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OSIAH MACY, JR. FOUNDATION
ONFERENCE PROGRAM

FRANK FREMONT SMITH,
Medical D rector

‘With the accelerating rate at which new knowledge 1s sccumulat
ag and with the increasmg recogmtion that nature is of one piece
t becomes cvident that the continued isolation of the several
ranches of science from one another 1s a senous obstacle to scien
tfic progress

Nowhere in science is the need for “combined operations™ more
vident than 1n medicine Today to be effective medical research
ind practice must embrace data from all the discaplines including
wuclear physies at one end of the spectrum and cultural anthropology
at the other for advances 1n one field are frequently dependent
upon knowledge demved from quite another

Although the fertiity of the multi-discipline approach is thus
ccogmzed unnersities scientific societies and journals hne not
et made adequate provision for channels of interdiseiplinary com
munication

1 am delighted to welcome you to the first meeting of this group
on Nennl Function and to gve you as brefly as possible an outline
of what we hope to lish by these conferen

The Foundation is interested in furthering knowledge about renal
function and is also interested in the broad aspects of problems of
communication and integration which are important for the ad
vancement of the whole of science It is our belief that scientific
communications at selenhfic mectings and in the journals have been
forced into a narrow mold in which logical sequence leading to
tnevitahle conclusions is substitnted for the much more flexible
and often unpredictable processes v whieh scientific inquin and
the advance of knowledge actually take plice All the creatne
the reallh exciting and interesting factors which are the sonl and
heart of science tend to be excluded today This unfortunateh
discourages individuals who have 1 creative and artistic turn of
mind from entering the scientific £eld and creates in the minds of
students and of the publ e a profound misunderstinding of the
nature and processes of science
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The Foundations experience with the many research projects
comung before 1t has led to the conviction that one of the greatest
needs today 15 a re integration of science now artificially frag
mented by the 1solation of the several scientific disciplines and
specialties Our Conference Program hopes to encourage this re-
integration and to give 1n the published transactions of our con
ferences a clerer reflection of what takes place in the laboratory
and what goes on m the mmds of investigators than now appears
1n scientific Literature

Our eight groups on aging blood clottng and allied problems
blood pressure brological antioudants cybemnetics nfancy and
childhood hver mjury and metabolic interrelations (formerly meta
bolic aspects of convalescence) which have been functioning for
some years have held over 50 meetings m which more than 500
mdividuals have participated Recently five new conference groups
have been orgamized on the following topies adrenal cortex renal
function nerve mmpulse connective tissues and problems of
€ONsclousness

Each group will hold annual two day meetings for a period of
five years It 1s our bekef that only through continued association
1n an atmosphere of fnendhness and mutual confidence can effective
communication {exchange of ideas data methods and plans)
across the barners of the professions and specialties be promoted
As a result of these meetings we have seen plans and 1deas mod:
fied conclusions more clearly specified or placed m a broader
perspective and spontaneous collaboration take place between
mvestigators working 1 different departments or 1 different
umversities

As anucleus 15 scientists compnse the onigmal group of members
for any conference These arc selected by the Churman of the
Conference 1n consultation with the Foundation Every effort s
made to melude representatives from all pertnent disciplines From
time to time new members are added by the group to fill gaps m
viewpont or technique A limited number of guests are mvited to
attend each meeting but for the purpose of promoting full participa
tion of all members and guests attendance at any meeting is
hmmted to 25

A pomt which I should lke to stress before closing 1s that
between the disciphnes there are real difficulties 1n communica
tion ~ partly emotional and partly semantic Emotionally some of
us accept only data coming from those methods or disciplnes with
which we are famubar It 1s tmportant that we do fustice to the



Conference Program 11

vahdity of data and methods from other discipl On the
lesel, the physical and biologieal saences have hittle difficults, the
medical psy chiatne and soaial saences cin understand cach other
farlv well, but to bndge the gap from the phisical and biological
scienees to the psychological and soaal 1s very difficult Tlowever,
in the study of man all of the sciences must meet In medicine
whith must be equally concerned with the psycholomeal and social
as with the biological and physical there 1s the greatest oppor-
tunty, as well as necessity for mutnal understanding among sepre-
sentatnes of all the sciences 1 behieve that the hope for a umfieation
of science Jies m the development of a Science of Man i which
medieme must play a centra) role

In closng 1 want to sav that the Conference Progrim is on
expenment and that you are pant of that expenment We hope that
at these conferences yon will feel the froedom inherent in the
scientific method and will help us to improve our conference
procedure



INTRODUCTORY REMARKS
ROBERT F PITTS, Chairman

Let me add to Dr Fremont-Smth’s welcome my own very cordral
welcome to you all Some of you I have met only i a very m-
personal way through your saientific writings, 1t 15 a real pleasure
to meet you here and to exchange views with you directly Many
of you I welcome as old friends from whom I have m the past
dernved a great deal of mspiration

Basically we are gathered here because we have a common bond
of mterest n the hdney Some of us are biochemusts or enzymolo-
gists, others are clnicans, and still others are morphologists I think
we can find some common ground for free discussion 1n that we are
all basically functionalists By drawing upon our respective disct-
phnes, by freely exchanging our 1deas, we can both leam from, and
teach, each other

As the Chairman of this discussion group, I feel that the con-
fidence which you have shown by appeaning here at this conference
session d ds some justifi for the which has been
arranged

The kidney by mutual agreement is a complex organ Yet there
1s no organ which can be studied functionally more completely
the intact orgamism e are indebted in large part to Dr Homer W
Smuth for the methods we use 1n such studies but we should not
forget that we owe a great debt of gratitude to Dr A N Ruchards,
Dr P B Rehberg Dr D D Van Slyke and others for fundamental
contributions upon which these methods are based

Within recent years there has developed an increasing interest
in kadney function for mn what other field of human physiwology are
we so directly and urgently faced with the ulimate question, of
how an organ as a whole functions and how the mdwidual cells
perform therr respective tasks? Even on a clinical level there 1s an
attempt to rationalize therapy n terms of the fundamental nature
of the disturbances 1n cellular function

1t scems to me, 1f I may be permutted a very hasty glance into my
crystal ball, that we are on the threshold of major developments
in renal cellular kinetics, and that in the not too distant future we
may be able to look mto the cell and understand what transpires
there When we do, and when the rapid advances which are sure to

12
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take place sut 4 p our und ding of the altera-
tions of function fn d|scasc, we shail be a fong v\ay on the road

towards more rational and more effectne therapy
Because [ am so convinced that the future of renal physiology
lies in an understanding of cellular enzyme mechamisms, [ have
arranged a discussion of tubular u!)snzrphon and secretion from the
fal e » We e s :

M LN AL CLIIAT TURCHOT BUL L IAIAK \ € W1l AUl agTee, that as one
swallow does not male a summer neither does one enzyme make
a functionally active renal tubular cell We shall, therefore, progress
fater to a somewhat broader discussion of the enzymatic aspects
of tubular secretion and absorption \We shall then consider to what
extent we can fit these views into the challengang problems posed
by tubulir seeretion of potassium and acid and by tubular absorp-
tion of chloride, sodiim and water [ personally am fooling forward
to leaming a great deal from thns conference we all shall T am
sure 1f we air our views and discuss our problems frankly

Dr Oluner has very landly consented to disenss from the func-
tionally minded morpliologist s point of view the problem of tubular
secretion and absorption



14






16 Renal Function

1912) The dye 15 excreted in the urme and when he examined
sections, not 1solated nephrons, he saw that there was a talang up,
or absorption if you wall, of the dye particles 1n certam renal tubules
He came to the conclusion from the study of Jus sechons that t
was the proumal convolution in which this change occurred More-
over, he described a gradient of absorption 1n the convolution
which scemed quite reasonable, that 15, most of the dye was taken
up near the glomerulus and faded out as one went down the tobule
These refer to an 10n of the sit m histo-
logical sections, at best 2 subjective and difficult procedure Three
years later Ius finds were confirmed objectively by an exammation
of nephrons which had been 1solated by microdissection {Olwer J
The hust of chrome phritis with especial ref
to epithelial regeneration J Exp Med 21, 425, (1915)) Such dis-
sected nephrons are shown in Figure 1

