tien
F;gure 21, 4 doeg not 1 fact get nne very much (urther, except
to the bomt ¢ Which 54 18 Clear gy, the Viscosity phenomennn iy
not Sutficieny to acconn Oniplagel,, for ¢y Mereased o, Tesistane,

thaps S0me day the Viscosity analy g m ¢ Connection With cloqy
CE can pe done ore quanmatnely o1 Lidneys 1th nopm,)
Creatinme clear:mces thys enablmg 2 more a00, Uate estimate of
s hat Pt g Plays, but 4 the € Momen; § lIunL it cay only ho syq
that ¢ lays o Stubstapg, al, by 1t proby bly not (Ionmnnt role, i

®t Us copgq, T, now, ¢he YPothess 4, "t Auitom gp, Yasoconstre
tion :zccompames mcrease in arteryy) Pressure Ido not, myself
behE\e that hysmlugtcal lasoconsmchon can plyy, any part what-
g 'y S Othes,s ems me ¢, ore

the fao that s 0150ns are used o elminage | soconslncﬂon the
MCreased req, tance ¢, blood flow gy, Pressure i subxtanna”)
bloog flow ¢y, be doubleq With cyamde
the phenomenon

it )
Temams 1 have SXammneq g, effects of chlor] 1, drate 1, , Series



Intrarenal Pressure and Renal Blood Flow 61

of concentrations Chloitl hydrate 1n concentrations exceeding
about 01 per cent 1 my expenience abohshes antomatic actity
1 plun muscles of this kind I have perfused hidnevs with concen
trations up to 1 per cent and this phenomenon persisted It seems
clear therefore that vasoconstriction m any phvsiological sense 15
not mvolved If there 1s any hind of change n resistance 1t must
be some anatomical mechamcal affarr rather than an active physio
logical visoconstriction

I am not I am afraid going to be able to give the solution to
this problem We do not yet know 1t But before dealing with the
controversial topic of mtiarenal pressure I should hike to call atten
ton to the fact that perhaps the mechamsm mght be localized to
some extent by tapping the circultion for evidence at the glomeru
lus By taking the creatmine clearance as mdicating the glomerulal
filtration rate at least under conditions when creatinme and mulin
clearances are the same(9) 1t can be deterrmned whether this
mcreased resistance to artertl pressure has already appeared at
the glomerulus 1e whether 1t 1s a phenomenon of the preglomerulir
part of the circulation or whether 1t has not yet appeared at the
glomerulus 1 which case 1t 1s postglomerular The shape of this
curve m Figure 22 which 1s perfectly charactenstic of creatime
clearance m the warm kadney shows that the resistance 1s mcreas
mg with artenal pressure in the same general way as with the
blood flow

The curves n Figure 23 are taken from a senes of seventeen
kidneys with the creatmmne clearance resistwnce mncreasing to a
maximum and then staying about the siame or possibly dechning
a httle The blood flow resistance mereases to a mrumum and then
perhaps declines a little The creatintne clearance scale 1s one fifth
o{ ;hat of the blood flow scale but otherwise the curves are fauly
alike

Pappenheimer Does that men that if theie were no chinge m
the afferent artertoles as the pressure changed you would expect
the strught line between them?

Winton If there were no change n afferent or efferent vessels
lets say broadly pre or post glomerular errculations you would
expect that the glomerular pressure would go up proportionately
with the arterinl pressure and there would be no change 1n re
sistance

Pappenheimer So this would be a straight hne?

Winton Yes the resistances of both blood flow and glomerular
filtrition should remam the same
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merular blood errculation and R representing the nephron At therr
lower ends, Re and Ry connect with the vein and ureter, which are
assumed to be at the stme constant pressure and can be jomed n
the model If the increased resistance to blood flow with mcreased
arterfal pressure were located i the postglomerular circulation
(Re), this would produce a rise 1n glomerular pressure more than
proportional to the nse m artenal pressure and, consequently, a
fall 1n apparent resistance to glomerular filtration Since, on the
contrary, expenment indicates a nse i resistance to glomerular
filtration with mncrease 1n artenal pressure, I am suggesting that
both this nse and the nise m resistance to blood flow are likely to

ARTERY
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b
>
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brane and tubules Ve and wreter are mdicated at atmospheric pressure and
thercfore hnked 1 the duagram
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Foaer 35 The afats of sapag extananed provare whar anansd sexony, aod
ureter pressures feman constant on unne and blood Hows and unpe conposton
in a perfused kudney (dog) Unmne fow is mereased maumally by the smallest
decrease 1 extrarenal pressure shown blood fow also bemng increas

‘o 130

suffictent to overcome the obstruction duc to mtrwenil pressure
completely and further lowering could thercfore have no cffect
In the Iater pertod of the experiment the effects of mcreasing the
extrarenal pressure above atmosphenc pressure arc shown to be
much the same as the cffects of increasing the venous pressure
Expenments of thi general Jad provide fauly definate proof that
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intrarenal pressure obstructs the outflow of urine, but the pomt I
want to discuss particularly 15 the effect of intrarenal pressure on
the blood flow Intrarenal pressure clearly exerts some obstruction
to the blood flow, as indicated 1n Figure 23, though this does not
necessanly 1mply that it obstructs the blood flow to the full amount,
by which I mean as much as a corresponding increase of venous
pressure would

There 15 another way m which the effects of intrarenal pressure
can be examned by measuning the tenseness of the kidney If a
sclerometer 15 placed on the surface of a hidney, that 15 to say, a
disc of about 5 mm diwmeter, and the pressure necessary to depress
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Ficunc 26 Charts showing the design of an expenment to discover the effects of
wreter pressure on unne How (mtrarenal pressure) on blood flow and on the
teaseness of the isolated dog kidney at three arterul pressures R

. e
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it a small distance 15 measured, a quahitative estmate of the pres
sure m the renal substance can he obtamed Figure 26 shows the
changes of tenseness when artenal pressure and ureter pressure
are changed, and inaidentally shows the form an experiment takes
when the effect of artertal pressure on ureter pressure, urine flow
curves 15 beng ivestsgated Here are three artenal pressures, gomg
up and then coming down again, so as to get the average of values
obtaned during nse and fall of artenal pressure These are all
steady state svalues, the average values bemng necessary only to
elimumate the effects of dnft in time of the propetbies of the Lidney
smce the experiment molves observations over a period of two
and a half to three honrs Stepwise mereases 1 ureter pressure
produce corresponding declines mn urine flow At high artenal pres
sure the ureter pressure must be rased guite a lot, 70 mm Hg or
50, to obtam the required dechne i urine flow The effect of the
wterial presswe on the blood flow 1s quite considerable, of course,
but the effect of the ureter pressure on the blood flow 15 not veny
great until these quite hugh valves are reached The tenseness of
the kidney measured by sclerometer increases a httle with arteral
pressure and increases quite a Jot more with ureter pressure But
the wnportant pownt 1s that the increise with artersal pressure 15
relatnely small

Stwann What units of tenseness are used?

Winton They are millimeters of mercury pressure required for
a standard small depression of the sclerometer disc

Figure 27 shows the effects of osmatic (urea} diresis and changes
1n artenal pressure on the reciprocal of the tenseness ( compl{ance)
of akidney *
fwve areulat

lood 1n the

arhiest observations, gives values referred to perfusion with added

rea curve IT corresponds with perfusion without added urea, and

urve IIT gives values obtamed after retumn to the urea perfusion

rewt The values plotted are compliances, measured in p per mm

Iz, which means the higher the value, the more casiy 15 the kidney

irface depressed by the sclerometer dise

1t 1s clear that the changes m comphances produced by changes

) artensal pressure are rather uncertain and refatively small com

ared with the effects, s1y, of urea The no urea hidnes 15 a Tadney

Iich 1s much less tense than the hidney under the nfluence of

rea, but above the Jowest sertes of artertal pressures, where the
hittle effect of

:nseness seems to fall off with pressure, there s
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change in artenal pressure on the tenseness of the ludney, and
such small effects as there are are sometimes 1 one direction and
sometimes 1n another

The tenseness of the \idney and the mtrarenal pressure, as 1
measure 1t, seem therefore to correspond reasonably closely 1n their
reactions to pressure and osmotic diresis 1 have an impression that
the tenseness vanes rather more wath artenal pressure than mtra
renal pressure, as shown mn Figure 28

Tigure 25 15 a set of venons pressure, unne flow curves obtamed
m an expenment designed in the same way as indicated in Figure
26 Rises in venous pressure to values lower than the mtrarenal
pressure are apt to rase the unne flow due to the fact, I beheve,

"
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that a nise 1n venous pressure 1s more effective than an equal intra
renal pressure n obstructing the outflow of blood If the venous
pressure 1s ratsed the glomerular filtration pressure of blood in the
capillaries 1s rased but additionl back pressure 15 not pmduced
by compressing the tubules until the venous pressure exceeds the
intrarenal pressure(17,7)

Expeniments of this kind whether msvolving ncrease m \enous
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pressure or sncrease 1 ureter pressure do not yield any eswdence
that the sntrarenal pressure 15 meressing wath artenial pressure If,
however, a family of curves of the same hind 1s exanuned but the
unne fow 1s vaned m each curve not by changing artenal pressure
but by using different concentrations of an osmohe diuretre, 1t 15
found that the mtrarenal pressure 1s much huigher, from 80 to 40
mm Hg at lugh unne flows than at low flows Mv kind of mtra
renal pressure, as contrasted with Dr Swann’s does not, therefore
appear to be able to contnibute anvthing to the explanation of the
increased resistance to blood flow at higher arterial pressures
Berliner Before you go on to something else I wonder if you
would repeat what you sud about osmotic diuresis in thes sttuation
Winton Osmotie druresis, such as sulfate diaresis, produces a set
of ureter pressure urme flow curves as shown m Figure 29 The
mitrarenal pressure 15 fandy low at a low unne flow and becomes
Tugher the higher the diuresss It 15 quite unlihe the effect of +arymg

URINE FLOW it fmn

URETER PRESSURE lem wates}

Fictas 29 The effects of the degree of osmotic diresis {sodhum sulphate) on
intrarenal pressure as indwcated by the Jowest ureter pressure capable of reducing
wine fiow (Dog pump lung kidney prepration BP 110 mm Hg)
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arterial pressure (Figure 28) where there 1s Ingh vnne flow, but
the decline 1 wine flow begins at the same ureter pressure as it
does at Jow urme flows

Pappenheimer How high can 1t go under those condtions?

Winton The mtrarenal pressure® 1 don’t think I have measured
anytlnng os er approumately 50 milimeters, but that mvolves prethy
Ingh duwresis However, I would not be at all surpused if, 1 Ringer
duuresis, 1t were higher than that 1 have never been able to measure
1t 1n Runger diurests because urine flow falls off rather rapidly and
there are not constant enough base lines from which to obtan
ureter pressure unne flow curves

Last, I want to say a word about the relation between ureter
pressure and blood flow Figure 30 shows how an mcrease i ureter
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URETER PRESSURE mm Hg PRESSURE HEAD (1P UP) wm Hy

f
Ficure 30 Left The effect of ureter pressure on the urme and blood fows O
an 1solated Lidney at 36° C and at constant arterl pressure 130 mm ””,cﬁ'\fr‘c()
The relation between blood flow and pressure head (arterial minus ureter pf
calculited from the blood fow curve on the lel

e
pressure affects both the urme flow and the blood flow Ax;x] Igtﬂ‘:il
has no effect until 1t exceeds the mtrarenal pressure, an ]c‘tted
this there is a reduction m both flows If blood flow 1s p;me
agmnst the pressure head, 1¢, blood pressure minus ureter pre: n‘s’
there 15 quite a dufferent result than s obtaned from plotting P



Intrarenal Pressure and Renal Blood Flow 3

sure head varied by increasing the venous pressure In the latter
case, the curve 15 approximately a straight line passmg through
the ongin, m other words, the effect of raising venous pressure on
the blood flow 1s to produce a reduction of blood flow proportional
to the reduction of pressure head (apart from an uncertamnty due
to the change n the mntrarcnal pressure at the begmming) But
ureter pressure, curiously enough corresponds much more closely
with artenial pressure 1n this respect If the pressure head 1s reduced
by increasing the ureter pressure, a blood pressure flow cune 1s
found which has an pt at zero p here around
50 ml per minute just as 1s found 1if the pressure head 1s reduced
by lowenng the arteral pressure I do not know whether that has
any sigmficance at all beyond comaidence It may only be, as 1
have 1magined, that when the tubules are distended by rasing the
ureter pressure, they will not expand beyond a certain pomt They

are hike elastic tubes surrounded by cotton tubes Beyond a certamn
pomt, differing for different tubules, they cannot expand, and there

fore the blood vessels do not get so effectively compressed by dis

tending the tubules as the tubules are by distending the veins

Bradley Does that happen in posoned kidneys, too?

Winton 1 thik 1t does 1 do not really have good measurements
1 posoned kidneys because 1t 15 much more difficult to get good
base Ines I have examined these relations only after cyamde and
chloral hydrate

There 1s a possibility, I think, that imntrarenal pressure 1s having
the same kind of effect due to tissue rigndity Intrarenal pressure,
ureter pressure or artenal pressure produces only about half the
change or less than half the change of blood flow per umt change
m pressure that might be expected, for example, m a glass tube,
whereas mcrease 1n venous pressure appers to produce the full
reduction 1n blood flow that would be found in a glass tube

The question as to whether the interstitial pressure measured by
Dr Gottschalk and Dr Swann by planging needles into the kidney
measures intrarenal pressure or something different 1s one which
we will have to try to sort out If we come to the conclusion that
Dr Swann's tissue pressure of 25 millimeters and mine of about §
milimeters his being mterstitial pressure and mine mtrarenal pres
sure both on the same preparations n so far as a Tevas dog can be
said to be the same as a2 London dog 1s to be explaned by the fact
that the tissue pressure 15 not transmitted fully to the lumen of the
tubules, then one 1s up agamst a rather awkward phenomenon
If the tissue pressure 1s increased by increasing the \enous pressure,
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after recovery the pressure may readily be taken by thrusting the
needle through the skin and mto the kudney The average m 1l
groups 1s about 25 mm Hg In a group of dogs the standard devia
tion 15 about 11 mm Hg the range of vamtion 1s from 10 to
58 mm (14)

Fremont Smuth Isnt it true that the assumption that you hue
come down to the normal mntrarenal pressure at the asymptote 1s
based on the belef that the extra flud mtroduced mto the sem
ngd kdney has an ample opportunity to escape?

Swann Yes 1t has to dram away someswhere

Fremont Smith  1f 1t hadnt had a chance to drun away you
would still be somewhat above the true mtrarenal pressure

Swann Exactly The record would then show that the pressure
was still fallng very slowly We take no measurements until the
pressure 1 the transducer 1s not changng

Pitts Suppose you repeated a deterrmnation mmmeduately fter
having done one how does the second compare with the first?

Swann The second measurement checks well(19) If we re
peatedly measure the pressure over a period of a couple of hours
the standard deviation of multiple readings i 2 smgle ammal 15
12 to 3 mm Hg We can readily repeat the measurement over long
periods of time provided we do not change the ammals physio
logicnl condition

Fremont Smuth Have you ever had one needle m and then with
2 second apparatus put in nother and then the pressure to sec
what effect the second pressure had on the first?

Stwann Yes the two check very meely The needle can also be
remserted a number of times wnd the same reading obtamed( 19)

When we ascertamn what happens m these hidneys after mserting
the needle we find by listologic examnation that a very consld:r
able laceration has been made as would be expected by the 20
gauge needle(19) Many tubules are torn and forced through the
tissue by pushing this big crowbar as it were through the tissue
\fany small blood vessels are torn and ruptured We therefaﬂiI
think that we are makmg an artificial pool mto which the smnl
volume of flud from the manometer can be forced This flud his
to drain away through the many effluents avulible blood \esselsI
Iymphatics or tubules In the dead dog madentally the n'nmrenlﬂl
pressure 1s about 10 mm Hg 1t 1s constnt and does not varv at !

We have many types of confirmation that the renal mtersmme

, pressure 1s so hugh As you are all aware 1t 15 1 very Ingh "55““
) pressure It 1s the same as that in @ mramally tensed gstrocnemit
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muscle and the same as that of itraocular flud

Fremont-Snuth It 1s not the pressure though of cerebiospmal
fmd

Suann No, 1t 15 not That pressure 1s around 10 mm Hg

Pappenhermer How much does it depend on the size of the
needle?