On the extreme left 1s a nephron from 2 normal dog’s Midney
wlhich was excreting trypan blue after mtravenous myection and
lere one sees the typieal picture of the gradient begmning with
a considerable amount of blue dye absorbed into the tubule cells
of the proximal convolution starting at the glomeralus {A) The
amount of dye i the cells decreases so that about halfway down
the proxumal convolution no more dye can be seen Of course, if
we looked with a ngher magmfieation we would see some seattered
down a httle further but at no place else n the nephron are there
appreciable amounts of trypan blue absorbed This particular
process, as you ail know, has been given a special name, athrocy-
toss 1 sometimes wonder 1f there 15 any need for setting off this
process from some of the other mechamsms of tubufar absorption
Of course the absorption of a foreign body which 15 not metabobzed
mto the economy of the orgamism certamly differs considerably
from the absorption of somethmg physiological which 15 actually
used by the orgenism so that one would epect differences m
appearances But after afl 1t 15 absorption i both cases So, as 1
said 1 don’t think this word athrocytosis 1s a happy one

Putts T wonder f 1 could ash, Sor the sake of some of us, just
sehat yan mean he athrocviosts| e e

used to demonstiale aluluy
cases a foreign substanfe ok fo a wach a8

true that under pt o t some
hemoglobin get il;xto the tubule fimd They too are absorbed and
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18 Rengl Funchion

of course are metabolized withun the renal cells and 1 presume the
products of the metabohc change are ertther used or at least mam-
tamed m the economy Some would call this process athroeytosis
because the drops of hemoglobin can be seen for a certam penod
after the actual excretion of the substance has ceased, perhaps a
few days or so Then, as we shall see a hitle later, there are ather
substances n which the period of storage m the cell, athrocytosis
if you will, 15 even more veduced There 1s therefore 2 continuing
senes of ph from the handing of a sul hike trypan
blue where the foreign body remarns a Tong time stored 1n the cell,
to a substance hke egg white where 1t only remams a few hours
One might contmue the series to mclude ammo acids which are
absorbed and metabolized or passed on fo the blood m a matter
of minutes Electrolytes, I suppose, pass through the cells into the
blood m seconds wath Iittle or no mtracellular metabolic alteration
Therefore 1t seems to me this special term athrocytosis, has a cer-
tain danger unless one understands exactly 1ts significance

The other three nephrons on Figure I are from dogs that had a
chrome camine Bnght's disease as we can perhaps call 1t {Ohver,
| Bloom, ¥, and MacDowell M Structural and functional trans.
formations 1n the tubulir epithelium of the dog’s ludney m chrome
Bright’s Disease and therr relation to mechanisms of renal com-
pensation and fallwre J Evp Med, 73, 141 (1941)) Jt1s a queer
chronic mterstitial nephnitis which 1s gmite different from glomerular
nephntis or any other human disease, but 1t does have the same
ultimate effect on the architecture of the nephrons as the diseases
which one sees 1n man These nephrtic dogs were 1 what one
might call the compensated state of the disease although thewr
kidneys were far from normal and the nephrons were functionmg
m a different way Sull they were functioning and the kidneys as
a whole were adeq; pt )] fly Clincally, the dogs were
not uremie Certam imtereshng pomts come out as one looks at
different nephrons For instance the second nephron to the nght m
Figure 1 shows what extreme hypertrophy and hyperplasia can
oceur m the well preserved or less badly damaged nephron of the
chronic renal leston As I remermber we actually measured this one
1 forget the exact figure but there 15 15 or 20 times as much proumal
conyolution n this nephron s there 15 1 the normal one on the
extreme left, and as you see, 1t takes up the dye m exactly the same
way Although st takes up much more, the dye does not extend any
further down the comolution The localization or the relatre
locahzation at Jeast remams the same 1 thmk this obseration is
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i some interest hecause shepties have pointed out that hge size
nes notimphy s better functioning nephiron This preparation shows
1t thes are better @ least in handhing trypan blue 1 will admmt
1t Ws may secm o rather unnecessary funchion perhnps to most
ogs but sll 1t 15 cvidenee that 2 Lig proumil can do more than
smafi one The newt two nephrons on the extrome night show the
hanges which vecur when actnal arcuteeturat differences hue
cveloped You ean sec that the proumls arc diswranged so that
et w b stretch of than orerow tubule and 3t other places the
encral configuraton of the tubule hasy remaned more or less
nebanged The antertsting pomt 35 that where it bas remaned
nchnged morphologilly ts function so fir as the tnpan blue
s caneemed also Iy ramamed unchanged The blue dye 1y present
it i the strophic parts of the prounnt comvolution there 1s no
e atall These eedls are not dewd 1w ant to mike thit pownt qmte
Year ~ they are quite Aine The only diffcrence s that they behne
Lflcrenth and they function differenth Of eourse that lads to a
wmtter which Tus been a subjeet of some dienssion and perhaps
sen controversy namel how should ane wtopret eortam fune
tionat tests in abmormal Ridnovs wlich hndke tangs difforenth
from normal Mdnevs

n Wdnevs o which the neplirons e actualh dunazed the

HCLYF 2



2 Renal Function

nephron that had been entered The kudney was then taken out and
sent to us and we proceeded to get the marked nephron out Figure
4 shows the piece of hidney put mto hydrochloric acid In (A)
you can see that there 15 1k m one of the tubules That 15 the
one we went after To the nght above (B) you can see we are
dissecting and 1solating the nephron at the lower left (C) the
nephron 15 1solated but the loops of its tubule are stll entangled.
To the right (D} 1t has been completely straightened out We could
now make a camera luctda drawmng and allowing for foreshorten-
mng, run a map tracer around 1t and so maeke measurements We
could actually find the hole as mdicated by the arrow m Figure 5
just above to the nght where you see a break m the contour of the
tubule, so that we knew where the prpet had entered Then making
a camera lueida drawmng we could determine exactly the source of
the sample

FIGURE 5

Figure 6 shows typical findings The ratio betw een the concentra

d the plasma {TF/PL}) wos
s Of‘gl“C?Se " ‘the n‘d‘)‘u}i‘:—{i u'l‘?n?:nd to % 8 further {]mvn the

1 Finally 1t felito 0 4 and to
1n which mne tenths of the
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Here 13 another intercaing point 1 we look agun at Digure 6
fllustrating the normal absorption we find that stice ghicose s
practieily all remmved from the tubuhir fnid halfwn down the
provimal tubule the terminal portion of the proumal convoluted
tubmic fn the manm comes in contact with ony a vuny dow con
eentration of sur dunng normal bfe Ta a hwnan diabetc of
course the sitwation is ven different Here glucose reabsorption
1 weomplete and so the tenmumd put of the proumat eonvoluton
and the remander of the nephron come in contict with a con
sibinible comecnteition of sugie pordips for sews As san koo
0 the old davs before dibrotes was treated with fnsulin ghecoven
was sometines found In the Lidney in gemuhable amonnt {eee
Ligwre 0 (Olner 1 New direchions fn rendd worphalogy  The
Harcey Lect (19443} 40, 102 (19151} A< an the section shown
in the lower plctare the celle were so filled with ghcogen that they
hd been teandformed practieally inta notlang but huze ghobules
of gheogen This prcess e be Tocabized in disected nephrons
3 1o see on the lelt Here & proumal comalation 15 <hown at a
mgnification of 150 We have to mde iflutrations of s ind