Suann Itis the same with a 27 gauge needle as with a 20 gauge
needle

Pappenhetmer And with a micropipette®
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Frgure 38 Relation of pressures to flurd flows out of (negative values) or into
Eposxuvc values) a cannula set 1n the renal parenchyma Reprnted by permussion
om Montgomery A V et ol Tezas Hep Biol & Med 8, 268 (1950)

Suann Figure 33 shows an experiment i which we used a micro
pipette and microvolumes of flud{11) We measured the pressure
needed to force very small volumes of salme nto the hidney This
15 the technique that McMaster has used 5o successfully in measur
ing wmtradermal and other tissue pressures(20) It s also the method
that Gottschalk used to measure intrarenal pressure(13) We used
a 27 gauge needle with lateral holes

Figure 33 shows this result 1f a pressure of less than 10 to 15 mm
Hg was imposed on the cannula fluid flowed out of the cannuly
At these low pressures tn other words the hidney forced fhnd out
of the cannul1 at rates shown on the tbscissa of the graph As the
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pressure was increased, a pomt of ‘zero” flow was reached — flux
moved neither mto nor out of the hdney At higher pressures stil
flow was inwards The ‘zero flow” pomts vared from 13 to 44 mm
Hg, the average was 26 mm for mne dogs

This 15 confirmation from an independent type of expenment of
the mterstitial pressure observed with the first technque Another
confirmation 15 this(19) the apparatus first described was used
The needle was serted into the hdney and we warted to see what
would happen The pressure very slowly rose and finally stopped
at about 25 mm The kidney forced flmd into the Bourdon tube
until a pressure of 25 mm was reached Here, then, are three dif-
ferent types of experimental techniques which give the same result
We feel, therefore, that our oniginal measurement 1s a good one

Still another confirmation 1s this we reasoned that 1f there were
a Ingh tissue pressure 1n the hidney, the veins m the renal paren
chyma would be collapsed unless their pressure was greater than
the mterstitinl pressure(14,1) For that reason, we decded to at-
tempt to measure the venous pressure by runmng a catheter all
the way up mto the veins of the parenchymn 1tself The pressure
here was to be ascertammed I shall describe the techmque brefly
(21) we use a small nylon catheter, connected with a nearly
1sometric manometer (actually a Bourdon tube with optic registra
tion) The catheter 1s pushed up the renal vem bhindly until 1t
will not go any further Then 1if it 1s withdrawn shghtly, the pressure
mn 1t 1s about 25 mm Hg If we take 2 simultancous measurement
of the interstitinl pressure, usng the needle techmique first described,
we find that the two measmements agree quite well therr coeff
cient of correlation, over a wide range of experimental values, 15
085 I thmh that the reason why 1t 1s not better 1s that the measure-
ment using the transduced equhbrium method 1s not giving nearly
as accurate a measurement as 1s the venous pressurc techmique

When we come to ascertain the position of the catheter’s tip at
autopsy, we find that it lies just above the confluence of the arcuate
vemns The catheter has pone all the way up the mterlobur vewns
and just barely turned the corner mto the arcuate vens The arcuite
venous pressure then, 1s about 25 mm Hg

You will recall that the pressure 1n the mun renal ven 1s an(;lll
11 mm Hg And yet I have just reported pressures n the sm1l e;
renal vemns of 25 mm Where docs the pressure chinge occurd
Figure 34 shows an experiment m which the catheter was mserte
mto an arcunte vem, its pressure was 32 mm Ilg Snnuhnncoll’lj
nterstitial pressure, as measured with the needle, 15 shown to
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28 mm Hy, a fauly good correspondence between the two Now
if we start pulling out the catheter slowly, we find the pressure
changes along the course of the vem At the arrows in Figure 84,

. L3 3 i .
PR
b sec.
mm

IRP Hy

%} 1ep
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-20
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L H S S 4 1
-0
withdraw catheter 1mm
Ficune 34 Venous pressure st) changes durng withdrawal of remal vem
catheter from arcuate into interlobar vein A simultaneous measurement of renal

istersitial pressore (IRP) 18 shown Prmte permisaon from Swann W G,
et al The mtrarenal venous pressure Sclence {In press)

we pulled out the catheter a milkmeter at 2 tune At the first two
pulls, nothing happened Then suddenly, at the third pull, the
pressure dropped from 32 to 14 mm  the latter being close to main
renal vein pressure We think, therefore, that the abrupt pressure
drop 1 the renal venous system takes place near or at the arcuate
mterlobar junction

Fremont Smuth To what extent do you think, the catheter rased
the pressure locally by obstructing the outflow m the arcuate vem?

Suann 1f 1t obstructed the only venous effluent, the pressure
would nise to artenal But the veins of the hidney form very generous
anastomoses with each other(22) A single region 1s never druned
by just one vein All the arcuates arch over” into each other very
freely Hence, we feel quite sure that although the catheter may
block one arcuate vem the pressure does not mcrease locally be
cause the blood in the blocked arcuate can sa readily drain through
neighboving arcuates

T wish to deseribe two other expenments which furmsh indurect
confirmation of our hypothesis that renal mterstitial pressure 13
about 25 mm Hg The expeniments Just discussed have been fairly

Eata]
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duect measurements of renal mterstitial pressure But there 15 also
a lot of ndurect evidence that this pressure 1s high One cxprment
which we did was as follows(23) A catheter was mserted i the
renl vem  Then the renal vem pressure was ancreased by partially
occluding the ven with a tourniquet pliced prowmal to the catheter
tip Simultaneously, the remal mtershitial pressurc was measured
Tigure 85 shows the results The mterstitinl pressure did not start
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Ficune 85 Relation of mtrarenal pressure and renal 1 enous pressure as the renal
rogressively occluded Indvidunl records of 5 dogs !i‘nc.rtlcdl [m(l;msﬂ»:'re

:fi:nlsax(’t?u complete occluston Reprinted by permission from Swann
Proe Soc Esper Biol & Med 76, 775 (1951)
to untl the 1 venous pressure evceeded the
control mterstitial pressure When the venous pressure 1ose above
25 mm Hg an effect on mterstitinl pressure first became app went
After the venous pressure exceeded the control interstitial pressure,
the two rose together, with further venous occlusion in 2 onc to one
relitionship

Dr Winton has done the same sort of expeniment One should
not mfluence the interstiial pressure by rusing the 1 cnous pressure
until the venous pressure exceeds the nterstitnl pressure Cractly
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this happened n the present expermment It scems to me that this
15 very good mndirect evidence that the nterstitial pressure 1s at
the hugh level of 25 mm Hg

Another prece of evidence mn favor of the hypothests 15 to be
found 1n the experiments measunng the effect of venous pressure
on renal blood flow Dr Blake and his group(24) and Dr Selkurt
and his(23) have both measured the effects of partial occlusion
of the renal vern on renal blood flow In both experiments, either
minmal or no effect on blood flow wus caused by mereasing the
senous pressure to about 20 mm Hg 1t was only when the venous
pressure was raised far above 20 mm that the blood fow was
slowed The interpretation 1s obvious because the renal mterstitial
pressure 15 25 mm Hg, flow of blood through the organ 1s not in-
Huenced until the vemn pressure exceeds mterstitial pressure

Beslner You referred to the data of Dr Blake and Dr Sel-
hurt(24,25) Although they could find no change 1n blood flow at
Jower venous pressures, they did find changes m water and elec-
trolyte excreton How would you interpret that?

Suann According to my theory, rasing the venous pressure
should not mftuence any of the kidneys functions, meluding the
rate of blood flow, until the venous pressure exceeds renal nter-
stitial pressure

Selkurt T might add, m connection with that, that we did get
small changes m blood flow and small reductions i filtration rate
at the lower venous pressures, but the change m sodmm and water
excretion came on more markedly and dramatically above 20 mill-
meters of mercury

Fremont-Smuth Do you want to make any further comment
on the dramatic change n intrarenal venous pressure between the
arcuate vein and the mterlobar vewn?

Suwann In order to speak about that, I shall have to mike a
digression mto ocular physiology In the eye, there 1s also a very
Iugh mterstitial pressure, for the pressure mn the aqueous humor
13 25 mm Hg This 1s the same as 1n the hdney In fact, the eye
and the hidnev have extraordinary simlanittes n structure, and
they also experience somewhat the same mamfestations of disease
Striking parallels may be drawn betw een therr physiology and thesr
anatomy * We got our first hints as to what sort of strueture we
mght find n the arcuate labar regron from of the

* Examples the ciliary process resembles closely the glomerulxe tult i both
organs a mearly protein free filkrate”™ 15 formed m hvpertension or eclimpsa
buth are subject to great structural changes arterial occlusions of vamng degrees
¥ occur i hoth with smzlar hemodynarmic and pathological results P
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ocular veins and, specifically, the vortex vems

Reviewing briefly the venous arrculation of the eye, the mam
venous drainage 1s through the vortex vemns The senules of the
uvea form a smus where their tortuous, radinl confluences rn
together Out of this springs a vortex vein (there are usmally four
ofthem) to run obliquely through the sclera and emerge just belund
the equator of the eyeball As you would expect, with a pressure
mside the eyeball of 25 mm Hg, the mtraocular venous pressure
1s hugher than 25 mm Hg as Duke-Elder has shown({26) It has to
be or else the vein would collapse Just at the sinus, the pressure
15 about 2 mm higher than mntraocular pressure while just at the
et of the vein from the sclera the pressure falls to 18 and then a
httle further on to the general venous pressure of the head The
sharp change n pressure along the vortex vemn 15 smilar to the
change observed m the arcuite-nterlobar region of the hidney veins

The only detaled study of the vortex vesn that I have been able
to find is that of Fuchs m 1884(27) This, I thmk shows exactly
what 1s going on In an illustration i Fuch’s report, a vortex vem
1s shown running diagonally through the sclera It 1s a huge ven,
carrying much blood, but its walls are very thin In the mddle of
the sclera 1t 1s only about 0004 mm thick Then suddenly, just at
the exit from the sclera, 1ts walls thichen to 004 mm, or about
ten-fold

A cross section 1s shown 1 the lower part of Fuch's ilfustration
The thm walled vem 15 mostly surrounded by a Iymphatic A knot
of connectine tissue fies buned mn the sclera It eventually runs to
the side of the vein We make the guess that the connective tissuc
anchors the vortex vem mside its lymphatic channel Fuchs calls
them side fastenings ”

Let me go back for & moment to explam why these stmcture]s
are 50 Interesting Because we wished to study flud flons through
elastic vessels surrounded with a ligh interstiial pressure, we con
structed the model shown n Figure 36(23) A resenoir with the
pressure head H forces water through the system The water flows
through elastic tube E, actually Penrose tubmg Tube E 15 smi-
rounded by ngid chamber K, which 1s filled with water and which
has 1mposed upon 1t the pressure head T When fud 15 flowing
through this model pressure T opposes pressure H 'I'hexcf‘oft‘l
pressure T should reduce outflow from the system by one met \0;
or another It does 1t by mereasmg the resistance, what happens 15
that a constriction forms between A and B The greater pressure

T is, the more marhed the constriction Because the constriction is
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telnes When the pressure 1t B equals pressure T constnction
A B disappears at this pomnt further constriction of 0 slows the flow
The clastic tube E 1s almost Ining m this experiment Or statng
it conersely our postulated constuction m the vortex vem may
fluctuate greatly due to simple mechanieal factors

Returning to the eye the illustration m Fuchs article shows
structures winch appear morphologically very similar to those m
the model 1 ngid outer wall of selera and 1 thn walled vewn ex
posed to 1 collapsing pressure from the pern ascular lymphatic The
Togieal place for 1 constuction to form 1s just before the vem will
becomes thick 15 1t emerges from the sclera In the dlustration the
accompanymg ly mphatic appears to open mto the episclernt tissue
But 1f the postulated system 1s 2t work the lymphatic cnnot be
open It should stop just where the vern wall thickens for we pre
sume that 1t carries the intraocular pressure of 85 mm Hg down to
the vemns et and rmposes 1 constriction just before exit

I am unable to determme from the older accounts what actually
happens mn this region It must be exammed 1n more detut But
1t 15 known that the mfraocular venous pressure 1s about 27 mm Hy
and that the pressure m the vortex vain drops abruptly so that st1s
only about 18 mm as it lewes the eye The same change tibes
place m the arcuate mterlobar region of the kidney

Ficone 37 Sect on of imterlobar region of k dney
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Figure §” shows a section of dog hidney tiken through the mter
Jobar trunk. Artery and vemn we appirent Liming the trunk 1s 1
band of conmectve tissue (€} that 15 unexpeetedly heavy It runs
up wto a spur {S) and folfows the tornres of the mumor calvees
Figure 88 was taken 2 httle lugher w the hidney An arcuate vein
and artery are apparent as s the formx of 2 calyx Between the
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Fiovne 88 Section of weasis boed wesels of kedney

ctlyx and the artery s 1 continuation of the band of connect
tissue shown m Figure 37 (€)Xt Jooks hke a sort of support
o
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Ficune 40 Renal artery with pernvascular Jymphate
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cncumference has such a layer, just as m the vena cwva wieror
and the adrenal medullary ven

Bradley Ts there any difference between the mterstiti il pressures
wn the cortex and the medulla of the lodney?

Swann We hwve gone back frequently to ivestigate that ques
tion When we msert the needle very corefully mto the cortex onb,
we find there the same pressure as appears m an ordary msertion
With our present technigue, we are not able to demonstrate an
difference
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Froure 41 Effect of lowenng blond pressure on satrgrenal pressure Pnnltg‘té‘
permission from Swann ! et al  The influcnce of arterial pressure on
7enal pressure Am ] Physiol (In press)

Figute 41 shows the effect of fowenng the blood pressure o}r;I the
renal nterstitial pressure(30) We reduced the ammals “;g H
pressures by hemorrhage measunng the changes m nters ’ex-
pressure all the while We used anesthetized dogs and um\ned
thetized dogs as well, because 1 do nat trust data from anesthetize
amimals too far We also occluded the renal artery m seven doxt;s
and then measured the mterstial pressure Tn all growps, the dﬂ‘d
were conwistent The Tenal interstits il pressure (IRP) is relates o‘;
the blood pressure (BP) thus, the wnits being in millymeters

meseny IRP = 94 + 22 BP
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corpuscie has perbips shrunk with death and tissue fxation The
4mi figure represents 1 think '\pmo“ma!el the quantity of blo

and nt normal plood pressure s probably mftated ¥ 1th 20 pef
or about 30 m of blood We e

cent of its weight m
ccount for 4 of this blood m the & me Another fraction
15 m the large blood vessels — 28 1 uess N than 10 1
this Jewves 2 iar ¢ ol of blood unaceo

1 feel suré that this extra yolume 18 W the tubular capillanes
and that they & ¢ grently fated with blood Returmng to eye
for 1 momen ts_capillanes e 5 1 bemg 10
pmera 10 Jdiameter as they are 1N ¢ tissues tHE about 80
Some run U 0 micra in hamete n T s cat
march through abreast The same siaation ol suspect
1 the Jadne’ pentubular capillares W€ wi flated with
blood This 2 cer all 15 very desirabl of

The penl\\bular capiilnes ¥ the ladney ar® extraordit nly long
captilanes Most 0! body 5 capillanes 1C aff il
meter long ¥ hile those of the pent\\bu\ur networ! 10 20 o
even 30 m! ong This 18 90 or e\e long than most
capillanes ow the resist nce of @ 0 mm cap far hd 8
pore of only micry W 1d be very 8 t use they
so inflated “ith bleod their bore 1S grenter and ther resistance

Olwer But the pem\\bu\ar capiitues e A petwork and
are all sorts of anastomoses dont see how Ot spe
can be assngned toa pamcuhr capiilty
Suann Certawmly 01 capitiary juns from the efferent arteno\e
A1l the way ‘down to the end of Henles loo? * dystance of nppro™
s

Olwer Yes but that seems t0 ™€ ~very ewcepnom\ capilary
most of the efferents Preak uP Almost 1mmedmte\y mto 1 network
Swantt They are far longer than 1 htf milhimeter

wmton 1 am sure Dr Swann must be nght about the Bood

wa vasoconsmchon 15 “(:0
duced with adrenahn 07 if the arterial pressure 35 reduce )e(e\‘
mm Hg o more uriné yuns back wto the Tadney when the c\a o
ressure 15 TV sed asif there were ? \anable space 1 the hadn€}

the bloo!
suann W measure! blood pressure 100d flow
e

and nter
42
st pressure sum\hnncous\) yn nme o m\ml'\hzed dogs Tigure
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Ficone 43 Helation of tenal blaod flow, blood pressure and mnterstitial pressure
(IRP) m 9 dogs The slopes (b) of the flow mterstitsal pressure yclabonship are
widicated for each dog

and the relhon of mterstinl presswe to blood pressure bemg
shown by dats An exceptionally ngh flow rate was obsersed m one
dog, No 30 The dog was pregnant, wlich perliaps explums 1t
In this expermment, we found a point of mffection i the Bow
pressure curve 1 only five of the nme dogs and m only four ~ Nos
84 78,77 and 82 — does 1t “elbow oser” sharply But the wnportwt
thing which I wish particulrly to call to jour attention 1s the fict
that even when 1t does elbow over sharply, as m No 82, the mtes
stitia} pressure does not nise abruptly If st did, we would say that
1t gves nise to the sudden merease i resistance which s responstble
for the relatively slow flow at this pomt of lugh bload pressure But
1t does nat ood
Figure 48 also shows the slope (b) for each cun e relatmg bload
pressure to interstiial messire The umts are milhmeters nsc 1t
nterstitral pressure per raithmeter rise m blood pressure In *Olin]!‘
cases eg No T3 the mtershtnl pressure rises very slawly w ';
a gnen change in blood pressure But m other c1ses, the mterstili
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flow, given the same blood pressure change, should run m the re
verse order But they do not, they are sprend m random order
thiough the Table

I wish to add one point more At low and medmm blood pres
sures the renal blood flow 15 Linearly related to the blood pressure
In most tissues, however, blood flow 15 exponentally related to
pressure, the curve bemg comex to the pressure axis I think that
the reason for the ineanty of the kidney curve (that 1s, m s lower
portion) hes with the mterstitial pressure The latter mses with
rising blood pressure, a nsing blood pressure per sc, therefore,
causes an mcrewse m the crewt’s resistance The situation 18
stmilar to an meandescent hight the greater the pressure or EMF,
the hotter the flament becomes, the hotter the filament the more
the resistance to current flow At medium high blood pressures
therefore, renal blood flow 1s disproportionately slowed by the
Iigh mterstitial pressure But, as I have already mdicated the
behavior of interstittal pressures at the higher blood pressures can
not be used to account for the ‘ elbowing over’ of the renal pressure
flow curve

Dock It seems to me that decapsulation(32) might sumphfy the
problem a good deil

Swann If the capsule were maumally stretched at the pomt of
inflection of these flow pressure curves, then any added merement
of blood pressme should cause a very high mterstifial pressure
But this does not happen Consequently, I do not thik the capsule
1s mnvolved 1n the elbowmg over’ of the curve

Winton I have measured the mtrarenal pressure before and after
decapsulation a number of times, and 1t 1s approumately halved
by decapsulation The renal substance 1tself 1s quite nigid If one
of the two branches of the 1enal artery that goes mto the Lidney
1s tred off the circulation through that half ceases The hidney
shrinks and the mterstitial pressure 1n the survnving part 1S usually
about halved

Doch But that makes no difference to your flow pressure rela-
tionship

Wintorn Oh no 1t still has the same form

Swann 1 agree with you about the effects of deca]
the high mterstitial pressure of druresis 1s about halved when
hidney 1s decapsulated fuch

Selkurt In spite of what has been sud I am inchned to ‘f;m
a vascular response accounts for the change m the pressure fo%
curve, although we cannot go on to say what the mechanism 15

psulation Even
the
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speciabzed example of Stachng’s clisteal capillary the glomerafus
15 the artennil end, the tubule 15 a speciahzed 1nterstitial space, and
the pentubular capillanies are a specialized venous end In the
Iatter, reabsorption of glomerular filtrate is so complete because the
filtrate 15 drawn mto the pentubular capillanies by the virtuall
unopposed plisma protem osmotie pressure *

Winton 1 am afrad T cannot follow that argument at all You
bave a tissue pressure, and you have been talking about this tissue
pressure as if it were transmutted to the contents of the tubules
Suntlarly, 1t 15 transmutted to the contents of the blood vessels s0
that pressure 1s oqually apphed on the wmsde and the outside of
the vessels That could not possibly be brought mto an argument
about the transfer of flnd across thewr walls

Swann The capdhuy 15 bewng wilated, as 1t were, agunst the
mterstitial pressure

Winton On the mside”

Swann Yes the inflating pressure 1s pushing outwards If you
oppose the hydrostatic pressure from the heart with the tisue
pressurc the met hydrostatic pressure 1 2 mm Hg This Jenes
the blood oncotic pressure virtually unopposed to dran flud bd
mto the capyllary

Winton ¥ we hne these high mlerstinal pressures—and 1
thoh Dr Swann concenes of them as obstructing outfion of
urme — thit means that the pressure on the urcter side of de
glomerulw membrane must be pretty Ingh There must also, fire
sumably, be a pressure fall across the membrane I wonder nhethes
Dr Pappenhetmer would be able to gie us any hind of SUSK"“"’;;
from hus expertence with membranes as to whit tht pressure £1
might be

Pappenhevner I have just tahen your figures from the hfcmtm:
that 15 about 70 as the pressure on the glamerulw side, and su
tracted the protemn osmotic pressure from this value

Winton But the actual dy namic mos ement of the whole glomers
Iar filtrate across that membrane must myohe some 1iscous It
sistance, mustn t it>

Pappenhebmer 1t could concenably be very low, much Jower
than we all suppose, so 1t would not be impossible, by any ’l”‘"m;'
to have a very small pressure drop across the glomular membran
T e sent Rltcr at one end {the
T e et el the oty e (e o

[

ccltaber
with its capillarics) Associated with the asmotic pressure ’cdl ::{emgw
nyetdbolic processes which guide differential reabsarption and sec
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Mudge That depends on the expertmental set-up The sodum
concentration m the reabsorbate durnng an osmotic diuress be
comes 50 to 70 per cent greater than the concentration m the tubule
or the glomerula: filtrate

Winton But that does not affect the concentration gradient across
the capillary wall

Pappenheuner No, that's night, and what I simply wish to pomt
out 1s that all the problems which we have thought about for years
n connection with glomerular filtration, we have equally to face
m pentubula absorption

Berliner Of course, y ou have, presumably, 2 much bigger surface
mvolved here than 1n the glomeruli

Pappenheimer Do you, really?

Olwer It must be much laiger than the surface of the glomerul
Putter once made a theoretical estumate of the various surfaces 1
the lidney and elaborated a theory of renal function on the Insis
of 1t, the so called “Dre1-Drusen” theory(35) Without accepting
all 1ts implications, we at least admitted the importance of surfaces
n renal interchanges and show ed how they vary m certam abnormal
kidneys(36)
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TABLE VI
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CAROTIO MM 4] 141 142 143 132

FEMORAL HG 145 88 75 60 132
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CONSTR. CONSTR CONSTR.

Ficure 45 Effect of reduction of artenal pressure on glomerular m"“é‘,’}“ r;;e

(Cgg), tubular reabsorption of sodwm (Ty,), and sodium excretion {Uy,
Experimental kudney m sohd symbols, control kidney 1 open symbols

sodium falls very markedly with the reduction 1n perfusion pres-
sure It remans reasonably constant on the control side It goes
down further m the second stage, but this 1s comphcated by a
reduction n filtration rate which 1s further exaggerated m the next
stage, where 1t remams quite low, and the sodium practically dis-
appears from the urine On release, the excretion does not come
up to control This 1s quite charactenstic of this procedure, where
a full recovery was not obtained m the process of restormg per-
fusion pressure We are not certan how to explamn it In ths ammal
(Figure 45), the perfusion pressure did not come back to the
) ongmal value However, 1t did equal the pressure of the control
ludney whose salt exeretion remamned up Possibly, the load self
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played a role here, smce the creatimne clearance apparently did not
return quite to control It 1s very lihely that some other unknown
factor was sct mnto play which would explain this failure of recovery
The pomt I want to bnng out with Figure 45 1s that the trend
shown in the previous experiment 1s not a nonspecific thing, but
15 actually the result of constricting the artery and reducing the
perfusion pressure And here, too, we find that this change n excre
tion can come about without decreases in load The rate of sodium
reabsorption (sn mullequin alents per mmute (Tx\)) goes up shghtly
at first as the excretion falls
One factor which may aud and facilitate the influence of absolute
change 1n load on excretion of salt and water when filtration rate
15 altered may be the absolute level of the reml artenal perfusion
pressure But we still do not know what the effect of the con-
d m pulse pressure 15, since as soon as one begins
to drop pressure and constricts the aorta the pulse pressure 1s
reduced as part and parcel of the mechunsm for reducing the
men pressure In 1910 Dr Hooker(3) studyimng isolated perfused
idneys, concluded that the reduction i pulse pressure reduced
renal blood flow and urmie volume and n 1913 Gesell(4), studying
the same problem n intact dog hidneys, reached somewhat the
same conclusion 1n terms of the effect of the reduced pulse pressure
on urine yolume and chlonde excretion but disproved Hooker’s
notion that a reduction i pulse pressure would alter the bload
flow Thus 1t seemed important ether to rule out this factor or to
consider 1t as a serious possibility
We used a somewhat different techmque m the next senes of
mmals This techmque (Figure 46), was to perfuse the left kidney
by an external circuit from a carotid c.\n‘nuh (A) through an

ternal circust Other detals of this haokup are the outflow cannula
for sampling the renal blood (C) a compression chamber which
could be opened if 1t was desired to reduce the pulse pressure (F),
an optical manometer (E) to regster the pulse pressure directls
A tlurd alternative possibihty in later expenments, when 1t was
desired to clevate the mean pressure above the dog’s own pressure,
Was to connect 1 the pump shown at the left This 1s a pump which
has fleable elstomold tubing compressed 120 tumes a minute by
a rotating cxm (B) the stroke volume can be vaned by pushing
the position of the cam to and awn from the tube Flap vahes

u
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Cran’[,
65—
co/mIN
Cer*OL,
30—
comin. |
Q20—
Una
MEQ/MIN |
V 20 B S ]
PV = S
1o
[ controL ! PuLsE pEc  |PULSERESTORED
e MBP M| 173 177 771
PP HG 36 10 9
CoNTMBP 174 173 170

Ficme 47 Influence of reduction of pulse pressure with constantly mamtamned
mean artenal pressure Cp,y Clearance of para smmohippurate, V. urine volome
Expermental hdnev 10 sobd svmbols control kadney 1 open svmbols

Figure 48 15 a representatne expeniment Below are given the
pressures of the expenimental hidney Following the control stage,
the pressure was decreased to 89 mm Hg, and held there for the
entire experimental phase Now, as the tubing 15 _compressed to
reduce the mean pressure the pulse pressure s reduced It fell n
this study from 49 to 14 mm Hg In the next stage, the pulse pres-
sure was more or less elimmated by m the P
chamber Then the pulse pressure was restored, still mamtaining
the same reduced mewm pressure and, finilh, both the mean and
pulse pressures were vestored

Here (Figure 48} are shown the tvpical data for para amnohip
purate clearance, creatimine clewrmee excretion of sodwmm, and‘;
urine volune of the expenimental kednes (sohd) and the control
(open ) As can he seen there 1s 2 gradual downward trend of
para wmunohippuric acid clearance and often the creatimine cl.
ance, but not to the sume extent It 1s obvious, too that the
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ference of the PAH clearance between these twa kidneys changes
Little, of any

The creatmme clearance falls from about 43 ml per mun down
ta4l, and finally down to about 38 m per mn dunng the first stage
of | ved Subsequently, there 1s very httle change 8¢
we modify the pulse pressure The same 15 true of the para-amuno
hsppurate clearance which has a trend which s unmfluenced by 2

subsequent moderation of the pulse pressure
Sodmm escretion falls off rather mrkedly from newrly 06 mEq
per ramn to about 08 when the profusion pressure 15 uced The

urine 1olume on the experimental side shows a proportional redue-
> tion Here agan there 15 no change m the trend of the sochom
nor 1s there any

excretion as a result of altering the pulse pressuse,
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mfluence on the trend of the urme solume The mportant thing
to pomt out 15 that the same marhed fall i sodim excretion and
urne volume occurs s the perfusion pressure 1s reduced It must
be pownted out that the load was simultaneously somewhat reduced
m this expenment
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nght to correct for any generil systerie nonspeee w7
mught be opertmg on kidney function The sume «. e o
we noted  part ammolppurite wd aaomne G T L
tion of sodwem and nrme solune Below we gues | 7
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HICUHE 50 Heyresentat ve expenment 1 whicl artenal porfusion pres ure was
clevated by neans of the punp with subeen sent reduction of tle pulse pressare

from 53 to 14 mm The mean pressute tose to 139 per cent of
control Then 1t was restored furly well on recovery

It can be scen that the elevation of the men perfusion pressure
33 per cent or in absolute terms from 120 to 173 mm lg had
no effect on the pir1 ammoluppurite clearnce or the creatinine
clewnee n this expeniment  But the excretion of sodum wnd the
urine volume mercised

In the next stage 0 which the pulst pressure wis dimmushed
there was a momentary increse in the excretion of sodm for the
first persod wd correspondingly for unne volume It settled down
to thout the same Jvel s in the previous stage in the second period
We were kd to conclude by this expenment and others which 1
will show m the next Figurc that the reduction of pulse pressure
perse ld na effect after the perfusion pressure had been elevated
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Agn_ the strling wndeslymg wfluence of the perfusion press te
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184 mm g, then dropped somewhat to 178, and finally restored to
133 The pulse pressure was mereased on the average from 38 to
62 mm Hg, then dimiished to 21, and restored to 37 Below are
gren the ratios of pressure of the expenimental kidney to the
femoral pressure, used in these expeniments as the control pressure
for the opposite kidney They went up from about 97 to 129 In
the second stage, the ratio mncreased to 136, munly because the
control pressure tended to go down shghtly and the expenmental
pressure was mantained On the average, there was little change
m the para-ammnolippurate clearance The mean showed a slight
merease and then returned There was a shght increase in the creat:
nne clearance (i terms of ratios) when the perfusion pressure was
increased, and return upon decrease of the pressure However, m
this group, as m the earher one, we have examples where the
changes 1n sodium excretion and urine volume occur without de-
monstrable change i ereatmine clearance The creatimne clearance
of all experiments, on the average, tends to fall i the second expen
mental phase, but the sodium cxcretion and unne Leep going up
The question anses 1s this further mcrease 1n excretion of sodmm
and water the result of a d of the pulse p It will
be recalled that in the representative experiment there was no effect

Pits Dr Selhurt, may I ask a question here® What was the
condition of these ammals with respect to sodum loading durmg the
course of the experiment?

Selkurt Al these ammnls were perfused with Lockes, Ringer's,
or saline for about a half hour to forty five minutes before the
experiment, and a continuous mfusion was carned on throughout
the entire course of the experiment Our average rate of wfusion
was about 6 or 7 ml per min, usually of Ringer’s solution

Pappenhermer How much did that ruse the plasma concentra-
tion of sodium?

Selhurt It ordinanly does not rase it Sometimes the sodum
Tevel does change, but, of course, on theoretical grounds, an 1sotonic
salt mfusion would not be expected to alter the sodum phsma
Jevel That 1s generally true, although we have observed changes
in plsma sodittn even with infusion of isotonic sihine, which I
cannot explain

Pappenhicimer Wouldn't 1t change the chionde a great deal?

Selkurt 1t1s possible but we have not mestigated the chlonde
mechanism

Pappenheimer  Are these amumals in progressnely ncreasing
sodium balance® In other words, are thes excreting what they get
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However we believe that the more or less constwnt filtration
rate 1s the result of adjustment of the artenoles in the hidney that
1t probably goes on proportionately i all nephrons And other gen
eral endence of course tends to favor the idea that the ~utonomy
of the circalation in the dog results from varving degrees of change
of the artenioles The 1dex of opening and closing nephrons 15 not
generally accepted Therefore 1f the filtration rate 15 muntaned
constant by the adjustment of artenoles the filtrition pressure
should be kept constant and so also the movement of tubular urme

The other possibihity since we have dismissed the factor of pulse
pressure mught be changing terstitial pressures in the hidney
The facts you well know by now If the intersttial forces play a
vole in furthening or hampering the movement of flud and solutes
from the tubular cells to the blood then the intrarenal pressure
must change with the perfusion pressures sce sodium and water
excretion are related to the mein perfusion pressure We would
hue to expect that the mtrarenil pressure would vary with the
artenial pressure

Puts How are you using the term trarenal pressure”™?

Selkurt T use 1t m the loosest sense possible I did 1mply or
weant to wnply the pressure m the mterstitial spaces wineh do
not exist according to Dr Olnner so we are really mn a bid way
all around But bear with the 1de for » moment and we will return
to this problem tow ard the end when we liave seen some more data
and battle 1t out 1t that time

But I do want to say thit Gottschilk(5) believes that the renal
mterstitial pressure mereases when the artenal pressure 1s above
140 mm Hyg and decreases below 40 You have secn the data of
Dr Swann nd you know that he feels that the mtrarenal pressure
that s the renal interstitial pressure docs change throughout the
tntire ringe of vanations of artenal pressure If that 1s true then
we might hwe some basis for speculition m terms of the forces
miohed cither favoring or impeding the mosement of jons and
fd between the tubuli structures nd the capilhiny system We
would explun the inereased excretion of sodium and water with the
elevated perfusion pressure in the Fice of 1 constant load by an
increase i the pressure casting m the renl mterstitial spaces
which my not exist At iy rate of that mech wmsmos the true one
1t has a ecrtam Dagieal appeal Since we are settng up A foree which
impedes the free movement of tons wd witer it mu explun ot
lewst n put the phenomenon of wmerc sed <odium and unne loss
2 elevated pressure The reaprocal effcet would he noticed when
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gradually rusing the other m the two stages measunng the dif
ference in the outfiow level and uwsing that as the pressure exerted
on the ureter and the kidney We did the first stage at 36 cm of
elevation and then 52 em of elevation of the expenmental ureteral
pressure above the control

1should be happy to give the absolute data for these expenments
but I think that the ratios are, perhaps, more sigmficant in terms
of controlling the nonspecific factors It can be secen that the first
stage of ureteral pressure elevation changes the para-aminohippurate
clearance little, if at all The second stage of ureteral pressure eleva-
ton does have a shight inil on the para hippurate cler-
ance, certanly in three of these dogs

Observe the effects on creatimne clearance tiken to measure the
filtration rate Here the response 15 a little bit greater than that of
para-aminolippurate, not very marked in the first stage but down
to ahout 88 per cent of control 1 the second stige

Winton What 1s the artenal pressure®

Selhurt The arterial pressures were all quite similir in these
ammals They ran about 130 mm Hg and remamed constint
throughout the expenment

The filtration fraction shows a small decrease 1n the first penod
and a preater one 1 the second peniod which mdicates that the
elesation of ureteral pressure had a greater ifluence on filtration
rate than 1t did on the para aminohippurate clearance, and raises
the question of the mechamsm for reduction of filtration rate when
urcteral pressure 15 elevated

Two things are probably myolved One is the shight impairment
of blood flow, which may be the result of compression of the capl-
lanes by the elesated mtrarenal pressure which results when the
ureteral pressure 1s increwsed In agreement sith Dr Winton, I can
see no reason why that cannot be the explanation The collectmyg
tubules probably ‘expand and compress the vasculature, perhaps

irect]) the renal 1 pressure Thus pressure
1y be transmatted as far as the glomerulus But the fact that the
filtration fraction decreases indicates, vers possibly, that some addi-
tional factor 15 i olved 1n the reduction m filtration vate, and here
oo, 1 favor Dr Wintons exphination that it 15 possible that the
elevated pressure may bk upm tlu; l‘"!‘e“ of‘ lhg‘ nephron all the

clerance goes down more than the simultincous plima flow



120

Renqy Funct:an
Suany, Iam teresteq m that figure of 36, because there )¢ m
magie,] gure of O¥imately g5 Millimeteys f mercury vy,
httle effect )5 Seen unlogy 25 i), e Mercury 1 exeeeded
Selkur Yes yo can very well guess why we took thege figures
as our *Perimenty) values
Shan You ape pre;udzced, Dr Swanp
Steany, Yes, 1 A afraq so
Selkay, Ve were
electmlyte a

T€ More yn Sted 10 the Possibe
Water €¥cretioy which woul,
Sure, anq those

effects oy the
d result from the neregse
I ureteray Dres:

re 53, agam a5

Ata appear in Fyy,

Upc M o 36 52 o
Froung 59 The 1nfiyep, Of ureter,) Prossure. oley ation o electrolyte and swaer
E¥Cretion 4 the same animals whyep, appear 1 Figure 53
ratios The pams.vmm e
the Fagy,

f
Cretion o cleﬂmnce s given at the top of
sodium, excretion o cle:

arance, and at (he

Te, next, yho



I actors in Electrolyte and W ater Excretion 121

bottom the urme volumes are shown Again there 1s 1 more marked
effect s measured in percentiges on the excretion of sodim and
unne than on the other functions In absolute terms the excretion
of sodiim here diminishes by about 160 microequnalents that 1s
to sty the experimental hidney drops to 160 below the control and
they begin at about 300 to 350 milhequivtlents per minute of excre
tion thus at falls about half at the lghest stige The effect 1s felt
carly The first pressure elevation produces what 1s probably 1
. - - second stage
stige d 1s
The mterest
mg thing here 1s that there 15 1 close correspondence between the
alteration m sodim and m urme olume

What 15 the mechimsm for diminished everetion under these
arcumstances? Are we favoning or enhinemg the tubular reabsorp
tion of soditm and water by the elevation of the urcteral pressure®
That was the first possibility we had to consider Could it be (¢
pluned m terms of other factors such s for example 1 change
m load suggested by the changes m filtration rite shown m Table
VI? And agun whit could the possible nfluence on these fune
tions be of our hypothetictl situation of altering itrreml pressures?