I
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1 b the long nephron won't fit under the mcro-

scope in one piece Frobably thirty or forty negatnes have heen
cut out and fitted together to make s dlustration You can sec
the proamal convolution at the left 1 a sort of montage such as
the astronomers use for making pictures of the Miky Way, or the
A Force i making maps Its first half looks enturels black That s
because we preferred ta stan 1t that way to brng out proper rela-
tive valves What we are particolarly mterested 1n 1s the termmnal
part of the proximal consolition which is tremendausly distorted
since glycogen has filled the cells and turned the tubule wmnto a
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swollen lomp In other words, the part of the proumnl convolution
which 1s conditiened to or, one smght sav 15 accustomed to the
absorption of sugar takes care of 1t quite normaily in the diabetic,
but the portion of the proumal com olution which 1s not accustomed
to absorbing sugar gets into difficulty A simple evplamation —
perhaps too simple —~ would be that the cells of the lower half of
the prodmal have alworhed the sugar and then have not been able
to pass it on and that there then his been 4 synthests of ghcogen
i the cell The fact remnins howaver that the past of the proumal
com olution which handles sugar normally does not get nto trouble
and the part that is not accustomed to handling sugr does
1 would like expressions of aptmon regarding amy other explina
tion for such an intracellular comulation of ghcogen in the renal
cells There is ghycogen all through the nephron 1t 1s onlv this
extreme concentration to which T am ealling attention now  Is
there amy more hkely cause for an accumulation of gheoogen fn
the cells than by absorption of sngar from the tubule flud and
synthesis of glycogen in the ecli? Certainly the diabetic has lttle
ghcogen in tus Blood stream and so vens little could be passed on
to the tubule cell by eithier seeretion or absorption 1t seems unlibely
to me therefore that these accumulations can be of preformed
glycogen Of course there is 4 general disturbanee of the carbo-
hydrite metabohsn in diabetes and queer deposits of ghcogen
are found ¢bewhere so thit some genernl disturbance may be enter-
ing into the production of this senil picture Still it seems to me that
the most Ikely explination of such extreme intracellalir depouts
in the renal tubule 15 2 loeal synthests of gheogen from placose
mther than alsorption of preformed glicoten
AW hite: Dors thus depesition extend besond the provmal tubule®
Olicer On the extreme nght of igure 9 the distad tubnlar con
tolutian {s shown In the upper part of Qus segment of the nephron
there fs never any accumulation of ghiengen 1t s solid blael in the
Figure beese its cells are normal Just below the sohd black por
tion there it a hicht area where gheogen ins be coneentrated As
Thave naid there is ghongen all through this nephron just as there
fs ghoogen all theough the Juer and even the heart msele but it
fs localls evagzenated in the protumal tubule
So much then for the localirthon of glucose abwarphon and
gheogen sinitheds Sa far evinthing has been abnerbed from the
tubule The onfy daty that Thave on the reverse form of transport
pusaze fmm bhod to tehale which T stall @l “secretin™ has
to do agun with an attifcral dve neutral red There docs not seem
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1t 15 stained with tren liematon lin to show the rodlets You can
sce the long filimentous batoncts which Bl the proumal convolu
tion Then the perfuston was started and after a certam Jength of
time perhaps half an hour the lidney was fixed The Ludnes had
been functiomng quite normalls that s it had been absorhing

TICURE 1o

water and dlectrolites aud it had been absorbing sugr When we
looked at it st Jooked for 1l practical pumposes the sime s the
fist unperfused hidney (Fag 11V You ¢an stll see the rodlets
Thes are the Ding, flamentons objects

o, 8
fa

r' rf:“::‘ by

HCLR N

Then we bl anctler expenment in wHihowe started out ol
sune way We perfuse bone litney with e phida Lickes oot 1 )
anlsugar and here azun vou see what sou have seen in tle
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1t 15 stamed with won hematoxylin to show the rodlets lou can
see the long filamentous batonets which fll the proximal convolu
tion ‘Then the perfusion was started and after a certun length of
time perhaps half an hour the hidney was fixed The kidney had
been functioniag qute normally that 15 1t had been absorbng

FIGURE 10

water and electrolytes and 1t had been absorbmg sugar When we
looked at 1t 1t Joohed for all practical purposes the same as the
first unperfused hidney (Fig 11) You can still see the rodlets
They arc the long filamentous objects

FICURE 11

Then we did another expertment m which we started But"th
same way Ve perfused ene hidney with the plun Lockes
and sugar nd here agaum you see what you hme
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previous two Pigures, that 1s, long filaments (Fig 12

top of each other and they are nogt as clear as( t}zgyln g(x;flhl(;g theo::

could focus up and down, but thoy are certamly long Hlaments

Then we put some neutral red mto the Loche's solution and the

;\;%nsystbegﬁn to secrete 1t 15 well as absorb the sugar, electralyte,
water

FIGURE 12

After a certan leagth of time we took out that kidney and as
you see 1t looks quite different mn that the rods have disappeared
{in most places at any rate) and are replaced by big drops {Fig
13) 2 one looks at these drops n fresh matenal they ace red They
have a large amount of dye 1 them But here 15 an interesting
pont If one 1salates these drops they remtn discrete in the Locke’s
fiud there 15 something m them that keeps them mtct for they do
not mmmedntely dissohe and dissipate 1n solution 1f one prepares
some of the solated drops by cruslung the tubule and treats them
v2th Janus green the red drops tam a muddy green color In other
wards they tihe up the Janus green as well We will come bach
to the sigmificance of tins fact Jater, for the present e can assume
that we hwe seen a change m mntracelular elements, the rodlets,
that accurs i the secretion of a substance, neutral red, and which
does not accur 1 the absorption of water, electrolyte, and sugar
We therefore suggest that these appetrances are a part i some
way of the mecharusm of the secretion of neutral red,

More recently we have been mterested m absorpion and a

> situation, somewhat sumlar to that descnbed for secretion of the
dve, which seems to occur m the absorption of vanous protens
(Ohser, ] The structure of the metaboli process 1 the nepheon
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FIGURE 13

The Edward Gamaliel Janeway Lecture J Aft Sinai Hosp 18,
175 (1948)) This work was started during the war with a study of
vartous blood substitutes, mcluding gelatin and plasma proteins
We thus obtamed a lot of kidneys to study morphologically from
Dr Addis who was studying the functional way in which the
kdneys were handling these protems

Figure 14 shows what we find when the serum protein of the
rat has been rased considerably by mjecting large amounts of

i
?(\3@5 .

FIGURE 14
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rat serum intravenously or intrapentoneally If this 1s done 2 pro
temuna develops If one gets out the nephrons as can be seen m
figure 14 one finds intracellular droplets wnd these droplets show a
very 1nteresting locahzation They do not start out as one mght
expect m highest concentration near the glomerulus but there s
a strip of tubule 1n which the absorption or the number of droplets
1s rather small and then m about the middle third of the provimal
tubule the droplets begin to occur 1n great numbers and then 2gam
they peter out and disappear mn the termunal part of the provimal
convolution One does not see droplets m any cells elsewhere 1 the
nephron

Figure 15 shows egg white droplets 1n rat tubule cells We did
not use egg albumm but native egg white which 15 convemient
becuse 1ts p are of small molecular size and a lot of 1t comes
through nto the urine These droplets appear m the same part of
the proumal convolution as the serum protemn droplets If one
mjects enough this peculiar localization n the middle third dis
appears The convolution begms to fill up and the distnbution of

FIGURE 15
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drops extends so that almost the whole protimal tubule becomes
filled. The morphologist might nawely believe that they are in
part, at least, simply absorbed egg white. You will notice that where
one sees many drops the rodlets seem to have disappeared, but this
is shown much better in Figure 16 At the top is a higher magmfica-
tion of normal rods fused together as a result of the staining tech-
nique. The other two photographs show places where drops are
forming and you see diffuse masses of material in the middle figure,
and definite round drops in the lower figure. It seems very obvious
to a morphologist that the long rods have “dissolved.” They have
swollen and are disintegrating and one sees a lot of blackish ma-
terial about them. Now if one stains the same kidney that you see
in Figure 16 with Gram’s stain, he gets a different and much clearer
picture of the drops as shown in Figure 17, because the rods do not
take up the Gram’s stan, However, the drops are strongly Gram
positive and you see them very clearly outlined in great numbers in
the proximal convolution, The same stain can be applied to the
isolated nephron and we find them in the middle third of the
proximal convolution.