Ve beheve that the first possibality certamly 1s not the case
There 15 1o evrdence m our series thit eley ing wicterl pressure
many way dircetly enhinces the reabsorption of sediim and water
We feel that f inything 1t mhibats st The rewon for beheving
this 15 shown by such expertments 1s 1pper i Figure 54 onc of 2
senies of five experiments m which the s wme ¢xpermental procedure
wasused evcept that mavmal tubular glucose reabsorption (Tm )
w1s lso measured In this Figure the bsolute amount of sodium
retbsorbed 15 mdicuted (Tvs) One observes a decrease w the
exeretion of sodium @ somew hat lesser but defimite change m exere
tion of potssiim a reduction m glucose Tm and w bsolutc
reduction 1n the wmount of sodwm reabsorbed (Ts )

We my take this s evidence that enhanced reibsorption of
sodium does not explun the diminution of exeretion The rcduction
m glucose Tm poses further questions T might wld that the plisma
glucose levels i this wumal were 1lw ns kept 1t 1 rito of load to
Tm higher thain 17 so the fillin glucose Tm came hout with a
great surplus of glucose 1 the plismy The chissical interpretstion
of the decreise in glucose Tm with adequate glucose lowding s
that nephrons must stop their functiomng If the Tm of glucose
falls with the creatimme clerrance then the fill i creatimine clear
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Suann 1 am mterested in that figure of 36, because there 15 my
magzcal figure of approximately 25 millimeters of mercury Very
Iittle effect 15 seen unless 25 milimeters of mercury 15 exceeded

Sclkurt Yes You can very well guess why we took these figures
as our experimental values

Shgnnon You are prejudiced, Dr Swann

Swann Yes, I am afraid so

Sclkurt We were more mnterested m the possible effects on the
electrolyte and water excretion which would result from the merease
in ureteral pressure, and those data appear in Figure 53, agam as
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Ficune 53 The mfluence of ureteral pressure elevation on electrofite and watet
excretion 1n the same anmals which appear 1n Figure 52
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sodwm reabsorption (hibeld hee Too) nd sodim excrction
(Uh ) with the chnge 1 Bltration rate These dat) are corrected
for one adney only

Our ammals had a range of filtration rate from nhout 23 to 40 mi
per minute per hidney 1nd 1t e be seen that s the filtraton 1t
mereases with riped salime mfunon there & a corrispondim.,

50}

40k
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25 30 35 40 4%
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hiexve 56 Stowy g the relatondd p of £ b dar sod o vealreryton avt roan
o 7tlon when Blisation rate fs tap dly incseased by Gatonc salne Ao m Tle
§.08 s ansages devved frocy seven cvpenn rits and datr at g ™ ¥ om
ul kv on!

crerse m verchon wid ¢ corresponding prstal whibttion of rosb
sorption We A naw deahing with 1 chissicd phanmenon which
suggests that the tubular mechusus ¢ Be m part sataoted
tnder 2 fo1d We chose ssotome sthue becase we wntad to heep
sonspeetfic altortons to ¢ o 1 mght ko whd that those
ospunisients wore seleeted heewne there were no pron dimaes
0 atersal prossure wnd wen fen of oy chinges i venons pros

sute We tird to screen the ol from the standposst of uther
factors which mught be conccmed such » constaney of plunn
shum and we tred to xedue s speafieidly ws posat ke the cuere

bon of sodbum wath chringes m fltrdom ite The fhong thiat s
usas ekl ke and we bad not been conscous ob b B fore a

.
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that, at least i this group of data, the excretion of sodum can be
100 valents by ch g the fltration rate

only 1 m! per minute That 15 a fundamental thing to heep i mind
m anvlysis of the data presented earher, because 1t suggests that
there 15 some inherent traxt of the sodium reabsorption mecharsm
wherebv the excretion can be, hoth absolutely and with reference to
percentages, changed greatly wath mmor modifications m filtrabion
rate

Returnmg now to Figure 55, let us try to reach some fual con
clusion The trend of the change w escretion of sodwm with changes
tn filtration rate, occasioned by venous pressure and ureteral pres
sure elevation, appears as hne C to the nght Line B s the cune
dernved from the data just grven, m terms of percentile changes,
by taking the mean of all the contro! filtration rates of all the mass
data (85 ml per nun per hidney), and setting this at 1, and then
taking ratios of filtration rate abave and below Rttwos of sodum
excretion above and below the tmean excretion at 85 ml per mun
filtration rate suppl) a cune which 15, i a sense, analogous to the
curves supphed for C and A

Line A 1s the combined data of the earhier animals 1n which the
perfusion pressure was reduced s five ammnls and efevated i the
other fine We have plotted the relationsip m exactly the same
way, the change w everehion relatve to filtration rate We started
shghtly below 1 beeause our experimental hidney presented a
Rltration rate of only about 90 per cent of the contro}l The sobd
symbols are the points of mcreasing pressure and the open ardles
are the pomnts suth decreasing pressure

The general cosrespondence of these curses and the relatianship
of fltration rate to everetion (obtamed in three dsfferent w1ys)
suggested certam underlymng things m common It can be seen that
the hne C for the changes of sodum excretion 1n ureteral elevation
is close to the hme B, sug, that g fund: tally sumiar
mechamism probably operates in both cases And we may go 03
to say that we bebeve the decrease m excretion of sodwum Rnd
urme yolume 15 fundamentally the result of decreasing sodiwm loa
by the very mmor changes n filtration rate which restlt from that
pracedure

Line A probably has as sts basis a somess hat sumlir phenamenon,
but the very steepness of 1t suggests two things about the yaration
of artental p P ne possibility ss that if these changes
are solely the result of changes load,‘ then the excretion 1; ,t:
tremely sensitive to changes in filtration rate The ather posstbility
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15 that the change 1n lond 15 one factor but that there 1s another
factor which accelerates or favors the change in excretion along
with the change 1n filtration rate

Now can we finally decide as to the possibihties? I would think
that we could simply close the discussion by sayng that all obsen ed
changes 1n excretion of sodium and urine volume whether we van
artenal pressure or ureteral pressure or venous pressure are due
to the same thing some fundamental inherent charactenstic of
the loading reabsorptine processes m the tubulwr cell But I am
going to be stubborn enough to suggest that there ire probably
ather factors mvolved and the mam reason for saymng this 1s that
there 1s 1 rather noticeable difference n the slopes of hines A and C
With elevation of renal arternal pressure the excretion of sodium
1s mded and retention 1s fuvored when it 15 Jowered Vhen the
venous pressure and the ureterl pressure are mcreised the more
gradual slope of the curve indicates that f anytlnng there mny be
a degree of interference with the reabsorption of sodium and water
even though the net effect 1s 1 reduction in excrction

The only possibality that may cxplun these differences concerns
the role of the intrarenal pressure We know that the intrarenal
pressure increases when the venous pressure 1s eles ated and when
the ureteral pressure 15 elevated It does so 1 the fice of reduced
loads Therefore if the mereased mtrarenal pressure as an tsolated
factor would be one which mhibited the movement of sodium and
water from the tubular lumen to the capillainy blood then these
curves should be evactly 1dentical But there 15 one important and
sigmficant difference When perfusion pressure 15 mereased by and
of the pump ntrarenal pressure 1s probably inereased Filtration
rate 1f anything increases so that any possible factor of encroach
ment on
the mtra
out and
elevation of intrarcnal pressure s 1t acts on the movement of 10ns
2nd water from the lumen to the capitiin mn be felt mramally
On the other hand when the intrarenal pressure s mereased with
ureteral or venous pressure clevation at the sume time blood flow
s mpured the glomerul are compressed ind the sodwm load 1s
reduced so that two opposing fictors eperite which 4 sense
m ght cancel each other out to 1 degree

With those specuhitions T shall close this discussion ind lene
1t to be deaided 1f there are factors which mught offer 4 better
explanation thw the possible role of the mtrrenal pressure. which



-

126 Renal Funchion

that, at least wn this group of data, the excretion of sodwm can be
~ A see

changed b he Alteation rate
only 1 m} to heep 1 mund
m analysis . 1t suggests that

there 1s some mherent trast of the sodwm reabsorption mechanism
whereby the excretion can be, both absolutely and with reference to
percentages, changed greatly with minor modifications m Hltration
rate

Returning now to Figure 55, let us try to reach some final con-
cluston The trend of the change in excretion of sodwm with changes
m filization rate, occasioned by venous pressure and ureteral pres-
sure elevaton, appears as hwne C to the nght Line B s the cune
derned from the data yust gien, i terms of percentile changes,
by taking the mean of all the control filtration rates of all the mass
data (35 ml per min per hidney), and setting this at 1, and then
tahing ratios of filtration rate above and below. Ratwas of sodwm
excretion above and below the mean evcretion at 35 m! per mm
Eltration rate supply a curve which is, i a sense, analogous to the
curves supphed for C and A

Line A 15 the combined data of the earher ammals, m which the
perfusion pressure was reduced in five anunals and elevated i the
ather five We have plotted the relationshup m evactly the same
way, the change 1n excretion relatne to fltration rate We started
shghtly below 1 because our expensmental kudney presented a
ltratton rate of only about 90 per cent of the control The solid
symbols are the pomnts of mereasing pressure and the open cicles
are the pomts with decreasmg pressure

The general correspondence of these curves and the relatronship
of filtration rate to excretion (obtawmed w three different wavs)
suggested certawn underlysng things m common 1t can be seen that
the hne C for the changes of sodium excretion 1 ureteral elevatton
is close to the hne B, suggestmg that a fundamentally simtar
mechanism probably aperates w both cases And we may go Gg
to say that we believe the decrease m evcretion of sodmum and
urine volume 15 fundamentally the result of decreasing sodium Jo1
by the very muor changes m filtration rate which result from that
procedure
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has as wts basts a somew hat simlar phenomenon,
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1s that the change m load 15 one factor, but that there 15 another
factor which accelerates or favors the change m everetion along
with the change m filtration rate
Now, can we finally decide as to the possibilitres? T would think
that we could simply close the discussion by saying that all observed
changes m excretion of sodium and unine volume, whether we vary
arterial pressure or ureteral pressure or venous pressure, are due
to the same thing some fundamental, nberent charactenstic of
the loading reabsorptine processes n the tubular cell But I am
gog to be stubborn enough to suggest that there are probably
other factors mvolved, and the main reason for saymg this 15 that
there 1s a rather notceable difference n the slopes of lines A and C
With elevation of renal artenal pressure, the escretion of sodum
1s arded and retention 1s favored when 1t 1s lowered When the
venous pressure and the ureteral pressure are mcreased, the more
gradual slope of the curve mdicates that, if anythung, there may be
a degree of mterference with the reabsorption of sodium and water
even though the net effect 1s a reduction m excretion
The only possibility that mav explium these differences concerns
the role of the mtrarenal pressure We know that the intrarenal
pressure mcreases when the venous pressure 1s elevated and when
the ureteral pressure 1s elevated It does so m the face of reduced
loads Therefore, if the increased mtrarenal pressure as an isolated
factor, would be one which mhibited the mosement of sodium and
water from the tubular lumen to the capilly blood, then these
curves should be exactly 1dentical But there 1s one important and
fi sifi? e When perfi pressure 1s increased by ad
of the pump, mtrarenal pressure 1s probably increased Filtration
rate 1if anything, mcreases, so that any po'sslble factor of encroach-

elevation of intrarenal pressure as 1t acts on the movement of 1ons
and water from the lumen to the capillany mav be felt mavimally
On the other hand when the intraren] pressure 1s increased with
ureteral or venous pressure elevation, at the same time blood flow
1s impaired, the glomerult are compressed, and the sodium lod 1s
reduced so that two opposing factors operate which, m a sense
might cancel each other out to a degree

With those speculations, I shall close this discussion and leave
it to be deaided of there are factors which might offer a better
explination than the possible role of the mtrarenal pressure, which
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could not of course go the other way i those expernments so 1
cannot wnswer that pomt but it 15 a vahd entiasm

Dock Is there much difference m function between a dogs
left and nght ladaey?

Selkurt They are usually very close as you can see from the
data on ureteral pressure The in ratios has
to do with the runmng of bload through the plumbing What 1t 35
1 dant know Tt might be a purely bemodynamie thing 1 terms
of the fact that 1 pressure drop results teross that arcmt With
apump that 1s obviated because the pump pressure gomg nto the
artery 15 mamtaned the same or shghtly higher than the control
pressure so that particular argument 15 eliminated

Suann In confirmation of your theory rapid infusion of salme
clevates the mtershtial pressure greatly It vuses it n fact to about
60 mm Hg

Selhurt 1 certamly thought of that and if that is true then all
three groups fall mte the same category Intraremal pressure s
clevated 1long with mcreasing loxd and the intrarenil pressure
mav mike a factor wlich 1dds to the everetion of sadwm with
wfusion of 1sotoni saltne

Swann Another fact 1bout mterstitial pressure which may be of
mterest to yon m subsequent work ts that mterstitial pressure 13
mersely relited to the protan osmohic presswre It 1s low when
protemn osmotic pressure 15 ugh and hish when osmotic pressure
15 low The swme pared ubsers wions have been mule on the eve
n Duke Elder(7)

Selhert 1 should hhe to comment un the question of whether the
filtration rate in chimcal conditions 15 a factor concerned urth
sochum excretion Those who s vy that fliration rate does not chan.e
may be ignonng changes of v much 15 5 or 10 1l per msnute
winch may be very importint

Shannon 3y I make 2 comment on that Dr Sellurt? Our
me wsurements are not ship enough to differcntiate hetween two
sitnabons wherem there are smalt porcentile differences m glomern
Tt fitration rate even though the differences mav hwe mirked
functional sigmficnce This 1 clewrdy brought out by some of the
data reparted lere tist s by O Whe fram §t Loms(S§1

Selkurt  That ﬂa() app\ms ln Bl 1&1-5 obsent wtion thag dnnucs

nenl wmown b - [N

detect sigmficwnt changes They probably are not beer
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recognize chemical errors of 8 or 4 per cent, and so on

Winton There 15 this question of pulse pressure I should like
to remark, 1n connection with Hooker’s experiments(3) m which
kidneys were perfused with Ringer’s solution, that there probably
was very hugh intrarenal pressure, and, as far as I can remember,
the mndication was that his data were open to enticism for two
reasons one, the duastolic phase of the perfusion pressure dropped
below the intrarenal pressure and therefore the flow probably ceased
altogether, and, second, there were madequate controls of mean
pressure I think these data really should be forgotten

Selkurt Well, Gesells data(4) are a Lttle more acceptable, don’t
you agree?

Winton Yes, but a_great many people have mvestigated this,
mcluding vourself and have come to the conclusion that if you
keep well above the mtrarenal pressure, you do not show much
effect of pulse pressure on renal blood flow, so long as you control
mean pressurcs at exactly the same value I wanted to ask how you
had done that because 1t 1s not easy to decide what the fair mean
of a pulsatile pressure really 1s The way I have controlled 1t 1s by
having a parallel perfusion through 2 gliss tube and adjusting
pulsatile and smoothed blood pressures so that the blood flow
through the glss tube remamns the same If 1t does not change, I
assume I have had the same pressure whether or not there was
pulsation If you try to take the mean of a pressure known not to
be simusoidal, a heart beat or something of that land, you are not
gomg to get anything Ithe the value you really need for this purpose

Selkurt In other words, how did we get the mean pressure from
our data?

Wintan Yes

Selkurt We had a mercury manometer hooked up that we
switched back and forth and one can take the optical record and
integrate 1, getting the mean pressure from the curve iself

Winton It can be done that way, 1t 15 quite true but I wonder
whether you have, in fact, done 1t

Selkurt We checked it both ways, and, within the mnor ﬂuctu3~
tions that go on, 1t 15 reasonably aceurate Small changes :vx h
respiration and things like that have to be taken into ac?oun .

Mudge Do you thmh you would reach d:ﬁerentfconc h“s]l\?:i]ney
you plotted your datn companng the function of e;l?c
agamst what 1t was at the beginning of the experimen hese arc

Selkurt The reason why that leads to Aifficulty 1s that ll escclm
anesthetized and hepanmzed dogs, and, with an external eir
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i, there 15 always a gradual downward trend 1n these functions

KMudge That is just the pont T am getting at When a dearance
1s measured m a normal dog, the rates of sodim and water excretion
tend to fall of the filtration rate decreases The slopes of the curves
of your mass plots might be quite different 1f the expenmental
periads were compared to the so catled normal state I wonder to
what extent the difference between your enrves might be due to
the atbitrary way 1 which the data have been calenlated

Puets  Expeniments performed by Dr Thompson{10) m my
laboratory bear on thus problem Although these expenments were
performed under anesthesia, opeming of the abdomen was averded
by the use of a balloon catheter which could be introduced through
erther the femoral or common carotid artery Figure 57 Mustrates
1 lateral view the radiographic picture of the balloon m situ -
fated with diodrast 1t was ntroduced through oue femoral artery

Froune 57 I:u\.m\( View of \h‘e L\mv‘m and abd?m‘cn of 8 dog with the balloon

Srr i
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and posstioned fluoroscopcally above the ongins of the renal arter-
ses The opposite femoral artery was cannalated for the estimation
of renal artersal pressure By mflation of the balloon, renal artenal
}nessm‘e and hence fltration sate could he veduced to any desired
e ¢l
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Tioone 58 The effects of lowerng the reml anteral pressure on glomeribar
filtration rate unnc flaw and rate of sodium exerction an on adrearlectomized (Icu?
Reprinted by permiwsion from Thompsen D D, and Pitts B ¥ Am | Physid
168, 490 (1937)

Figure 58 shows graphieally the data obtamed m one such espen-
ment performed on an adrenalectomized dog When the balloon
was milated, and the pressure reduced from around 130 to 30 mm
of mescury, glomerular filtration rate, urne flow, and sodwim exere-
tion alf decreased However, sodimm exeretion was reduced ta 3
greater extent than were the other two varables When rena}
artenl pressure was allowed to return to its control level, ;11
vanables approached control values With greater snflation of the
batloon and greater reduction 1 arternl pressurc i the two ;uc‘
ceeding mstances, the effects were mare marked Durmyg the m::l
period of wfiation, i wiich glomerulw filtration rate was "dulcct
soughly by half unne flow and sodium excrefion were reduced to
less than onc tenth their control values
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Pappenhcimer During sahne drresis?

Pitts Yes, saline was wnfused throughout all experments How-
ever, n order to avosd the accumvlation of an ncreasmngly positne
sodmm and water Joad dunng penods of reduced filtration rate,
the rate of infusion was cut to equal the urme flow

Figure 59 15 a mass plot of all data relating sodtum excretion to
glomerular filtration rate 1t includes a senes of expeniments on
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PERCENT OF CONTROL GLOMERULAR FILTAATION RATE
E‘IU\\: 59 Thc‘ !ehl\nnsh,\p betwecn rate of sodum excretion snd glowensl

normal ammals  eperiments on two adremlectanuzed antmals,
and on two ammals with diabetes snsiprdus mdueed by stall see-
tion two ammals with wulateral splanchmeectomv, and, finaily,
the experiments on a group of apimals mfused with chucose for the
mesurement of ghicose Tm Along the ordinate 15 plotted sodm
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excretion m per cent of control and along the absecissa 15 plotted
filtration rate likewise 1n per cent of control It 1s evident that as
glomerular filiration rate 1s reduced sodm excretion drops off
rapidly to reach very low values at filtration rates below 50 per
cent of normal

Figure 60 1llustrates these same data m a plot relating per cent
of filtered sodium absorbed to glomerular filtration rate It 1s ev1
dent that sodrum absorption becomes nearly complete when filtry
tion rate 1s 1educed below half its control value
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» o
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lomerular

60 lationship between rate of sodum reabsorption and g!
B ate oy ovpretead m per et of control values  from the series o
experiments summanz;g 1n Figure 59 Reprinted by pernussion from pe
D D and Pitts R F Am ] Physiol 168, 490 (1952)
w 1s related to glomerular filtration rate
flow drops off sharply to reach very low
\lues as filtration rate 15 reduced to half 1ts normal value E]'Io:vc\ Sr
the urne flows n the glucose mfusion experiments n;re 15 l?‘;h)e
out of lme a consequence no doubt of the osmotic el e}fls fcose
urinary load of glucose Despite the Ingher urme flows in the g ul e
expermments sodium excretion dropped wath filtration rate much

In Figure 61 unne flo
For the most part urmne
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1t did under other conditions In these experiments, glucose Tm
was relatively unaffected by halving filtration rate We
thercfore, that a reducuon in the quantity of filtrate formed 1n each
18 d with excessive reabsorption of sodium and
water That this excessive reabsorption 15 due prumanly to the
change mn the quantity of filtrate formed and not dependent on
hormones or nersous mﬂuences 1 mdlcated by the similanty of
results obtained 1n ad prdus, and sym-
pathectormized anmmals

® nommAL
O ADRENALECTOMY
™1 A syMPaTHEGTOMY ¢
X GLCOSURA .
"0 A DiseetEs msPoUS ¢

PERCENT OF CONTROL URINE FLOW

120
PERCENT OF CONTROL GLONERULAR FILTRATION RATE

Ficvre 61  The relitionstip between rate of unne flow and glomerulr filtration
rate both expres:cd ln per cent of mnnol values from the sencs of experiments

summanzed i  pmwsion. fom Thompeon. ' D
Itts R F Am ’ l’bljnnl lcgn 490 (195 ®

Selkurt 1 think the dommant thing 1s the change of Kltration
rate But what 1s yaur feeling on that Dr Pitts® You obtamed about
the same spread and 1 very rapid change in sodum exeretion as
the filtration rate was decreased

rd
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Patts I think T would interpret 1t as a consequence of varying
the sodium and water load

Selkurt What goes on at the level of the cells themsels es?

Pats If you want to put 1t m specific terms, to which Dr Olier
may ughtly object, I would say that the provumal absorption of
sodwm 15, 1n percentages, mereased as one reduces the load by
lowering filtration rate Distal absorption, if 2 Tm eusts as Dr
Homer Smmth believes would continue at a constant rate until the
load delnered to this segment falls below its absorptne capacity
At a filtration rate half the normal, combimed provimal and distal
absorption removes nearly all of the sodum from the urime My
basic thesis 1s that there 1s no such thing as an over all Tm for
sodium, at least nothing which bears much resemblance to the
proaumal Tm for glucose The sodium system 1s of an entirely dif-
ferent type, and I would follow along, I think, with Dr Mudge's
views(11) and with those of Drs Wesson and Anslow (12), that
when one deals with sodium, one 1s not dealing with Tm m the
usual sense of hmited or restricted absorptive capacity

Selkurt How do you evplam the results when one pushes by per-
tonic sodium chlonde mto dogs and obtains a sphy when relating
the amount reabsorbed to load? This often shows a remarkable
degree of flattemng n terms of total reabsorption 1 recogmze the
dilemma that mght anse 1n terms of possible changes of filtration
but, nevertheless those are the facts I might add that 1t 1s colored
by the possibility that hormonal imbalances can be rapidly imtited
with the hy pertonic salt, but the fact remuns that when hypertome
saline 1s 1apdly mfused mto the dog, the excretion mcreases greatly,
and the calculated reabsorption flattens off so that it frequently
looks like the glucose Tm .

Mudge But when excretion 1s increased by nfusing silime 1sn't
1t true that reabsorption 1s hkewise mereased?

Berliner When there 15 no apprecinble change m filtration rate,
reabsorption seems to level off pretty well, but when the filtration
rate changes, 1t does not

Putts That doesn t mean Trm, though, m the usual sense 1n which
1t 15 appled to glucose, because there Tm s idependent of filtra-
tion rate Here, there 1s a Tm which 1s distinctly dependent on
filtration, which to me 1s not Tm

Shannon To my mnd, under certan general conditions there 1s
a mastmum rate of tubular transfer which 1s_reproducible This
1s commeonly called the Tm for a substwnce The data on sodiem
vield fgures which are not reproducible
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Wanton Did you, in your rapid Ringer mfusion expeniments, get
a large reduction of reabsorption of water?

Selkurt No, I wouldn't eall 1t a large reduction

Winton We did 1n our dogs, a very large reduction of reabsorp-
tion of water and very small changes of glomerular filtration rate,
1, creatinmne clearance, and when we neutrahized 1t by raising the
water pressure, we still got the large diwresis

Sclkurt T have also observed a dwresis wath saline without any
remarhable change 1n filtration rate Something 15 gomng on m the
tubulir cells The reabsorptive cipacity 1s changmg

Fremont-Smuth Doesn’t 1t make a saline dwresis comparable to
a water diuresis®

Shannon Dr Fremont-Smith, we worked with dogs, using saline
and T don’t think we ever saw a dwiresis m such a preparation
without an merease in filtration rate

Pitts 1 think that 1s probably true of the dog, but as I remember
same expenments of Ladd(13) that came from Homer Smutl’s
laboratory, 1 man they obtuned quite phenomenal diuresis on
the adnumstration of sahine 1f the indinidual had been hydrated by
the admmstration of large water loads some twelve hours before

Berliner They got a water dinresis They gave siline but got
a water dhuresis

Fremont-Smuth  That depends on how vou use the term “water
druresis” You call it water diuresis because there was no chwge m
filtration

Berliner No, I call 1t a water diurests because the osmatic pres
sure of the urine drops and the unne becomes vern dilute

Tremont-Snuth Then you have to decide whether you are calling
a thing water diuresis because it 1s induced by dnnling water or
because of the quahty of the urine They are not exactly the same,
and the mmphcation 1s that this 1s dismissed as water diuresis be-
cause the unme looked Iike that duning a water diuresss

Rerlner What I had 1 mind when I saxd that they had a water
dirests was that what came out was water, not what they took

Winton In the 1solated hidney, saline dwresss 1s due to an in-
crease n glomerular filtraton sithout much change in tubular
actnaty In the anesthetized dog saline dwresis 1s mainly dute to less
reabsorption of water i the tubmles(14)

Sclhurt That myy be the answer to what 15 gmng on here be-
canse onr dita were on anesthetized amimals and apparenthy what
Dr Shannon is tallang about 15 unanesthetized animals
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THE USE OF THE ARTIFICIAL KIDNEY
JOHN P MERRILL

Depariment of Medrcme Harvard Unisersity

In piscussing THE use of the artificial hadney 1t is wise to bear m
mind the fact that the human ladney has been functioning for a
good deal longer and with a good deal more precision than any
artifiral hidney The data which 1 am gong to disenss this mom
ing are necessanly scanty but some analogies may be drawn and
1 think perhaps some 1den ¢ be given of the present role of the
artificial kaduey as a therapeutic and nvestigatne tool

It might be of interest to mtroduce the subject by making some
comparisons between the filtenng or dulyzing membrane winch
we use wnd the human glomerular capdlary membrane (I am
ndebted to Dr Pippenhemmer for the data on the capiflanes )
In employing the term filtration” as 1 do I realize that 1 am on
thin ice In mcreasmg the hydrostatic gradient across the cello
phane membrane from the mside out we feel we are counteract
g asit were the osmotic pull of the blood withm the cellophane
membrane and by raismg that hydrostatic pressure further may
actually merease water flow to the point where negatne balances
for water myy be achieved Such an interpretation of “fltration” 1s
Iimited and 15 fraught with difficulty but 1t does scem to be a
chnical fact Whether one subscrbes to the pore theory or to the
gel theory 1 think the relation of the capillary to the cellophane
membrane 1s of mterest and can be mnterpreted m terms of Dr
Pappenheimers results

The ccllophane membrane which 1s used 1n most of the apparatus
today 15 actually a 1l grade of prepared cellulose sheet
which 1s manufactured pnmanly for packing purposes No attempt
has been made to control pore s1ze or to produce a film which wall
meet specific requrements as a dialyzing membrane As it 1s used
generally the plun non moistureproof vanety 1s an unregenerated
sheet or 1 seamless tube which 1s prepared with glycerol or other
softemng agent in aqueons solution This 15 necessary to prevent
the collapse of the cellulose structure Tius cellulose or cellophane
membrine comes to us direct from the manuficturer of sausage
casing nd 1s exactly the same sort of thing that the packing people
use to prepare thewr frankfurters There 1s no difference except that
we treat it with water to make 1t 1 more efficient agent of transfer
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particularly when that rate vanes imersely with the square of the
pore length 1n this case the wall thickness It 15 possible to control
pore size 1 cellophane to some extent Porc radws may be in
creased by treatment with zne chlonde and sodwm hydroude
but for climcal work the treatment of 108 feet of seamless tubing
by zine chlonde and sodium hydroude and the necessary washing
15 a pretty difficult job As far as Thnow these two methods are the
only satisfactory ways of merewsing the pore radius and unfor
tunately the wall thickness 1s also mncreised

The fractional pore arca that 1s the actual sprce available n
the membrane for transfer m the cellophane according to our
calculations 1s about 30 to 45 per cent In the muscle capillarv as
Dr Pappenhemmer pointed out the datr may be mterpreted as
evidence for a fractionnl pore wex of about 00001 per cent and
1 the glomerulus 001 per cent

The total area of the humin glomerular capillanies has been
vanously estimated and two such estimations we 7600 and 15000
square centimeters The dialyzing arex or at least the area exposed
for dualy 15 of the Rolff apparatus 1s about 22 000 square centimeters
of cellophane I thmk this 15 1bout the largest area that 15 1 use
today This value 15 as low as 6500 w other fypes of wpparatus

In the collodion membrane a mean pore radius of from 100 to
120 Angstrom Units makes 1t about 95 to 99 per cent permeable to
serum albumin It must therefore be apparent that cellophance
with its mean pore radws of about 30 wall readhy retain albumm
as indeed 1t does As a matter of fict with the Rolff dialyzer we
have not been able to demonstrate nny extraction of mulin either
on single pss iges or on repeated arenlations of the 500 ml volume
with 1 flow of tbout 200 millihters per minute over a penod of
three hours Ths 15 interesting 1n view of the fact that the effectne
diffusion dimeter for inulin 15 beheved to be about 30 Angstrom
Units

Pappenheimer 1 should like to point out that mulin will go
rexdily throngh cellophane if there 15 a switable apparatus for
measurng 1t In cellophane there my be a distribution of pore sizes
unbike collodion which 1s relatively 1soporous The fact that nulin
does o throuch cellophine membranes cn be readily shown

Merntl Tam sureat must in the Iboritory Tam simply pomting
out that s used at the chimeal level we huve been vnble to
demonstrate any decrease 1n mulin concentration on single passige
through the Rolff dnlvzer or on three hour recrrenlation expen
ments
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THE_ARTIFICAL KIDNEY

VENOUS CANMRA

ARTERUL CANNULA

KoLF¥

Ficyse 62

artenal pressure However that does not mean that artenal pres
sure propels the blood through tis apparatus for as long as blood
reaches the level of the axle the rotation of the drum passes the
blood through What actually happens 1s that this drum acts as a
sort of Arclumedean screw and a quintity of blood falls down by
gravity to the bottom of one of the loops then an increasingly
advanced portion of the cellophane 13 presented to that blood with
the clockwise rotation of the drum and the blood 15 thus advanced
In so dong 1t passes through the bath flud and transfer of sub
stances occurs across the membrane It 15 then passed through a
rotating couphng agamn the stitonary half of the rotating coupling
bewng connected to the apparatus and the other half rotating with
the drum the two having 1 continuous lumen opposed under spring
tension 0 that no leaks e occur

Then by means of 1 pump which 1s 1actunlly a plastic bag with
one way plastic valves the blood 1s pumped nto a phistic mflow
cofumn and fed either under positine pressure or by openmng wn
air vent mto the venous side This 1s a2 contimuous process from
artery to vemn The bath is maintained at a constint temperature
by 2 thermoswitch nd heating units m the bottom of the pwn
Tigure 63 15 a photograph of the appwratus The bith s rused
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Ficune 63

during operation so that 1t covers about 40 per cent of the crcum
ference of the drum The pH of the bath 1s regulated by CO
which sets up a buffer system with the bicarbonate m the bath
There are other types of apparatus Figure 64 1s the type devised
by Dr Alwall(2) of Sweden and by Dr Murray(3) independently,
in Canada In essence this consists of seamless cellophane tubing
wrapped 1 a spiral fashion around a screen with another screen
on the outside to give opposing or supporting pressure The Figure
shows the two screens with the cellophane membrane nterposed
between them The blood 1s pumped by any one of a number of

ps nto the tubing and the bath flud forced m countercurrent
ahn t#ha b hoan Tonvant na ana + o or three of these units
the flow can be from

saratus with the sup

pum
A~

ported membrane and the pump blood can be pumped through
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under pressures of as much as 200 nulhigrams of mercury so that
filtration occurs The holff apparatus on the other hand obviously
has no hydrostitic or pressure gradient icross the membrane wnd
5015 a true dixlyzer

Figure 65 1s a photogriph of the apparatus Each one of the
three umits consists of two screens with the cellophane tubing inter
posed between them The pump floswmeter and clot filter mav be
seen It 1s posaible 1n addition to pumping blood here on pressure
to fill this apparatus completely with water seal it and by dropping
a tube at a length from the bottom of the pwn agun to create 2
hudrostatie gridient

The third type of rtificial hidney — there are others but m gen
el they bear some resemblance to these three prototypes —1s
that dewvised by Drs Skeggs and Leonards(4) of Cleveland The
one shown m Figure 66 designed v Dr W P Murphy Jr con
sists of flat sheets of cellophane pliced hetween grooved pads The
blood flows within these twa sheets A spacer bar 1s placed so that
the sheets will not be compressed by the pads The pad 1s fipped
down and climped 10 plice The bath fluid flows m one direction
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Ficure 66

on either side of the cellophane membrane and the blood flows
through the cellophanc membrane One or two or three of these
units may be connected 1n parallel to give mcreased dialyzing and
filtering area

Figure 67 15 a model wlich we have used only with dogs to date
of that same type of apy shghtly modified The cellopt
shect flips down and 1s clamped 1n place with a rubber “O ring
milang  watertight seal The blood flows between the two sheets
and out the end and the bath flud comes in one side above and
below the cellophane 1 a countercurrent flow and 1s removed at
the other side

There 15 a type of apparatus in which seamless tubing 15 placed
between supports one devised by Dr B D Rosenak and another
by Dr W T Rolff but they are essentially the same except that
they employ seamless tulang mstead of flat sheets Both these
apparatus of course are capable of filtenng as well as dwlyzing

Some of the problems that wnse in the construction of an ap
paratus which will be an effectne and safe fiter or dinlyzer are
these Iirst of all an apparatus such s this must be constructed
50 a3 to avoud laminar flow m which the flow tends to be more
rapid 1n the center and less rapid toward the penphery so that the
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Ficone 67

whole membrne 1s nat being utthzed m tesms of exchange Pen
T

effectne appratus one must have unuorut dinliwa v«
tion of the blood flowmng through so that il pats of the bload
column are exposed to the surfice for exchange s many fimes S

ossible That s rather difficult to do m such an ppus and ¥
tfhank Dr Sheggs has approached the problem etremely well