FIGURE 17
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What 1s the significance of the fact that they are Gram positive?
As you know the bacterologists have looked mto this matter and
have by means of hustochemical procedures mvolving the use of
crystallme nbonuclease demonstrated to ther satisfaction that the
Gram positvity of certan bactena 1s due to their content of
nbonucleic acid so we did the same thing to the sections of these
droplets (g 18) In the upper lefthand comer (A) 1s a section
through a kidney field with egg wlite droplets stamed with Grams

FIGURE 18
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stain and you see the cells are filled with drops An adymming sec.
ton of the same blockh was put i a very low concentration of
crystalhine nbonuclease We used two preparations, Armours and
Worthington s, and obtamed similar results The section 15 treated
with the enzyme for an hour or 5o, washed and then stamed with
Grum and you see the remarkable difference But you will notice
the drops are still there The nbonuclease has not digested them,
1t has simply more or less and in some mstances completely, re-
moved the stuning affimity of the drop for the Gram’s stam

Perhaps 1 should produce sometlung here that might be called
prima facie evidence At least 1t 15 temporary or provisional evi-
dence that the Gram posttivity depends upon the ribonucleic acid
content m the drop There have been objections to such conelusions
first, that the enzyme 15 not pure, that it has a mixture of protemn
dissolving enzymes in 1t, and also 1t has been clumed that aithough
the enzyme mny be pure, that the speaificity of its 1ction 1s not
complete One way of answenng these criticisms  though 1 do not
know that 1t 1s a complete answer, 15 to take a section such as (B)
which 15 Gram negative, from which presumably the nbonucleic
acid has been removed and plice 1t in a solution of a salt of
xil leic 1cd m nb Jeic nad In other words try
to put back what was taken out That 1s what we did and m (C}
you see the droplets are just as Gram positnve as they were before
the enzyme acted upon them Whether this fortifies the argument
that there 15 a considerable content of mbonucleic acid i these
droplets or not I will have to leave to the enzvmologsts, but it
seemed good evidence to us

1 have not gone mto the hteriture on this subject for it s 2
long story Other people have seen drops mn renal cells particu
larly the Belgian morphologists, Gérard and Cordier, and i ths
country Smetana and others (Gérrd, P and Cordier, R Esquusse,
Lune lustophysiologe comparee du remn des vertebres Biol fieo 9,
110 (1934)), Smetana, H and Johnson T R The ongin of collond
and hipod droplets 1n the epithelal cells of the rend tubule Amer
] Path 109, 1029 (1942)) They have exammcd the problem i
Aifferent wavs but T think 1t has been the assumption on eseryones
nart that the droplet was sumply absorbed protein However, you
ee our experiment indicates that a very consldemblc' part of lb;
Irop 1s not protem but nbonucleic acid, a fund tal element o




Morphological Aspects 87

the protoplasm of the renal cells In other words the droplet seems
to be a sort of coacervate or bination of p 3!
and the absorbed egg white

One can perhaps get at this problem more exactly if one grinds
up the kidney and prepares a suspension of the nucler red blood
cells and all the mtracellular el Tuding the fil
mitochondna and the droplets Such procedures have become stand
ard methods with biochemical cytologists One can prepare suspen
s10ms 1 sucrose or saline solution although there are advantages m
usmg sucrose All this must be done at a low temperature so that

FIGURE, 19 -
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That there 1s a further metabolism and degradation of the egg
vhite, even the morphologist can show What I have been descnib-
ng 1s the mtracellular status 17 hours after mjection Evamma-
1on of Gram stamed sections from lidneys at varying time m
ervals after the mjection of egg white shows what mght be
lescnibed as a cycle of change 1n the droplets At three hours they
we few m number, small and only weakly Gram positne At 17
wurs as I have descnibed, they are large, deeply Gram positive and
o numerous as to fill and distend the cell body At this time an
yecasional droplet can be found which erther stamns less strongly
r 15 physically disintegrating as 1s evadent by the broken contours
of the droplet The ntracellular “digestion” of the droplets pro
ceeds so that after 72 hours only a few persist Strangely enough,
these few scattered droplets may be present for weeks

In other words, we have morphological evidence of the fact
that the egg white 15 beng acted upon by enzymahc processes
within the cell and that 1t 1s bemng broken down It therefore 1s
not surpnising that at 17 hours we found only five percent of native
or ongmal egg white What we are domg at the present time 15

- e N +4' *n the eather
we can thus

. 1etabolism of

the egg white wathin the droplets in the renal cell There 1s just one
further tubular process which I wish to consider from the morpho-
logical viewpont 1 cannot say whether 1t 1s absorption” or ‘secre
tion’, only that 1t 15 an mcrease m the concentration of mineral
salts 1 the cells of the nephron One can study this process very
accurately by getting the nephrons out on a shde and memerating
em and so destroying everything but nonvolatile mmerals The
ash settles down on and adheres to the shde and produces the
so called spodogram This 1s a replca of the ongmnal structure of
the tissue which has been meinerated One can mcrease the mmeral
content of the kidney by giving calciferol and parathormone
Whether this mcrease 1s evnidence of an “absorption” or “secretion ™
or just simply a “deposit” 1n the renal epithelium I don’t know but
at least there 1s somethmng about the process wiich you can see
This 15 the speaific localization shown i Figure 20 (a) These are
spodograms from a normal rat To the nght 1s the blood vessel which
1s curving around and from 1t come afferents on which are glomeru-
lar tufts, the round objects There 15 not very much mmeral tn the
vessel or 1n the afferents which are therefore difficult to see Then
below 15 a glomerulus and the first part of a proamal com olution
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enzymes wont change everythmg One can then separate the par
ticles mto fauly pure fractions by repeated centnfugalzations In
this way the drops may be separated from the rodlets or mitochon
dria There is a supernatant left which contams what are usually
called microsomes We have gone no further n trying to separate
these mtracellular particles

Some examples of our preparations are shown m Figure 19
Above (A) 15 a mixture of everything You can see short filamentous
particles which are mtochondna and round drops that are con
siderably larger Also you see debrs and large objects that are
probably red blood cells Below the suspensions are fauly pure
At the nght (B) 15 a relatively pure suspension of mitochondna
though there are a few round objects that may be droplets Cer
tamly the suspension of droplets on the left uide {(C) 15 T think
remarkably pure

Graffin This 1s 1 sucrose?

Ohver Yes The procedure 1s sumply an adaptation of other
people s methods Hogeboom Schneider and Pallade were the men
who established the particular methods we are using {Hogeboom
G H Schneider W C and Pallade G E Cytochemical Studies
of Mammalian Tissues 1 Isolation of mtact mitochondna from rat
liver 7 Biol Chem 172 619 (1948)) After the suspensions were
prepared our biochermst Dr Werner Straus analyzed them

Ou mterpretation of the biochemical analyses of the particulates
s that the mtracellular droplet at 17 hours consists of 2 smal
amount of egg white determned by wnmunological methods and
2 considerable amount of something resembling the mutochondral
substance of the rodlets 1n 1ts ipd phosphorus and nbonucleic aod
phosphorus This wonld seem to support the morphologteal sug
gestion that the drop 1s not a drop of egg white but that 1t 15

omposed of cytoplismic elements (mtochondna or rodlet ma
enal) and absorbed protem

Such a conclusion 15 mteresting because 1t complicates the whole

matter Tt also leads to a possible extension of aur knowledge of
ust what 1s gomg on mn the renal cell when 1t absorbs protein It
has heen shown by others that certun of the enzymes are concen
rated in the mitochondna One mght suppose therefore that
vhat we are seeing 1n this combination of cytoplsmic mateaﬂ
mitochondria) and egg white 15 the bnngng together of the
ubtrate (egg white) and the enzyme and that the draplet fmﬂ;l
10n 15 the mechanism by which the two operate in the intracelfular
netabohsm of the absorbed egg wiite
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FIGURE 20(b)

words theie has been an mereased concentration of nonvolatile
minerals in the proumal comvolution after the admunistration of
calcferol Looking at the ascending hmb and the distal below it
ean be seen that this 15 not the cise There 1s no more than there

1 1t that one can hardly see its outhne So here agan there seems
to be a defimte localizat on of a metabolic process that can be seen
by

parathormone 1s required to produce damage It 1s an interesting
pomt that if one stuns these ladneys in wlich the nephrons con
tain several times their normnl caleum or total mineral ash by the
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and here the mmerals are more heavily deposited 1 think that the
wregulanty 1s the result of our miceration We have to soak these
kadneys i hydrochloric acd 1n order to dissect them and this tahes
out a large amount of the mmeril We have actunlly determuned
how much 1s taken out and under our particular method of macera
tion about nine tenths of the total mmeral 1s removed by the
prelmmary treatment with acid So this Tigure shows only 1 part
of the origmal total This 1s probably fortunate for if 1t were all
present the preparation would be so dense ind heavy that no detul
would be discermble It 15 clewly seen that the proumal on the
night has much more runeral m 1t than the ascending hmb and
distal which 15 upside down and m part almost mvisible from its
low ash content on the left
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If one gives an ammal calaifero] (or parathormone) and mjr;aslf:
the mmeral excreton (Tig 20 (b)) one obscrves 1 very €€ Qﬂ‘jf
change 1 appearances an overall change but the same smd o
relatnn e distnibution At the top 1s the proumal cont olutton ans n
1t onc sees what one mught call plates or cahed sohd m-‘ss!v;‘ o
muner1l ash Most of 1t of course 1s caleum but other dclm]mothcr
increased too It s quite different from that first proumal In
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conventional methods which the pathologist employs to demon
strate what he calls calefication one can see np imcrease m
catcium at all There 15 no caleification 1n the old semse of the word
I thmk therefore that here we have found a method of studying
what mught be called the prelmnary stages of caleficahon before
the actual deposit 1n 1ts obvious hustologieal form occurs

Schroeder Can you tell where 1t 15 1 the glomerulus?

Olwer In the tuft We have some photographs 1 which one can
see the tuft of the glomerulus quite clearly wath 1ts lobultions and
1 it the concentration js high

These then are the examples which T wanted to show mn which
a morphologist can at least pomnt and say “Here something 1s hip
penmng Often he cannot say much more than this at times by
crude histochemical procedures he can guess but hes hope 15 that
now the biochemst and enzymologist can step m and say what
really 1s happerung 1n these places where structure has been dis
turb

DISCUSSION

Shannon 1t mght be helpful for Dr Graffim to comment on
some work he did several years ago His work on the ce-)l:ﬂar if

Grafffin It has been adeq 1y d ] that the p 3
lubuleﬁ( 1e the entire portion of the nephron provided with bn‘ish
border extending from the glomerulus to the transition to the ‘f“t‘
segment) of the cat and dog nephron charactenstically cnntax‘r;s :2{
under normal conditions and that this fat 15 regularly dxs\r: ute
m a particular manner m the two species (Peter k. Die E\(eren

[

1thelzellen der Sangetiermere Arch f muhros Anst
5!;)11) Nakamura S i Beobachtungen uber de Fette u; , dir;
Harnkanalchen von Aatze vnd ¥und Foha Anat Japon B
(1935)) In the cat the entire pars convoluta and the \qypex{ pomon
of the pars recta are normally fat Inden while the termunal IZIOe o
of the pars recta 1s fat free In the dog the res ene( 1; mxzm :Mm
being confined exclusively to the termmal porion of the p
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FIGURE 2

may be summanzed as follows At the glomerular end the fat begins
abruptly with 1o apparent neck segment The fat droplets here
are of both small and medim size and are quite numerons For
a short distance distally along the tubule they gradually wcrense
m size therr numbers remuning essentially the sime  After the
fat deposit has become heavy it remains so untf{ near the distal
end of the first segment, where the fat gradually dummishes At the
end of the first segment the fat stops abruptly and completchy, the
second segment 1s whollv fat free

If we drop back to the fishes and hmit the discussion to four
representatin e species with which I am personally well acquamted
the proumal tubule w the aglomerular toadfish (Opsanus tan
manne teleost} evhubits only one cell type, whereas the proamal
tubule in the glomerular sculpin { Myotocephalus octodecimsmnosus
marme teleost) cel (Anguilla rostrata curyhrlime telcost ) and fung
fish (Leprdosiren paradoxa fresh water) shows a differentiition
mto two fistol Iy distinct ts The arises as to

what fundimental homologies 1f any, exist betwcen these differen
tated p in the four rep ve

pl under considera
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were always achieved more or less gradually, with no suggeshion
of sharp intersegmental transitions On the ather hand, 1 the
majonty of the tubules studied the termunal portson of the proumal
tubule was set off from the remainder of the proximal tubule by a
rather abrupt alteration 1 pigment deposition and, m addition, by
the presence of 1solated pigment-laden epithelial cells The average
length of thus terminal segment was approximately 25 percent of
the total length of the proximal tubule (Graffin A L The storage
and distnbution of won containmg pigment and the problem of
segmental differentiation in the provumal tubule of the rat nephron
Am ] Anat, 70, 399 (1942))

Adequate cytological evidence for such segmental differentiation
of the prommal tubule has never been suppled for the other
laboratory mammals or for man

Shannon My question was prompted by Dr Olver’s comment
about the deposttion of glycogen i cells of the lower part of the
proumal tubule when exposed to glucose He suggests that such
an abnormal accumulation of glycogen occurs because the cells
m the Jower portion of the proumal segment are not normally
exposed to an environment of glucose on therr tubular lumen side
He also suggests that glycogen does not occur 1n the more proximal
portions of the segment since these cells are normally exposed to
glucose It seems more likely to me that there is a functional dif-
ferentiation withm the proumal segment and that the abnormal
accumulation of glycogen under Dr Ohver's porticular expert-
mental condition results from the different functional potentialittes
of the cells 1n the area concerned rather than from the circumstance
that they are under huis conditions, first bemg exposed to an
abnormal environment This 15 merely to emphasize that m the
teased total nephron one cannot consider the proumal segment
to be made up of cells that are wholly homogeneous The difference
in morphology certamly carnes with 1t a suggestion of a difference
in functional potentialities

Graffin T should like to ash Dr Olver whether he sees a very
sharp transition 1n the proumal tubules of Jadneys exhibsting heavy
deposits of glycogen

glzuer Ol};x,yyesg We have dissected terally dozens of glycogen
kidneys and they are all just the same ome 1s the dead ringer f‘;'
the next except in the amount of degree of swelling The tubule
goes along quite even and straight and then suddenly swells where

the glycogen has been deposited
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Wilhelm: 10000 to 16 000

Olwer Such as the basic p protamines for ple? The
trouble with them ss that they are very touc

Wilhelm:  Another one not towe 15 cytochrome C which you
could use

Ohver Could we see 1t 1 the cells?

Walhelm: You can see 1t spectrophotometnically because 1t has a
nice nucleus for absorption

Schroeder Unfortunately 1t does not stay m the kidney as cyto
chrome C There has been some work done by Bemert et al with
cytochrome contunmg radionctive won and the won 1s found m the
ferntin fraction 1n the kidney and hver (Bemert H Maier Leibmtz
H Richey E O Ressmann k. Further investigation on the mjec-
tion of respiratory catalysts i an 1ttempt to improve anova toler
ance School of Aviation Medicine Quarterly Rescarch Report
22 (July 1 to September 30 1949)

Wilhelmu  After you give cytochrome C?

Schroeder It very ramdly disappears A considerable amount 1s
excreted 1n the unne and the rest of 1t 1s \pparently changed much
of the 1ron being taken over mto the ferntin frachion

Olwer 1 know nothing about 1t As to the preparation of eyto
chrome C can one prepare a considerible amount easily?