In ddition ta rgitation of the blood the path aself must be
agitated or refreshed It 15 obwious that if there 15 2 stagnant bhser
smonomalecultr or otherwise of bath flud on the other side of ths
raembrane 1t will seon be saturated wath transfer of sold and thus
wall decrease the diff drent As Dr Pappenh pomnted
out the rate of trinsfer will ripidly decsease so that 1t 15 necess¥)
ta refresh the bath flud constantly order to present a fresh and
colute free bath to the outside of the cellophane membrane Thes
Tas been necomphshed m v mumber of ways first of all by the
so called countercurrent flow The Rolff apparatus (Figure 62) 1s
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extremely eﬂecti\e m both these xespects becanse of the nature of
PP 15 that, as the drum
mhtcs the loop of cellophane is brought down and actually serubbed
by beng immersed m the bath flud, so that any molecular layer
which 15 saturated with solute at this pomt 1s washed free from
each loop every time the drum enters the bath \oreover, the
movement of the blood in the cellophane loops 15 not lammar
Ohlver What 15 the rite of revolution?
Mernll About 26 times per minute
Another problem 15 that of the flter versus the pure dilyzer
It is obyious that when a membrane 1s supported as 1t must be
since the cellophane 1s verv distensible under pressure, the area
which 15 effectively exposed to the bath s decresed In addition,
the cellophane buiges through the mterstices of even the hest-
made supporting structure, increasing the solume and causing
stas The effective flow 15 reduced and mav oceur with mereased
pressure Chimeally, 1 feel and 1 think Dr Tappenheimer beheves,
that as the hydrostatic hicad 1s mereised the rate of filtration 15
increased and dialysis may actually decrease Certainhy 1t has been
the expenience of anyone who has tried to combine a filter and a
dalyzer that when one attempts to filter at 250 millimeters of
mercury and attempts to pass blood through such an apparatus
at 230 milhimeters of mercury, the rate of transfer of solute 15
apprently impeded The best example of that, perhaps, 1s the pure
filter, n which no water 1s pliced on the other side so that no
dilysis occurs This 1s an extremely meffective apparatus for the
removal of metabolites and has been used only 1n connection with
the removal of large volumes of fluid, thus, n a sense the best
filter 1s the worst dialyzer For these reasons, one must define what
he 1s attempting to accomplish hefore an apparatus can be con
structed for the purpose
Some of the kineties of the arbifieinl lidney are of interest In the
first place, we wonld like to know what rate of flow through the
apparatus 1s optimum It s apparent that the longer the blood stays
m contact across the cellophine membrane wath the bath or nnsing
fiuid, the better the chance of increasing extraction or removal of
sofute, and that of it is pushed through at a vapid rate the extraction
1s decreased In Figure 68 we have plotted extraction as the solid
line, that 15 the percentage cxtraction m one pissige through the
Kolff dialyzer and cleirance caleulated i the comventiont way
as the hrokeu hne agunst perfusion rate using the artenal concen
tration as the mud point between the artenal and the venons side
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Ficure 638 Reprnted by permssion from Memll J P et ol The use of an
art ficral kidney 1 Techmque J Clin Intestigation 29 412 (1950)

since 1t changes of course i transit As might be expected when
the perfusion rate of blood through the apparatus 1s mcreased the
extraction fraction 15 decreased to some extent On the other hand
the total metabohtes, the total solute removed 1s very nearly a hmear
function of the rate of Row through the apparatus In terms of total
remova over a given period of time  this apparatus should certainly
be aperated at rapid rates at Jeast with the rea and with the tvpe
of membrane m use at present
Another interesting fact 15 that although one needs constantly
to refresh the bath 1t 1s not necessary to huve a Jarge volume of
path fhud 1 contact with the membrane These are extremely
rapid transfers for small molecules and all that 1s needed 15 a thin
film of bath flurd on the outside of the membrane With the rotating
type of apparatus the drum s made of wire screenng and nS}lhc
drum rotates bath flind 15 picked up 1n the interstices so h;ll
although 60 per cent of the apparatus 1s wbove the surface of the
bath at any grven time_that thin layer of film 15 enough to 1&0:3
phish almost the same thing as when the drum s totally mmersc
This cn be seen n Table VIT which gives the results of an expen
ment m which an urea solution 895 mulhgrams per cent \;’re]n
mtrogen (the osmolanties of the bath and urea saIut{:Dn we]rleI b :Ir :
anced) was run through the apparatus 1t 1 rate of 200 mlhilite!
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per minute When the bath pan was just touching the bottom of
the drum about 12 per cent of the drum cireumference was im
mersed with the bath fully raised about 40 per cent was immersed
and halfway about 25 per cent Despte the rather marked dif
ference 1n circumference actually exposed to the water 1n the bath
(but not of course to the water contuned on the top of the drum)

TABLE VII

Extraction Ratios
at Varvung Degrees of Prum Immersion

% of drum Lrea

¢ reumference extract on
mers: ato
A Bath Fully Rmsed 40% N%
B Bath Rased Half way 2% 88%
C  Bath Toucl ing, 12% 85¢%

Osmolar ty of Urea Solution and Glucase Bath Soluton = 33 mos/hter
Urea Soluton = 8935 mg < Urea \ trogen
Flow = 200 ml/n nute

there was very little change 1n extraction fraction perhaps within
the kot of error of the expenment so this 15 a rapid process and
it does not necessanly need to be cirmed on with tremendously
large volumes of fluid so long as that bath fhud 1s constantly and
adequately refreshed

This Conference 1 understand should bring out problems and
certainly we have our share with artifioal Lidneys Interestingly
cnough one of them 1s the fact that the artificial Judney at least
the Kolff type of apparatus —and we have used all three —1s per
haps too efficient 1f one conniders that i trcating a patient with
chronic renal insufficiency which has occurred gradually over a
period of years and in which undoubtedly some plnsiologic com
pensatory mechanies have developed one attempts to change the
blood chemistry — which 15 all we know we are dong ~1n a matter
of six hours I think one mught well expect to upset some physio-
logie compensatory mechanism

Table \ I 15 the record of 4 patient with hdney disese wlo
had mtrogen retention for a penod of ten vears slowly progressng
She came 1nto the hospital comatose i convalsions 1o 2 six hour
run wath the artif ol Lidney  these chemienl chnges (Table VIIT)
oceurred  Blood wrea mirogen tropped from 223 to 43 mpm per
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TABLE VIIT
BB. O Age53 Run # 137 10/24/50 Dx Polyeystic Kidneys
0 Hour G Hour Normal
BUN 223 T ' 0 - 15
Na 119 132 137 - 143
K 40 36 35 - 45
Cco, 72 171 22 - 81
Ccl 92 107 9 - I
P 41 14 08 - 145
Sugar 128 145 80 - 120
Het 25 23 45
Bath Urea Nitrogen — 51 Gm Removed

cent serum, sodum rose from 119 to 132 mEq per L The serum
K was not particularly high and changed very little The carbon
dioxide content rose from 7 2 to 17 1 mEq per L. And other changes
of that order of magmtude occurred in this period of six hours
Although this partreular patient suffered no 1l effects, I think 1t
should gne one pause in considering the dufferent time 1elation-
ships between the development and the coriection of the chenneal
changes we are measuring

Figure 69 shows the changes observed m another pattent with
chronic renal isufficiency 1 whom the blood pH was followed and
the CO: content, the ¢CO2 and buffer base derived fiom the nomo-
gram of Singer and Hastings(5) Although tlus Table does not
show 1t quite as markedly as m some otheis, 1t can be seen that
there was a rapid change m serum pH, with a drop of the ,CO:
below the normal range Although one cannot say, as Dr Hastings
pomts out, that this situation 15 any worse than if these two pomts
were exchanged, the 1apidity of change should give one pausc
We have seen at least one situation m which the pH continued
up to 80 and the :CO. contmued to drop Such a situation may
be thought of as analogous to that m the patient wath dribetic
acidosts who 15 treated with large, rapid infusions of sodim bicar-
bonate and 1 whom a transient resprratory alkalosis may apparently
be produced(5) We beleve this sort of change should occur over
a period of, perhapss, twelve to fourteen or twenty-four hours rather

than six hours
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Mud,e In Urun of this type what 1s the buffer in the hath?

Merndl Itas CO bicarbonate Phosphate of course might e
and 1s 1 more effectine buffer but since onc of the difficulties these
people have 1s hugh phosphate levels we leave 1t out of the bath
m order to ncrease the diffusion gridient

Audge And how much hictrbonate and CO e m the bath?

Mernll The bicarbon ite concentration of the bath is 26 mullimols
pee hiter The tmosphere 15 10 per cent CO 90 per cent oxvvgtn

Chinard What 1s the pII of the bath flmd?

Mernd! 1t ss about 8 4 After exposure to CO 1t drops to hout
T4

Berhner Tt should be lower than that \ath 10 per eent CO
the piI should be down around 71 or 72

Pappenhicimer He s nght apparenth it does not siturate

Mernll No You see tlns 1s not 1 completely closcd svstem and
some of the CO  does leak out For that reason there 1s incomplete
situration That is the rerson why CO has to be constantly added

Pitts s the bath fnd hypertonie® How do vou present changes
m Hood volume?
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Mernll The bath flud we e usmg at the present time with
200 milligrams per cent of glucose contains about 305 mulliosmols
per liter That can be changed by changmng the electrolyte content
and by addng glucose but that 1s a separate problem which
perhaps we can discuss later

In the totally anuric pattent who as fa as we can determme
with careful observation has no negative external balance of sodium
chlonde the serum concentrations of sodum and chlonde drop
with prolongation of anuna Whether that 15 due to expansion of
the extracellular space as has been intimated by some observers
or whether 1t 15 due to intracellulyr movement of sodwum and
chloride or both Ido not know but I am not sure that 1t 1s physio
logic to tahe a patient with such ~ hyponatiemia wnd brng the
extracellular flud levels up to normal rapidly in 1 penod of six
hours We have some evidence which 1s not yet complete that
1t may not be However that 1s a point which 1s still debatable

Too rapid correction of the chemcal abnormalities may nduce
cudiac arrhythma The patient with severe renal msufficiency 1s
particularly susceptible to these disorders during digitalization
becuse of the rapid changes mn potassium and rapid mncretses m
potasstum antagonists such as calcrum and sodmm The relationship
of digatalis wnd caleium mn the causation of anhythmma has been
hmnted at for some tune In a patient who has some elevation of the
setum potasstum elevation m the serum sodium and correction of
other chemical abnormahities may change these things n the oppo
site direction and lead to an actual tachycirdia We huve also seen
ventnicular tachycardia The same thing happens in the anunc
when the serum potassium 1s reduced (Figure 70) In the human
this has been controlled but in a dog whose serum potasstum has
been dropped rapidly with the artificial hidney the digitahzing
dose 1s reduced to one tenth the usual

When we first became 1interested 1n the problem of the treatment
of the patient with mitrogen retention with the artificial hidney 1t
did not appear feastble to treat chronic urenua because 1t seemed
reasonable to believe that mitrogen excretion depends on 2 high
serum concentration of nttrogen Reduction 1n serum mitrogen by
dialysis rapidly reduced the blood urea mitrogen but the urea
mtrogen excretion dimmished dunng the followmg days rather
marhedly and the two then mcreased m proportion Hence from
that standpont alone 1t did not seem to be a good pmceduref
However an mteresting chmeal phenomenon became apparent 1
one treats a patient with chrome severe renal msufficiency (as the
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case shown i Figure 71 whose CO was 78 mM per L. and the

blood urea mitrogen 160 mgms per 100 ml prior to dilysis)

clinical response to dialysis does not become apparent 1n terms of

beneficial results for a period of from twenty four to thirty six
i

hours despite ch 1 That 1s duff from the situa

tion of the patient with acute renal insufficiency whose chnical
mproyvement m1y become mamfest during dialysis or within eight
to ten hours after the run And interestingly enough the chneal
improvement 1n the chronic case becomes mamifest as the chemical
changes revert to the predialysis level and may persist 1 such
patients for a month or more m spite of this reversion

Figure 71 1s the record of a patient treated conservatively for a
period of ten days before dnlysis The serum CO  with which
she came 1n was 98 mM per L and the predinlyms level was 78
‘The hematocnt was rused by transfusion of packed cells the blood
urea mtrogen fell sharply wath dialvsis Here 516 grams of urea
mitrogen were remosved within a six hour period Al values returned
to the predialysis levels within about five days but n spite of that
her clinical ymprovement persisted This patient was subjected to
dilysis on three occasions On the third occasion urea was placed
1 the bath flud so that the postditlysis serum levels of urea mitro-
gen were dentical to the predithisis levels and s suspected 1t

"

id

v
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Froune 71

made no difference whatever 1n her clmeal improvement

We feel that the artificial hidney does have a plice in the man
agement of these patients

Shannon Could you tell us the particular clmical mproyements?

Mernll This patient suffered from nansea vomiting stupor and
comvulsions The most stnkhing 1mproy ement was 1n the nausea an
somiting as well as n the level of awareness which went from
almost complete stupor to sittng up and talhing to relatives and
eating

One of the mteresting mmplications of the fact that the artificial
ldney has no tubules 15 shown in Figure 72 the chart of a patient
with bromide ntoucation Bromude has a predominantly extra
cellulwr position because of 1ts chemical similanty to chlonde It
1s handled by the renal tubules in somewhat the same fastion
1t 15 not a foreign substance m the sense that 1t 15 rapidly excreted
Indeed m some of the older literature it was stated that perhaps
the chloride was more rendily excreted than the bromide 1 m
not sure that has been borne out by recent work but 1 any c1se
bromde 15 certamly filtered and reabsorbed and s a touc sub
stance n Iigher concentrations If one could ehmnate mbuhlr
reabsorption 1t could be easily excreted This em be done ;\1((\
a2 cellophane membrane by muntumng the diffusion gracien
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across the membrane so that no net rexbsorption oceurs Serum
bromide concentrations observed bv Wagner and Bunbury(6) m
2 patient with biormde mtoxieation (broken Ime) who was treated
with saline solutton which 1s the com entional treatment are com
pared mn Figure 72 with those of a patient who was treated wath
the artificlal hidney (sobd hine) For the first few duys they are
roughly slar but on the seventeenth diy dialysis caused A re
mirkable deerese n bromide coneentration It has heen postulated
that one should not attempt to effect exeretion of bromide ripidh
beewse in some mystenous way 1t harmed the pitient It certunls
did ot harm thns patient There w s remarkable clinteal improve
ment She had been totally disoriented for seventeen days prior ta
dilysis  wd the mommg followmg 1t she was cowpletely se
onented with ammesta for this whele penod

Thope I can get some help from the Conference Group concern
g the problcm of controllmg the osmotic pressure of the bath
In mam patients the serun osmolinty mw be as lugh as 350
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made no difference whatever 1n her chmcal improvement

We feel that the artificiil hidney does have n place in the man
agement of these patients

Shannon Could you tell us the puticular chmeal mmproy ements?

VMernll Tlus patient suffered from nausea yomiting stupor and
convulsions The most striking 1mproyement was m the nauset nd
vomiting as well as m the level of awareness which went from
lmost complete stupor to sithng up and talking to rehitnes wd
eating

One of the mteresting implications of the fact that the artificial
Ladney has no tubules 1s shown i Figure 72 the chart of a patient
with bromde mtovtcation Bromude has a predommantly extr
cellular position because of its chemeal smularity to chlonde It
1s handled by the renal tubules in somewhat the same fishion
Tt 15 not a foreign substance 1n the sense that 1t 15 rapudly excreted
Indeed 1 some of the older hterature 1t was stated that perhips
the chlonde was more readly excreted than the bronude 1 am
not sure that has been borne out by recent work but i any case
bromude 1s certamnly filtered and reabsorbed and 1s a tovic 5\;1:
stince 1 Iugher concentrations If one could ehmmate tubular
reabsorption 1t could be ensily excreted This can be done with
a1 cellophine membrane by muntuning the diffusion gradient

~
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across the membine so that no net reabsorption occurs Seium
bromde concentrations observed by Wagner and Bunbury(6) m
a patient with bromide intoxication {broken Iine) who was treated
with saline solution which 1s the conventional treatment are com
pared it Fagure 72 with those of a patient who was treated with
the artiheinl hidney (sohd line) For the first few days they re
roughly sumlar but on the seventeenth day dulysis caused a re
markable decrease in bromide concentration It has been postulated
that one should not 1ttempt to effect excretion of bromide rapidly

ecause m some mystertous way 1t harmed the patient It certunly
did not harm this patient There was remarkable clintcal improve
ment She had been totally disoniented for seventeen davs prior to
dialysis and the morming following 1t she was completely re
oriented with amnesia for this whole period

Thope I can get some help from the Conference Group concern
ing the problem of controlling the osmotic pressure of the bath
In many patients the serum osmolanty may be as high as 850
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made no difference whatever in her chimical improy ement

We feel that the wtificial kidney does have 2 plce m the man
agement of these patients

Shannon Could you tell us the particul ir chnical mproyements

Mernil This patient suffered from nsex vomuting stupor and
convulsions The most strihing improvement v 1s n the nausea nd
vomting 1s well as m the level of awareness which went from
almost complete stupor to sittmg up wd talling to rehtnes wd
eatmg

One of the mteresting impheations of the fact thit the artfien]
ladney has no tubnles 1s shown i Figure 72 the chart of 2 pabent
with bromde mtovieation Bronude has a predomunntly ewtre
cellulir position because of its chemical similanty to chlonde It
1s handled by the renal tubules m somewhat the syme fashion
It 1s not a foreign substance m the sense that it 15 rapidly exvereted
Indeed in some of the older hiterature it was stated that perhaps
the chlonide w1s more readily exercted than the bromsde I am
not sure that has been borne out by recent work but 1n any case
branude 1s certunly filtered and reabsorbed and 1s a touc su
stance 1 higher concentritons If one could elimmnate tubulir
reibsorption 1t could be ewily ercreted This ean be done with
1 cellophie membrwe by muntunmg the diffusion gradient

>
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we use, 1s nearly a gel It 1s an extremely uncomfortable and sticky
Iquid to handle

Darrow Have you ever tned dextran?

Mernll No, we have not

Shannon One would not expect any net change i osmolanty
when such large molecular species are used For example, the
dextrans utihzed as plasma expanders have a mean molecular
werght 1n the order of magmtude of 50,000

Mernll Of course, that 1s the point The osmotic efficacy vanes
mversely with the molecular weight For these substances, the
statement has been made that they consistently maintan whateve:
osmotic pressure they are exerting because they do not diffuse m
On the other hand, since the glucose does diffuse 1, 1t has not been
a practical way of domng 1t

Shannon The osmotic pressures of the concentrations of glucose
utthzed are small

Merrill Yes, extremely small But because of that and because
1t 1s extremely difficult to handle, 1t has not been a practical way
of domng 1t

Clunard Have you considered using polyvinylpyrrolidone which
1s cheaper, I believe, than dextran?