Binkley You can buy 1t easily

Olirer What 1s 1ts size?

Wilhelm: Between 10 and 16000 so st would be roughly one
half to one third the size of albummn

Ohwver It mmght 1 jts pattern of bsorption resemble more
closelv trypan blue

Bott ;ypsm] have some of that PPD protem that Dr Florence
Siebert let us take which seemed to be about 83 percent permeable
and that has a moleculr weight of about 14 000 I do not Jnow how
you can detect it but 1t does have many charcteristics of a com

te protem
pli)hﬂvr It 1s renlly the Jarger plamcles that I would like to try
t rather than smal
mxl?gt:] lgia{it\de:}sﬁnd Dr Olver that vou think the glomerular
membranes of the rats kidney are more permeable to serum pro
th, f other mammnls’
‘exglfu,::] E}‘]lf\’::g xggjlmpressmn and 1t 15 hased on work done 23&
Dr Addis and by Dr Gikson (Gilson § B Studies on pn}l'eimu e
in the r1t Proc Soc Exp Biol and \Med 72 609 (1949)) Tdo L'L_s
think there 1s anv question that serum albumin for nstance g
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find (Bott P A and Richards A N The passage of protemn
molecules through the glomerular membranes | Biol Chem 141,
291 (1941))

Wesson s 1t possible to snterpret some of these morphalogical
gradients down the proxmal tubule which Dr Olner and Dr
Grafflin have desersbed on a functional bsis? What 1 have i mind
1s thes The tubular flnd 1 one portion of the nephiron will have 2
different composition from the flnd 1n another portion Perhaps the
differing apperrance dof the cells rep the resy to dhiff
composstions of the tubular flud Both the concentration and the
mass of any pirticular substance in the tubular fud may merease
remaw the same or decrense as the flid moves down the tubule
In the ewse of collowds there miy be 4 tendency for the tubular
flud to separate out particles of different sizes i different regions
according to the physical properties of the flow In the case of
proteras 1t mght be possible that the rate of accnmuiation by the
xsxells 1s some function of the concentration of protemn i the tubular

md

Ohver 1In the case of trypan blue that 1s the way I had rather
vaguely thought of the process That s the amount avulible falls
s the substance 1s bsorhed and thercfore one naturally expects
an evenly falling gradsent but when one considers those substanees
that show first 2 fow absorption 1 peak of absorption further down
and then a drop s the protemns do then I do not know how to
explamn the gradient on simple physical factors of relative concentra
tion The rite of bsorption of water 15 faster than the rate of
absosphon of protemn and therefore the protem becomes more
concentrated and therefore more 15 1 contact with the cells so they
take up more You can thunk af vanous passilities which get
ternfically comoheated I do not know any way of measnunng the
factors mvolied

Puts 1 suppose change in wanic environment might change the
physieal properties

Oliver Tmy sy with all

due deference to my fellow morpholo

st Dr Graffin that thongh I hae never had any doubit f(‘bxaut
the dhfferences 10 cell pattern T b not thonght of the pu;);f’ﬂ
frara this wngle alone I have thought the gradient 1 duc‘vm yi-x y‘);
to unhnown physical conditions As the find goes dmmyt he h; i‘{‘:f
the jonic pattern changes and this mioht cwse great Pl nlsw; She
ferences 1 the state of the protew which 1 10 hie :\h;m' ;f;hlo o
change 1n 10me patiern might be eiher more o1 less 1\“1 e o
cell actaties so that under some condinons they wauld ai
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more and others less Wathout trying to go wto it, I had always
thought of this sort of mechamsm rather than that there were
different cells that had a different job to do

Pitts X wonder f i this connection Dr Farster nught not want
to cormment on the neuntral red story

Forster Yes, by way perhaps of foreing a definstion out of Dr
Sharmon or some others of the word secretion”™ I would bhe to
refer back to Dr Olvers clean cut experiment m which he per-
fused the frog s ladneys Brstwath 1 che's solution and then remored
one of the Jadneys for hustological tudy The g
was perfused with Lockes solution plis neutral red for a penod
of tume and then also exarmned hr tclomcally So then he had tno

dreys one of which had secretr | neutral red and the other
one which had not secreted neatral re 1 nor any other kand of sub-
stance Then as you remember he p nted out that as 2 conconntant
of the secretion of neutral red therc w i< 2 change 1 the nature of
the eytoplasmic structures The fil u1 nt us structures changed aver
wto droplets or at Jeast the droplcts s re present when a substance
was being secreted and those dr plet were not present i the
absence of secretion

he mechamisin of transport or sccretion” if we can use the
word of neutral red 1s quite unlike the transport of such substances
as phenol red { phenolsulphonephthalein ) diodrast p ammo hip.
purte aod and those compounds which we ordinanh use for
measurement of tubular function Neutral red 15 transferred only
a3 long as the urne 15 mare 1wd than the Bind on the other side
of the tubule cells Furthermore neutral red continnes to be
“secreted” by cells even after thase cells have been treated by such
metabolie powsons as cvanide whereas such exposure to cvamde
or other mhibitors blocks the sceretion of phenol red (phenolsul-
phonephthalemn) As lang as the umme 15 10d the morcment of
neutsa) red from the pentubular fimd mto the Jumen can be
obseried even sn the presence of metzbolic whibitors A common
atory expeniment 1n general phisology which I beheve, was

Sugsested onginally by Chambers pouts up agam the need for a
defimtion of this phenomcaon which T don't think can be called
seeretion He showed that an excised frog s bladder contarming acd
ute tied up to form a sac and dmypcd mto an alkahae solution
“ontammg neutral red will “secrete” nentral red across the ert
membrane untl 2 high concentration of the dve is achseved

Another difference between neutral red on one hand and such
oher substances as p ammo huppunc 20d diodrast and phenal
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red, on the other, 15 that the former stains the more acid vacuoles
withm the cell and becomes concentrated 1 intracellular droplets
This 15 not the case with phenol red As an isolated renal tubule
preparation, fish tubules may be placed 1n 2 balanced 1sotome salt
solution contaiming one milligram percent of phenol red Direct
observation of these tubules in vitro reveals that phenol red 1
secreted until 2 concentration of dye 1s achieved mn the lumen of
as high as 100 mihgrams percent Phenol red moyves agamst a con
siderable concentration gradient, iwrrespectine of the pH of the
urme without at any time an mtracellular accumultion of dye
becoming apparent

I wonder whether we can make a distinction at this time between
these two mechamsms of cellular transport as exemplfied by the
movement of neutral red on one hand, and by the passage of phenol
red, p-ammo hippurtc acid, pemallin diodrast, etc, on the other?

Oliver 1 am sure that neutral red 15 a very specal case T think
everything that you have just mentioned 15 more or less impleit
m some exrly work we did For instance, the effect of acid on 1its
excretion we considered before Dr Chambers and Dr Kempton
became nterested n the problem (Olner | and Lund E M
Cellular mechanisms of renal secretion 1T The Functional Phise
J Exp Med 57, 459 (1933), Chambers, R and Kempton R T
The elimmation of neutral red by the frog’s hidney J Cell and
Comp Physiol 10, 199 (1937)) We tnied n few perfusion exper:l
ments with phenol red and abandoned them just becuse phenol re
did not behave n the same way as neutral red Morcover we coul
not see the things that we could see with neutral red and bemg
morphologists we wanted to use something that we could sce

1 remember an amusing mterchange of letters with Dr
Chambers durmng s work on the problem of the effect of acidity
on the excretion of neutral red, in which we both wondered what
“seeretion” was and when we should use the word and when \\;
should not My attitude has always been that I dld“‘n()( know mllr
therefore I did not Iike to set up some particulir thing 1n atsel
called “secretion” as different from other forms of cc]lu]:;\’r passage,
I think T suspected somethmg sitalistic about the term secretlone
and therefore T just didn’t hke it No doubt T acted from pur
adice

prc\!:)“ can even extend this sort of argument to mclude tcrmls) IIL:
“absorption ” All these things go together so that when“v.c‘ bcogl:c
tallung about “sccretion,” “absorption” and abm:]t somf mcI:; ol
process” in the cell, we are making very artificial distinctions
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toxerty  Morphologie studies of the hidneys of these anrmals re
vealed httle in the way of mformation which would mdicate that
maidental to the transport of these substances across cell walls
abnormal accumulations vecurred m the cells themselves

In general my feelng is that 1t 1s quite important to differentiate
between what we have felt 15 a non specific movement of materal
across cells and the biological mechamsms which are availble
withm the renal tubular cell to produce diffuston gradients at the
expense of energy These latter are commonly called secretory or
transport processes

Oliwer What would be some of the bona fide secretory actvities
1n contrast to those obseryed n the handling of neutral red?

Shannon  Phenof red 15 2 good one A great deal of work has
been done with it As Dr Forster brought out, there are apparently
sharp gradients under the brush border because phenol red does
not stamn or concentrate n cells

Olver 1 am not quite sure of that I have the recollection —it
has been a long time — that we did see droplets of phenol red
some of our perfused kidneys

Shannon You do 1f you use very high concentrations but not m
the ordmnary concentration

Olwer These were n perfused Mdneys

Shannon In the chick mesonephric preparations of Chambers,
one does not find any degree of concentration of phenol red mn the
cells at ordinary concentration However, 1t 1s my recollection that
when Dr Chambers went to such high concentration as 100 mg
percent, there would occur cellular mclusions rather deeply stained
Dr Chambers took these as an mdication of tovicity of the phenol
red to the cells The fach of such an occurrence at lower concentra-
tion was taken to mdicate that these are not an essential part of
the transport mechanism

Olwver Of course the morphologist does not like to be told that
as soon as he sees something things are abnormal, although T wall
admt that this at imes may be the cise

Bott Dr Shannon, do you make the same distmction hetween
reabsorption of glucose and the so cafled reabsorptian of proten?
1 don’t feel that thev are the same at all

Shannon 1 feel that the reabsorption of glucose 15 quite different
from the reabsorption of proten wholly apart from the difference
m phy sicach 1 char 1cs of the two The eyto-
logeal studv of cells durning an active seeretory process on cxpdDSUfc
of & renal cell to protem solution 15 difficult since the control kudneys
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or the control cells are not mn a truly resting state Consequently
1t 15 not logical to conclude that the transport of protein creates a
eytological preture which 1s specifically related to an actively secret
mg cell as opposed to a resting cell The tubular cells m the control
of lidney are far from resting since they are actively domng work
with expenditure of energy m the reabsorption of salts and other
solubles I suspect that when one imposes an abnormal variable the
cytological picture must be a reflection of the cells reaction to that
specific vanable and the morphologic change with the protemn 1s
not one which can be interpreted to indicate the morphologic
change which 15 to be expected with t vanety of transport processes
as contrasted to what 1s present i the rest of the cell

Olwer As I understand 1t then any morphological change which
1s seen 15 per se abnormal?

Shannon You have changed the normal economy of the cell

Olwer That leaves the morphologist in the situation where he 15
not much use

Shannon No sir I would not say that It leaves the morphologist
m the positon where he has to carry that thought i mnd
mterpretation

Oliwer We have all that m mund

Fremont Smith  Abnormal with respect to what? With respect to
the problem you are dealing with? It seems to me that a change
can be looked upon ether as a normal or abnormal change of
function

Shannon The pomt I wish to emphasize 1s that the so called

1t can be used s a control but not as a so called resting control
It 1s difficult for me to see actually how one can obtain an adequate
control 50 as to 1solate one functional charactenstic from all other
vanables

Fremont Smith You feel that the control should hawve been the
normal resting, cell?

Shannon To which you dont htve access

Oleer No cell 1s “resting excent in death Both morpholomsts
and functionalists must accept hning cells as active and use them
as “controls” under anpropnatelv similar conditions

Heller Tt myy be difficult to armve at a picture of resting cells
m the frogs proumal tubule even when all exogenous substances
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which are known to be secreted are excluded There 1 good evt
dence 1 a paper by Marshall (Marshall E & Jr The secretion of
urea 1n the frog J Cell Comp Physiol 2 849 (1932)) that the
frogs ludney secretes urea Your control kidney presumably was
secreting urea all the time?

Olwer Only that urea which might have been brought to 1t by
the Lockes solution washing through tissue I would agree with
Dr Shannon fully What he descnibes 15 the 1deal procedure for
both the morphologist or the functionabst but 1t does not seem to
me 1t 1s compatible with any realistic activity on the part of an
mnvestigator

I have had a tremendous boost from Dr Opes cytological work
of the last few years He has taken a cue I think from the biochemst
Instead of trymg to preserve tissues perfectly to fix them evactly
without change he deliberately nips them to pieces by letting them
macerate m fluids of vanous sorts In other words he does just
what the biochemust does when he begmns boilng leaching pre
apitating and what not No one doubts that by this method the
biochemists have learned somethmg They do not try to handle
tissues or their problem m a physiological “way They do quite the
contrary They disrupt things and find out artificial” facts yes but
from those artificial facts they can perhaps go back to physiological
conditions I think the expertmental morphologist 1s m the same
situation When he uses something ike neutral red that 1s obviously
a foreign matenal he 1s under no illuston that 1t bears any m
mediate 1dentity to the handhing of some 1deal physiological sub
stance but at least he 1s finding out something

Fremont Smuth The phystists taught us when they tred to
measure speed and mass of the electrons that you cannot obserl\)e
any phenomenn n nature without changmng them — becauseh Y
virtue of observation you are changing them If we accept that
premise then our job 15 to specify the nature of change we nduce
by observation and how 1t affects the interpretation of observation

Shannon That 1s a perfectly vald pomnt 1 think we do have an
expermmental approach to such a problem If one examumnes a S;r::;
of other transport mechanisms such as glucose phenol red dio lr
or the like one way or another and if one exammmes the cytol ffay
of the particulir part of the Lidney mvolved at very low co]ncenthe
tions of a perfusing flnd and t very high concentrations wi ]exethat
mechamsm 1s saturated one then has a cantrolled obsers 'th; the
has more v alidity for comparative purposes than when a comple emY
new vanable 1s superimposed upon a senes of unknowns Presu
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expect work to be done and you could descnibe that wath a httle
elaboration as mvolving an active pnnciple There are as we know
from Donnan effects mstances i which one can end with different
concentrations of 1ons provided that you begin with the system at
disequilibrium and allow 1t to come to equilibnum I think that
this need not apply here since 1t 1s difficult to imagme that an
organ ke the kidney rmght amve at 2 condition hike equilibnum
m physical chemstry

Forster 1 would Iike to get back 1f I may to the question which
was rased before whether materials m the course of transport
across the renal tubules accumulate 1 the cells or not Dr Olser
made the point that perhaps neutral red did not differ from phenol
red m this regard In the passage of neutral red not only does one
note accumulation of dye 1n the lumen but also 1n the mtracellular
droplets which become mtensely stamed This 15 a colored photo-
graph {Frontispiece) of an 1solated renal tubule taken from a fish
and placed 1n a bal d salt sol which had oqgen
bubbling through 1t and contained a one mulhgram percent con
centration of phenol red It 1s appaent that the cells of the renal
tubule hae not taken up any of the red dye Imasmuch as the
protoplasm 15 shghtly alkaline one would etpect that the phenol red
should stan the cell contents if the dye were present in any sig
mfcant amount The dark Iine mdicates the accumulation of phenol
red m the lumen which m this mstance approached a concentration
one hundred times as great as that m the flurd bathing the tubule