Mernll Tt still has a large molecular weight

Berliner Ts this a matter of balancing osmotic pressure o1 oncotic
pressure?

Mernll Both, imtially

Berliner The osmotic pressure of the blood as estimated from
the freezing point will mclude a large amount of urea m these
patients For purposes of physiological regulation I think the urea
should probably be disregarded Actually, 1f the total osmotic pres-
sure of the bath fld 15 the same as that of normal plasma and if,
at the same time, transfer of flud 1s prevented due to the oncotic
pressure of plasma protemns I think you would end up where you
would lIike to be

Leutscher 1 wonder whether you counld get around the problem
of making a high of small molecular weight matenal
available i the bath without having too much transfer mnto the
blaod hy blackwng, off the path of the last turn of cellophane tubag
and putting a high glucose concentration m this path so that only
the last loop was exposed to 1t? In that way, I think you could
probably move water out much fas!er than the glucose would dif-
fuse m as Dr Prppent d d p h The shorter time
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milliosmols per liter, and therwr blood 1s dalyzed agamst a stock
bath wluch t: only 305 mull Is per liter In the eurly
days, Dr Kolff and others working with the artificial Kidney at-
tempted to control thus diserepancy by adding glucose to the bath
mn concentrations of 2000 to 3000 milhgrams per cent, thereby m
creasing the osmolanty of the bath, attempting erther to dehydrate
the patient by exchange of water or to prevent hydration as a
result of the difference m osmolanty At first we measured the
patient’s serum freezing pornt and then constructed our bath so
that the osmolanty of the bath, made up with glucose, balanced
or overbalanced that of the patient and no net water exchinge
could occur But I think 1t has become apparent from what Dr
Pappenheimer has said that this 1s not a reliable solutton As the
blood passes along the cellophane membrane, the osmolinty
changes It doesn’t change much 1n the bath since the volume 1s 100
hters, but glucose does diffuse to the blood Hence, the system 1s
changing unpredictably

Tremont-Smuth What ha
at the end?

Mernll The freezing pomt of the bath does not change much
because the bath 1s Iarge and 1s refreshed every two hours with
additional glucose The plasma glucose concentration changes
remarhably Patients i whom we used 2000 and 3000 grams of
glucose did not do well They became drowsy and therr blood
sugar levels rose to 700 or 800 mgm per cent In any case, the
serum osmolarity tends to drop over a period of six hours, ap
parently because there 15 net transfer of water into the patient at
the beginning of dialysis that decreases toward the end It has not
been a dangerous way of treating the patient in terms of water
transfer Dr Alwall(7) also found this an ineffective way of remos-
ing water m some experiments on rabbits using the same concen-
tration of glucose in the bath

One of the things that immediately suggests itself 1s to use
larger molecule which stays in the bath and mamtams its osmotic
efficacy We have tned acaci?, gelatie, globin, and bovine albummn
but the difficulty with all of these things 1s that they are rat]l;r
expensn e and, at least 1n the case of gelatine, the molecular \\('l[-;: it
santes greatly mn addition to its bemng a substance that, weight ﬁqr
weight, 15 less effectne osmotically, than glucose The mwm)dl i-
culty, of course, 15 the viscosity A 5 per cent solution of gelatme
1n 100 Titers of bath water at a 100° temperature, wlhich ss what

to the freezing pomnt of the bath

a
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of exposme would prevent cquililiation of glucose with Joss of
osmotic effectiveness

Mernll That 15 an mterestng suggestion It would mvolve a
little change mn design

Luetscher In the presence of a large excess of water, 1t nught
well be advantageous to remove some

Mernll That 1s our practice mn the anuric patient Attempis have
been made to remove water by using filtration, 1¢, by increwing
the hydrostatic gradient across the membrane Tius has been done
with the Alwall apparatus(8) and with the Skeggs and Leonards
apparatus(9) Our expenence has been mited simply to plisma-
water content n one passage It 15 possible, by increasing the
filtration pressure or the hydrostatic pressure withm the membrane,
to move water and to concentrate nontransferable solute, particu-
larly protemn Is this of practical ehimcal effect? Can one utilize 1t
to treat patients with mtractable edema? Unfortunately, we know
so Lttle about the causes and cure of ntractable cdemn that I am
not sure 1t 1s wise to appioach 1t by as violent & method as ths
But 1t has been tried Alwall has tried 1t i cardines with uremit
and edema, and lus concluston 15 that filtenng at a messure of
about 180 millimeters of mercury over a period of eight to twelve
hours 15 nat a practical way of domg 1t The expeniments of Dr
Leonards m which he used his apparatus as a pure filter are ntcrest
mg He applied negitive pressure on esther side of the cellophwe
membrane, and, i dogs, he found 1t was possible during the penad
of Ius cxpenments to remove 2000 to 2500 ml of filtrate n that
way If sutable salt solutions weie used to replace clectrolytes
the dogs were not harmed But I think the most significant of his
studies were made 1 ammals m whom edemn was ereted by hypo-
protemenia by low protemn diet and plasmapheresss, and 1n ammals
with pericarditis ascites and edema induced by the troduction
of a Dakmn’s solution 1n the pericardium s conclusions were that
no more flurd could be removed from these dogs than from normal
dogs before death Indecd m a number of lus dogs, death was
caused m an attempt to remove fmd by tus method, and the
amount of edemn flmd wiich could safcly be removed wis quite
Timited

We had two experiences vay caily m the course of our worh
with the artrficial hidney 1n which we attempted to 1emosve ct]]cn]ﬂ
by using low sodiim and high glucose concentrattons mn the m:Il,
one a cirrhotic patient and one 2 patient with edem of csscnh? ’t
unknown ongm These patients certamnly lost werght and they los
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causes any of the synptoms scen m urenua? With 1esprect to the
arnmo acid mitrogen levels as you have pomted out, they are not
generally elevated even m the terminal stages of chrome glometw
lar nephntis There 15 evidence that some other nitrogenous prod
ucts are present, oceasionally m very large amounts, m the blood
of patients with uremia Kl usinig a mtrous acid method, found
levels of ammo” mirogen as hugh as 30 mg per cent m sowe e
viduals With the gasometric nmhydon method that Dr Chetstiansen
uses, the c-ammo nitrogen 1s much lower than that Possiblv these
products are removed by the dualysis It would be of mtaest to
determine the mtrous acrd reactng materal in the blaad of jom
pattents before and after dulysis, the removal of these subistances
mught have some hearmg on the dimcal smpros ement obtained

Thorn 1 have felt for some time that if we had a nghly purified
urea solution available at 1elatively low cost, with the ammouvtt
contammant elimm rted, it nught be destrable to melade urea m
the bath and thereby masntam a constant wrea Jevel m the blood
Under these cirenmtances, the net change i the nonessenttal com
ponents of the system mght be much greater, and the effect of
massive teduction 1 blood wiea would not complicate the sttuatut
We have nat been able to carry out these expenments sath any
frequency becatse of the necessity of emploving Mghly punfied
nrea

Shock In our laboratory D1 Mhler has been usimg mtras enotrs
mfusions of reciystallized urea to raise the blood level to 150 (o
180 mulligrams per cent without any chmeal symptoms appeannt,
m these people at alt

Merl It 15 certatly our mmpression, and that of others thit
the older hteratme attmbuting touc cffects to urea was probably
based on the dehydration that 1csulted, or perhaps the ammomt
contanupation rather than on the wrea aself

Shannon Theve are a lot of contamunants m the ordinary wred

Merridl 1 thk that may be the answer

Shannon  Some of them arc sery tovie But with swtable re-
crystalhzation, particularly with complete remosal from contact
with such things as metal smtable preparations ean be obtamed

AUerrdl Tn many patients we have seen ohiguria fallow g dralysn
1t does not appear 1 all, but i patients who have same degree of
decrease i thesr unmnary volume wutially and, perhaps, a pre-
ponderance of glomerwlar rather than tubular damage The vrme
concentration mv be a Itle Ingher than usual and the nnnnr)‘
pH sens low Most have some degree of hypertension A fypicy
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the bloog DPressyre However, the APparatyg does not Make a dipec
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Sure dp, ot ately, and, ﬁ'naIIy, 2t does , drop uny}
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h u do

are people 8 with do, who pos, out that ¢ do not
Wwash o the cejl, hane 4 CQuately, g0, 2 period of gy you
Wil oepy, 1n} Dressor Tesponge By, here ar, 3 number of
actors \ohyaf, ould my) Me beliey o that thys 0t the complete
planag € first g that ¢p, Pressor Tesponse 4oy Zet i the
og v erly p *Pare ellophane diffe, fro; e human
Teaction CCUrs 1y, diate) d fapudly an g then ¢ F The
second 'Proper p, eparat, cellophane 5

nd th, that
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Fieune 76

Figme 76 1s the chart of a pattent whe was drlyzed an three
occastons, and an those thiee occasions the blood pressuse begm
to 11se after about an hour to an hour and a Indf m the usatl mn-
ner The drop wlich appears on the chart was due to pmtomrl'l-
tme admumstered dutmg 2 study of the cardie autput On t!w
third occasion the pitient was run without smmersig the ccl’o~
phane prepued m the same way as on the other occisions u; the
bath There is a distinctly different type of curve there We hse
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S0me of these Pibientg on from tseh e to (chtyJour bours, Tather
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The process by which potassium 1s excreted 1s one with whose
mdividual parts we have some famiharity but which has presented
difficulty when 1t came to assembling these parts m ther proper
proportions We know that potassium 1s filtered at the glomerult m
amounts far larger than normally appear m the unne and that most
of 1t 15 reabsorbed, presumably i the proumal tubule We also
know that, at Jeast under certain circumstances, potasstum may be
secreted, presumably by the cells of the distal tubule, and that ths
secretory process 1s one whercby potassmm from the cell is ex-
changed for sodwum from the flud i the lumen, a situation ana-
logous to that mvolved mn acidification(6) What role this latter
process may play m normal potassum excretion has remamed
obscure because of the confusion resulting from two tubular proc-
esses operating in opposite directions Some of the data to be
presented may have a bearing on that question

We may consider briefly the evidence for the existence of a rela-
tionship between potassium metaboltsm and urine acidification 1t
has long been known that m Cushing’s syndrome depletion of
potassium 15 accompanied by alkalosis(7,8) A sumlar depletion of
potassium with development of alkalosis has been produced 1n
patients(9) and experimental ammals(2) by the admmstiation of
adrenal cortical steroids, and m rats by a diet simply deficient

(2) Co ly, alkal leads to depl of body
potassum(2) On the other hand a high intake of neutral potas-
stum salts tends to produce acrdosis(6 10) while acidosts has been
found to merease muscle p ation(2), pr bl
b ducing relative p (The latter 15 2 pomnt
which has caused some question and discussion because of the
obvious exceptions, T hope we shall hase time to discuss 1t further
later } A prion, n the absence of significant extrarenal losses, these
FSERta i

~lalnoan oA hade motnee s oo ot

tion has been available in (a) the rise in urmary pH which accom-
panies the administration of potassium salts (6,10), and (b} the
excretion of acd urnes m spite of severe alkalosis, which has been
deseribed 1n cases of gastnic alkalosis and in ulcerative colitis with
potassium depletion(11,12)

With this background, let us consider some of the effects observed
when rena carbonic anhydrase 15 inhibited Because of the demon-
strated jnvolvement of this enzyme in wrine acidification and hence
m this phase of sodium reabsorptm;hn sentes of mhibitors has been

14
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deseloped for possible Use 1n eardac farlure( 13,14) One of these,
s eloped by Amencap Cyanamd and 12Vng an i i detraty
*0me 330 times thag of sulfamlamide, has been used 4y most of

s
NH~§» 4 \C—~!,\l~8-g~H
H O A

H
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N~——n

2-Acetyloming-~ l,3,40hmdwzo{e—5-sulfonam:de

Froumg 77 Reprinted by bemusuan, from Berhner Ry Kennedy, T J
nd Orloff J nchhonshnp between erdification of the wrne ang POtadsiunt
metabolisy, Am J Aed U, 274 (185))y

these studies The structie 1s shown 15, Figure 77 The effects o
tis compound e strihing and apparently specific Although n
the dag the nrme becomes aliahne with doses as smal] a5 5 me et
Mo, we e not observed that .. . y
-3
‘ ) wev a aunmstered,
t 4 wuued dimost Mstantwnepusly, the onlv time required
to obtam the full effect bemg that needed for the dead space of
wreters and pelyis 1o be emptied

The ty pical effect s shown m Table Jx This was a mildly acidotic
dog TeCeVIng an mfusion pf phosphate so as to ncrense the excre-
ton of tratable actd Immediatel, after the mjection of 10 mg
per Mo of #6063, the PH of tr g roce sharply, all titratable

aadity disappeared and n traordinandy large amouut
of brearbonate, was e a t to which I shall
return At the mome atteation on the
wmerease m # m m the everetion
of potassiuy 0 ¢ .mhydras? in .
every one der as
of conditio uston

wa

variety of
the only e« H
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TABLF IV
Fifect of 126063 on UTRs \erification
HogB_WL 26 b
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W
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n
o Water § i /min

//
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e

2| ® 6
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Jresed TEAWT g ot ¢ some WETE o secretio o
rgns W ympressivé ohserva
oducible to allo Jefimite concl to how
' excretio? was ted order ¥ more
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ST retion ynduc b 3 An €Y enment ©
own 11 < Follow! g, the wection © mer
cretion g chior rde sodwm &° sual ther®
18 not much cha ge tassum €X ety to b expecte
when starttin® m the Jevel oS dm control T ods her
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ncrease 1M scarbon?! retion €O qunv Y nt amount
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m sodium excretion, and potassium excretion goes up to a level
such as1s usually observed after #6063 In other words, the increase
m potassum excretion produced when carbome whydrase 1s in
hibited can be prevented by mercurnls

The question as to the effect of mercuri1l diureties on potassum
excrehon has not been entirely settled However a consideration
of the possibilities 1n this particulir set of circumstances leds to
the I that this t of effects ncreased excre
tion of potassium due to #6063 and inhbitton of this merease by
sabrgan could be produced only if the inhbition of carbome
anvdrase led to increased secretion of potassum while this secre
tory process was m turn mhibited by mercunals
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and Orloff ] ]'(ehnonsilp between aadification of the unne and potassium
metabolism Am } Afed 11, 274 (1951}

Figure 78 may help to explam this conclusion This rather com
plicated looking affur 15 meant to show what the possible com
biations of efects mght be and 15 based on a single reasonable
assumption, namely, that a mechamism hnoched out by one drug
will not be restored by one which ordimanly stimulates it The same
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tionship, although a different one, between CO tension and buffer
concentration, namely, if there were secretion of alkah by the
tubule mn such a way that the hydroxyl 1ons might take up CO.
from the tubule find to form bicarbonate In this case, howeter,
one would expect the highest bulfer content to be associated with
a COz tension merely approaching that of the surrounding tissue
The elevation of CO: tension 15, we believe, a remimder of the fact
that there are two million or more units involved, subject to bro
logrcal vartation, and that the two hidneys are not one Ing nephron
as we are so often given to thinking

Putts Could T ash one thing? T don’t understand that top curve
m Figure 79 Does that mean that all of the urines having pH values
between 74 and 79 were collected and their pCO: salues plotted
agunst —

Betliner —agunst the phosphate concentration n those utines?
Yes

Puts Weie the experunents done i such 2 way that the alhahnty
of the unine, whether induced by carbonic anhy drase inhibators or
by bicarhonate admunistration, mcreised with the phosphate con
centration?

Berlmer No that 1s't true Most of these experiments were done
m this way We produced alkalosis by givmg an mfusion of bicar
bonate, keeping phosphate low, this accounts for the pomnts at the
lower left portion of the Figure Then we imnjected phosphate to
raise the unnary buffer concentration As we did so the unnes
moved up and to the nght along the curve Actually, the urmes
with the low pCO_’s have lugher pH’s than those up at the night
with high buffer contents and pCO:’s

Perthaps Figure 80 might clanfy the pomt This Figure sneludes
our data from periods wheie we had measurements of pHf, CO.
content, and phosphate concentration The carbonate concentra
tion has been plotted agunst pH throughout the observed range,
roughly differentiating the urines with respect to phosphate con
centration as follows the open trangles are unnes w 1th a phosphate
concentration of less than 20 mM per L, the open aircles those be-
tween 20 and 49, and the solid dots 50 mM per L or more "To
clarify the 1elationship, particularly at low pH, and to make tth]:
vertical displacement for equivalent multiples of pCO- change o
same m all pH ranges, the data hue becn plotted cndasosem
logarithmic scale The lines represent CO. tensions of 30 and 50 m

of Hg respectivel
It Lc::m l?c seen ythqt the relitionship between CO- tension and
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Berliner I should have made this clear sooner. \Where T have
said buffer, T should have said buffer other than the bicarbonate
carbone acid system The reason for thus 15 that bicarbenate cannot
give upts hydrogen to convert other bicarbonate to CO; and water
Incidentally, the theory that the ugh pCO, 1s due to addition of
hydrogen 1ons to urine contaning bicarbonate with delayed release
of CO; would require just the opposite relationship In general,
the hugher the buffer concentiation, the lower the expected CO;
tension

1 should like to call attention to one additional obseryatton on the
effect of #6063, namely, 1ts quanttatn e effect on the excretion of
bicarbonate  You will recall the hypothess that bicarbonate 15 re-
absorbed 1 the provimal tubule i such a way that when the plasm
bicarbonate 1s less than about 20 mEq per L. no apprecuble
amount 1s delinered to the distal tubule, all the bicarbonate bemg
reabsorbed 1 the proumal segment As plasm1 bicarbonate 1s -
creased beyond this level mcieasing amounts are delivered to the
istal segment which can reabsorb approumately 05 mEq per
mmute for each 100 mt of glomerular filirate, the mechamsm m
this segment 1s the one which secietes hydiogen 1on and requires
the participation of carboue anhydrase This mech inism 1s saturated
at 4 plasma bicarbonate of about 25 mEq per L and above this
the excess 1s evcieted in the urine(5) According to this ptition
of bicarbonate reabsorption, if that portion dependent on carbonre
anhydrase were to be knoched out, we would expect varymng amounts
of hicarbonate to appear 1n the urme as follows when the plasmt
bicarbonate 1s below about 20 mEq per L, there 15 no brcarbonate
n the urine, when the bicarbonite 1s between 20 and 25 mEq per
L, there 15 between 0 and 500 mEq per min, shen plsm bicar
bonate 1s above 25 mEq per L, there 1s an increment of bicarbonate
exeretion of about 500 mEq per mun Table XT shows what actually
1s observed In this severely acidatic dog, when #6063 1s jected
the urine becomes alkale despite a phsma bicarbonate well under
10, and appreciable amounts of bicarbonate appear the ’m:?:
at all kvels of pfasma bicarbonate Except for a somewkat a; .
fraction in the first two pertods, probably because of a so:lml:\v 1
low Elteation rate, approvmately 40 per cent of the fltered bicar-
bonate 1s excreted at all levels of plasma Incarbonate

1 offer no explination for these findings They apprently rcqt;::;
a drastic revision of the theory, Just where, we are not yet prep

10 say

?
Mernll How wmuch of your drug appeared 1 the unne
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more, the total dosage we used, from s hittle as 002 mM per hilo
to about 05 mM per kilo, 1s very small compared to the enormous
amounts of electrolyte excreted In general, we have been able to
balance the measured cations and antons m the unne pretty well

Pitts Where would you put the site of action of #6063°

Berliner 1 am undecided Lither the proumal mechansm by
which bicarbonate 15 reabsorbed 1s also sensitne to these drugs
or bicrbonate 1s secreted by the distal tubule I am not opposed
to the Jatter rdea, but we have no evidence for erther alternatne

Pits Do you feel that you have attuned a mavimal effect with
#60637

Berlner 1 am not entirely certam but I think we are close With
a dose of 100 mg per kilo per hour, we get 40 to 60 per cent of the
filtered brcarbonate out w the unine We have not been able to
mfluence thnt figure very much by the usul procedures, osmatic
duwrresis and so on We are certunly up to the pomt where we would
hue to gre pretty large mncrements of drug dosage to increase
the cffect, and the solubihty of the drug 1s sufficiently Iimited to
make that a problem

Thorn Docs #6063 have any nitial effect on resprration?

Berlimer We have thought that, at ligher dosages, there might
be some impatrment of the release of CO; m the lungs It looked to
us as though the dogs were hyperventilating, yet at the same hrr;e
there was no fall, or even a shght nse, in arteral CO; tenston We
& not, however measure alveolar CO: tensions so we do not
really know The impurment of CO> release 1s not yery smpressive
at best )

Barnett Do you get much change m phisma CO.» content with
#6063 1 these experrments?

Berhner If aeid 1s being mfused, there 1s a relatiely rapid dru{{)
1n the pH and CO: content of plasmn when #6063 1s administere
But otherwise there 15 not Iikely to be much change i these values
duning the relatnely shoit pertod of obseryation jnvolred m our
experiments ; P

Prts Wit yust #6063, what happens to the pCO. of the unm

Berliner That depends on the phosphate content of the urne

Pitts Let's lewe the phosphate out

Berlingr With no buffer i t1 .
with very Iittle change |In CCOO~ t ¥ .

b urne, the .
c,fl :L{ffil;rl:d”;zccinre to Ryberg's obseryations(17) You will "’;;’t_‘
that he too found that alkaline urines have Iugh CO  tenstons

1 anmac allalme
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the rate of Potassyyp, CXeretion That 15 one of the striling things
about ¢ m by mouth

Pryys Just hou, mn 8tving 5 o 10 Brams of Potassy,,
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tum, m,
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of sody, chlonde an Potassium, are Mamtupeq Ie een exfrg.
an, flands by osm forces and ut1lpr0¢l;(-s:cs
e amoy, a, and g ,, the bod, deterrnmc the car-



Tubular Secretion of Potassum and Acd 197

bonate of serum, depending on the buffers of the
body as a whole and the distnbution of Na between mtracellular
and extracellular fluads

The factors controllimg the balance of potassium in the body
were stated by Dr Pitts much as I would state them tentatnely,
that 15, 1n acidosis, unnary loss of potassium 1s dependent on the
fact that, when a large load of amons 15 being excreted, sodmm
alone may be used at first to evcrcte the acd but as defiaits of
sodiom become appreciable, potassium s alse excreted In alkalosis
there 1s app Y oa dency to excrete ese of
potassium, at least until potasstum deficits are considerable Then
potassum may be saved or at least appea only at low concentra-
tios i the urme Doubtless, evceptions mav be found to these
rules In diabetic acidosis, there 1s apparently a release of potassium
from the cells not dependent solely on unnary excretion of antons

Berhner JE we leave diabetic acidosts out of 1t for the moment
the other observatians on muscle potassum seem to make sense
In the mtact ammal whose hiduaeys are working one way or another
either not so well, as m the cases to which Dr Mudge referred
or normally, as we presume Dr Darrow's rats behaved the amount
of potassum found m the muscle correlates quite well with the
amount of potassuum i the body and the amount ay ulable for the
muscle to take up

Darrow Yes, and 1t leaves you unmformed with respeet to the
obligatory relationship between cell composition and extracellular
concentrations The findmgs merely illustrate what the hody does
with a gnven overall content of water and electrolyte

Pitts What 1s the action of DCA? Where do you put that?

Berliner 1 would not want to comnut mysclf I have a hunch
that your ebservation as to the effect of DCA on acihficaion(22)
plus the kuown effects of DCA on potasstum excretion, suggest that
it may well be this mechamsm for exchangng both for sodum
that 15 valed It 15 known that f an anmal 15 not grven sodrm,
1t does not make any difference how much adrenal sterord he 15
gven, he will not Jose potassum If he 1s gren some amon with
which to excrete the potassiem  then he will lose potassum in
the urme

Pitts 15 that absolute, or 15 1t true only after he has lost some
potassnim?
N Bf"’lflcr This 1s nght from the start That obsen 1tton was made
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15 mdeed an extrrordmanly havdy enzyme We hasve ttempted
without success to ssolite the glutrminse from the rest of the
complex The cyclophorase preparation e be ground with desovy
cholate to y1eld 1 very thick viscous material This 1s the procedure
used by others to solubihze cytocl dase(3) Subseqy
treatment of the viscous matenl with streptococes! desovyribonu
clease depolymerizes the nucleic 1cids and yields after duilysis an
Umost water clear solution which contamns all of the ongwnl gluta
mmase actvity When one apphies the conventional protem frac
tionatton procedures (aleohol ammomum sulfate 150 electrie
precipitation etc ) no appreciable purthcition can be achieved
Very low concentratwons of alcohol or ammonm sulfite precipitate
the whole protesn complex No further attempts nlong these lnes
are contemplated

The foregomg obsersatiops deal with a preparation which s pre
sumably very sumlar to that of Dr Bunkley The abundant hpopro
tetn complex solated from kidney does normnlly house 4 great
variety of important enzymatic activities Certun preparative pro
cedures may destroy all but the hardiest of these without altering
the gross appearance or quantity of the matertal The simple demon
stration of glutiminase activity m the final preparation therefore
should not lead us to overemphasize the importance of this enzyme
to the exclusion of others or result necesstaly 1 the belef that the
hydrolysis of glutanune provides the major portion of the energy
ubhzed m tubulyr transport

1 should ke to pause at this point to ask Dr Bukley for hus
comments

Binkley 1 have nothing specil to say on that We are not certum
that the enzyme makes up 30 per cent of the kidney proten but
I would say 1t 15 extremely lugh The powt 15 that 1t does not occur
n every tissue i mitochondnl fractions if vou want to c1ll them

mitochondnal fractions  exvcept m the intestne or the Jidney We

do not feel that we are dealing with mitochondrta i our prepan
uons The so called mitochondnial fraction after all 15 nothing Dut
+ collection of all the debris of the cell that 15 the msoluble debns
o ;‘:Z;:}: I do not agree From the standpont of wtegrited
enzyme systems it gunes evidence of being a very real enh:} »

Ohoer Espeenlly 15 this true m the Jadney One can get P

neulate matter from 2 kidney brex by means of differential centn

fugation which has it the morphologienl charactensties of mito-
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EXCretion of PAR, dro Tast, ang Phenol reg OPerates at 1, €Xpence

of phosphale bon energy Bcnerated |, the acroh,e oudatiye 1o

actiong o the ertrye acid ¢y o) Since there 55 N0 reason g, beltey.
2

198 that 4 Sporte, Pounds ap, Phosphy, hted, ¢ 15 as
Umed Phosphag, bon, energy ¢ utihizeq ming o
actn ap, me cellylay Component of the svsten, (&) The rate of
H Nspor, s lkmgly Increased, » almog doubleg
Cithey n yg, Y acetate anq certam 1mmeq, te pre
Srsors of etite (¢) transpore 1 Marked]y depresseq b the
Carboyye acids of he aitrye acid S cle, by 05e aming acrds
thich §, rectly nto the ¢y cfe, and by y, fatty Ca to
G, lengel, (d) Thege snmul.um) 0d depregsqng effects
Oceur 4, dently Dredictabe changes | he rate of cellular
*SPiration F Yample, «-Letoglummlc and sucemate Stinmlape
he Piratiop, o, kedn S much o more than does acetate
t pey less 10 Potent bty f PAYY transport It folloy
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therefore, that the stmulatory effect of acetate 1s not attnbut:ble
to a sunple speeding up of the metabolic machmery Fnally, 1
should hke to emphasize that the concentrations of acetate or
«-hetoglutarate needed to produce the maximil effects are rather
low, somewhere m the ringe of 2 to 3 mM per hter

Duning the pist two years many addional known metabolic
mtermedrates have been tested for therr effects on PAH trsport
i hidney slices It still seems safe to conclude that acetate, or some
product derived therefrom, p a unique latory action
The whibutory compounds me many and quite dwerse in ther
chemucal structures We have, of course, wondered why a readily
oudized substrate such as « ketoglutarate should be a potent in
lubttor It was suggested two years ago that a speeding up of the
citric aeid eycle by « ketoglutarate might deplete the available sup
ply of essential acetyl groups through the formation of tnewboxyhe
acids This was never an athactive hypothests, for certun members
of the cycle are not ihibttory In addition, =-ketoghitarite
hibstion cannot be completely reversed by the addition of an excess
of acetate A second suggestion was that = Letoglutarate mght be
competing with PAH for accumulation within the shee However
we have never been able to d rate any net ac lation of
« Letoglutarate

We examined the series of homologons strmght chamn dicarboxy he
acxds for therr effects on both cellular respiration and PAH trans
port The results were as follows 001 M oxalite or malonite Ind
little effect on erther resprration or transpert Succmatc, as usud
stimulated resprration and inhibited transpmt The most mteresting
results were those obtamed with glutarite and adipite Both of
these compounds appear to be met1bolc lly mert nsofar as respira
tion 1 concerned, but both proved to be potent mlubrtors of PAH
transport When glutirate was exammed over 2 wide range of con
centrations, its pattern of mhibition was found to be very sumtlar
to that of « hetoglutarate Consequently, we are probably mn err?r
when we attempt to explam the mhibitory effect of « hetog
1n terms of its known metabohc fate

When one reviews the long list of inhibitors of PAH transport
1t 3s found that they hve only one apparent structural fcamregxg
common, namely, the carboxyl group It is of mterest Hut‘ i
vanous compounds which 1pper to share the tubular secretory

¢ also all carboxyhc acids Thus, we are
group as the

mechamsm with PAH ar ! e e
melined to concentrate owr attention on the cari
one through which the trmsported compound can nteract with
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bond energy must be mmpheated Second, the reactions mvolhed
may be expected to be assoctated with the enzymatic actiities of
the mitochondnon, and, lastly, certan mterdigitations with acetate
bolism should be apg It has been our belief that a clan
fication of the process by which acetate 1s “activated” might proude
us with a useful working hypothesis The so called “active acetate”
15 that which partieipates m the acetylaton of cholme or sulfanda
mude, m the condensation of two Co umts to form aceto wcetate, and
m the condensation of acetate with oxalacetate to form aitrate
Some j ears ago, Lipmann proposed acetyl phosphate as the actne
Ca umt but he and others later abtamed abundant evidence oppos
mg this view
The exact nature of “active acetate” remmned one of the out
standing emgmas of modern hiochemistry until very recently It
now appears likely that Lynen and lus associates ;n Mumch hue
prouded the answer(6) It has been known for several years that
coenzyme A (co acetylase) participates mn the pieiously mentioned
condensation reactions imolving acetate The complete structure
of this coenzyme has not yet been determmed, but it 1s known to
contain ademne nbose, phosphorie acid, pantotheme aad, 8 mer-
captoethylamme (decarboxylated cysteme ), and probably glatimic
acxd(7) Lynen and Reschert have recently 1solated from baker's
yeast a form of CoA which can replace acetate + ATP + CoA mn
Lipmann’s sulfamlanude acetylation system(6) Chemical studies
mdicate that the actn e component 15 the acety) mercaptan of Cod
They postulate the following sequence of reactions mu its formation
CoA SH + ATP - CoA-S POsH: -+ ADP
CaA-§-POH, + CH:COOH > CoA §-COCH; + HzPOs
Thus, the first reaction 1s the phosphorylahon of CoA by adent;-
sietriphosphate, and the second 15 an exchange retction 1n ‘\)\lnc z
acetate replaces the phosphate The acyl mercaptan may let“;
garded as possessing an energy rich bond comparable with that 5
an acyl phosphate
ﬁui sglxcn{:: daes appear to proride us with a bass for ccﬂl'm.l
reasonable speculations concerning the tubular senetuqd mccrm
msm We can assume for the moment that phosphate bm‘: 8‘11:) ‘E\
1s wtilized n the phosphorylation of CoA and that the fp\}mlzm“s‘
Iated CoA represents the actuvated cellular component 0‘ ’t"': o
port svstem The next step miolves the assumphon l“a! ot
carbosyhe acids other than acetate may exchange :;“ (‘ p‘ﬂ}:ﬂp] e
to yield the corresponding acvl mercaptans of CoA for

in the case of PAH
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I'need not emphasize that much of this discussion has been purely
specultse Most of the evidence arted 15 admuttedly mdirect and
arcumstanhial However one can construct from the nailible data
~ fagly attractine working hypothesis The field of coenzyme A
metibolism will undoubtedly contmue fo grow ripudly n the years
immedsately 2herd Ve hape that thus growth will make possible
a more drect approach to the problers of renal tubulr transport

Berliner Do you thwk the sulfome 1c1d group mught act m the
smme way?

Taggart Al of our evidence at the present tune mdicates that
phenol red and PAH are handled by the sume trunsport mechuusm
If there 1s 1my yalidity to the proposed scheme then 1 suppose one
must presume that n mteiiction ean oceur between the sulfome
1aid group and CoA to gue m S S bond

There 15 one 1dditiona] pomt wlich I should Ike to make The
tubulir secictory transport mechanism handles the vanons ear
bowhic acids at rates which are quite mdependent of their apparent
dissocintion constants This 1s not w uncommon feature of certam
enzymes with rather broad substrate speaificities for example
d amino aad oudise owdizes the vanous o wmo aceds of the
d configurtion 1t wideh differtng rates and these rites wwe wde
pendent of ph

Forster Recent obsersations by Puch Wassermw nd Tush
mn{18} on 1solited renmi) tubules mdicate that the mechumsm
by which phenol red 15 trnsported 1cross the celt my be broken
down nto tw o steps Potassuun 15 required by the mechamism which
first binds dye m the tubule cell {step one) Caleium 15 not neces
sary for thus Brst step but 15 1cquired for moving the dye from the
cell into the lumen (step two) Hence m the absence of exlaum
ne dve ¢ be carried over mfo the Jumen but smce step one can
still function dyc swill accunmiate m the cells to 2 concentration
determued by the chenuel potentitt which step one actmg Hlone
can bring to bear Wath 1 balwnced salt sofution no dye qccumu1
lates within the transporting cells but with Jugh potassum ant
no calenum mtiacellalar concentritions s hugh s 1000 mgm per
cent are acluesed when the concentrition of phenol yed m the
ovygenated solutton 15 1 mgm per cent The first step cmn t"r‘;’;‘s
hibited by such competitoss for the phenol red trmspost syste

chodrast .
qlanced with respect to potassum
oss the cells i an

1sible accumul

part tmmohsppur e and

With 2 salt solution b
caleum phenol red 15 so riprdly trinsported aer
ssolated renal tubnle preparition thnt there 1s 1o
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tion within the cell, even when concentrations have been »r% 1
w the wbular lumen 6000 trmee » 7 1
hath ot N
1 . ww strumulates o the

3 ; eveva smaximal concentration of 1000 mgm pes cent
when the dye concentration 35 1 mgm per cent m the sustaming
solotion Thes mtracellular concentration con be blocked by the
mtroduction of drodrast or hpp The 1

15 veached, then, that there are at least two steps molied wn cel
Inlar teansfer, the first one of which, the passage of the dye mto
the cell, requires potassum, and the secaed one, the movement
from the cell mto the lumen, requires calem

Mudge What happens 3 the potasswm 15 lowered?

Forster Nothung, becawse there 1s no mital movement of phenol
sed mto the cell hence, 1o concentration of dye v possible n the
el or i the lumen

Toggart 1 am most worned about the abnormal conditions m
which accomulation 15 observed withm the cells One does not
know yost what this type of mtracellufar accumulation has to do
wath transport You will recall that we observed the same sort of
thing with fish tubules w the presence of rodoacetate ¥ wonder
whether cortam constituents ot the cell might not be breahme down
1o vield products with an afimty for phenal red If so, then the
e would be moung m accardrace wath the chemcal potentiat
antd not agunst it

Forster That 15 true but the mteresting pomt 15 that the fisst
step 1s 3 more or less spectfic one T was qute mpressed by the
absesvation that it could be mhiated by the presence of such trns
port s as parh hippurate and thodrast

Berlner Did they try other acaids of suwlar pK that are not
achvely transported?

Torster | beheve that 1o such obsen ations were made

Berlmer Thes did not b to see of thas was sumph 2 nonspectfic
displacement By an acid of a hnown pK?

Torster Not to my hnowledge
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