I think you showed Dr Olver and I know Chambers did that
phenol red accumulated m the cells only when instead of one millt
gram percent or so the tn vitro solution contamed dye 1n concen
trations of the order of twenty five milligrams percent The situation
where dye 15 taken up 1 high concentrations intracellularly 1s quite
different from that which prevails with the transport of phenol r
at low plasma levels We have reason to believe that the mechanism
mvolved n the latter 1s the same as concerned with the transport
of diodrast p ammo hippunc acid and the other substances cv.lsd
tomanily used for renal plasma flow measurements This 15 mdxca(;
by the observation that the addition to the n vitro sofution of su
stances that compete for transport such as caronamide pemcnl].mf
diodrast and p ammo ppuric acid will block the transport 0t
phenol red Presumably this dye 15 carned across the tubules withou
accumulation 1 the cells and its transport 15 facihitated by some

on the part of the cells There are
oo Lo eor . t mechamsm and that

expendit
two basic differences between this transpor
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the macrophages routmely segregate the dye m vacuoles or droplets
which at least 1 the majority of nstances, so far as one can tell,
do not pre-exist in the cell The size and number of these vacuoles
tends to mcrease with time, and many of them are very highly
colored 1ndeed
Oliwer By “segregate’ you mean “concentrate’ P
Grafflin Yes
Shannon This would appear to be an excellent eximple of what
N -~ oo M 4 occurnng m
would appear
- . . portant to ap
preciate this and to appreciate further that when the phenomenon
does occur 1 a cell capable of active secretion, the phenomenon
itself 1s not necessanly related to the latter function
Oliwer These general facts do not make the situation different
1t sumply means that what we are dealing with 1s the very funda-
mental process that living cells have of absorbing neutral red What
happens then depends upon what the cell 1s The kidney cell passes
it on to the tubule lumen
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by a mugration of the sodium 1on from carbovyl to carboxy ! grouping

We have spoken of the system as one that requires glutamine as
a source of energy It s quite possible however, that amide group-
ings are formed on the protern and glutamine 15 mvohed only as
adonor of amide groupings to the protem In fact, such a mechamsm
1s suggested by our observations that there 1s a loading of the
enzyme molecule with amide groupmgs dunng the course of
enzymatic activity

It 15 obvious that a major consideration m any such mechanism
1s the architecture of the cell It 1s unfortunate that the hidney 15
so completely unidirectional 1n 1ts actnv sty for such behavior imposes
many restrictions on any model that may be proposed
Acidsfication of the Unine

Pitts has shown that acidification of the urine can be explamed
(8), by known reactions of the type of resin we are proposing as the
absorptive umt When a salt of a strong base and a weak acid reacts
with a carboxylic acid resin, the equiltbrium hes well toward the

left
Protein - COOH + NaX7Z——"Pro em—COONa + HX

It would be expected that sodm or potassum salts of acetate
or pyruvate, or disodum phosphate would take part m such
reactions
Formation of Urinary Ammonia

It 1s charactenstic of carboxylic acid resins, such as IRC-50 that

may be displaced by hydrogen 1005 n the range of pHl
developed by the reactions described above for the aaidification of
urme It 1s difficult to wisualize how pemicilin and pheno? red are
transported across a membrane I frankly don’t know, but what I
can do 1s to gve a suggestion For mstance we have found that an
nhibstor must have three qualifications (a) It must be an amon
It must be capable of bemg an amon at the pH of the bulfer used
most of them contamn carboxyhic acid groups (b) It must contallr‘l

some type of resonating system 1nd (c) 1t must contun 1 Jarge
oF e thel n(rc) hibitors Such things as

up For 1nst: the p

§ro } 1te, acetate prop and pyruvate are activators hat
as the higher acids are reached they become mnduffe and evcm\
ally became weak inlubitors That 15 an obseration which 1s shghtly
remuniscent of some work that has been done 1n the orgame cherms
try of the armde groupmgs Stenhardt has shown that a large gmUII:
of materials ad or catalyze the hydroly sis of amide groupmngs (4)
has been suggested that amide groupings combune wth these amome




der
Sram ncn}mg by, hancr orealme
fo, tunagey, Fating |, Yery hee] effect tpo, ths 'Z) me
Creyy, ¢ pImSpbatc hoy, Cior belme.r Ven el liko gl Clne Or
Some Rlerog US g5 g, e glularmna:e Muselo & a5, Tateq
In the aclom; 051 oy, Pley Ins far 2 e Can d'efonnmc ¢
3ty of 2at has the glutnmm Clivigy
Rep Erp Ne
l.’lmcu r ANp ARArgy, X ispy Slatyyy, One
b}dro]ygls by ssyag ity Eof Cheyy 3 L27]
2 Van 8 b

b, o Gluf.:lmne ® Source Mater,yy of
unn.uy :lmy,onu 7 Brop Chepy 150, 98y (1913/
3 p Rr Renyf Xretigy f ac,q et p,

T g 1945,
Smwmnr 7. rhefmsky of ning 2y ang Proteng Any
Rey Bioehe, 4, 248 1945)

15 c S10 &
t'!uri,ec lauld U tol) s hoy, toy s N2 mes
B, ey, 10;

Jo pn-pm' Y
g, Y Oy prommu n g from Pig Lxdne) It Devt Dot b, frog)
bug “n b, Storag Troze,, One lxundrcd Brams of Mg Kiddne, Dlug



0 Renal Function

1000 mt of 001 VM sodium barbiturate pH 11 15 homogemzed
and heated at 45° for two hours This 15 centnfuged at 6000 for
twenty munutes Then the supernatant 15 dalyzed agamst distilled
water for 24 hours The distilled water 15 changed ~bout esery four
or five hours Then we pass m CO for a long time The enzy
matically 1ctive matenal 1s precipitated As we punfy at it becomes
more msoluble We start with 100 grams of kadney and end up
with the enzyme m two hters of 0 61 M sodium carbonate bicarbon
ate mixture of pH of about 85 The next step 1s alcohol fractiona
tion If we frictionate at this stage wathout changing the ome
strength the active matenial 1s precipitated between 3710 and 6/10
volumes of ethanol In other words to two hters we would add
600 cc centnfuge discard that matenal and add another 600 cc.
and centnfuge

We have vined 1ome strength many times for further fractiona
tion If the matenal is dialyzed exhaustvely one may add three
volumes of ethanol and centnfuge to get nd of inactive matenal
then pass m CO to precipitate the active matenal We lose at
most about 10 to 15 percent activity when treated wath acetone and
stared n the desiecator it 15 stable for months

Letter Have you extracted renal cortex and meduila separately?

Binkley We have tned to We have not made much progress

Winte Do you have any obsenations on red cells say of man
where sodium 1s pumped out and potassium m?

Binkley That 15 about the only species on winch we hase any
information This brings up one smportant pont In the red blood
cell glutathione predommates and m the plasma glutamine pre
dommnates As you know ammoma given fo an ammal disappess
very quickly If ammoma 15 added to ordinary oxygenated bloo
the ammonia disappears with the formation of glutamine and ot
the same time a decrease of glutathone 1t appears that the
mechamsm used to pick up the ammoma the glutammase s 1 the
cell stroma If we take the stroma through an alkalne extraction
we find the enzyme 1 solution

White 3t would be mteresting to
15 present m red cells which do not
of sodium and potassunm as well as m those that do

Taggart One 1s impressed with the {act that this 30 percent ¢ alue
1s fauly close to that which Schneider (Schneider W C Intr2
cellular Distrsbution of Enzymes II¥ The oudation of octanaic
acd by rat Iner fractions J Biol Chem 176 259 (1948)) has re;
ported for the combined nuclear and mutochondnal fractions ol

know whether the mechanism
Yhsh or + dients
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Iver and Icldney cells The muochondnal frncnon of cel Darticles
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This 1s 1 line with the activation of the hydrolysis of the glutammne
by thyroxin

Other work that may be explamned partially on the basis of our
theones 15 the work of Conn and his group on the effect of ACTH
on the lowenng of the level of glutathionine n blood We believe
that the ACTH stimulates an increased utilization of glutathuone
for the pumping 1 probably to such a pomnt that it 1s
depleted and glycosuria develops The amount of glutathione
normally suppled 1s not adequate to heep up with the load and
more glutathione must be supphed as fuel for the pump

You would probably be interested as to whether or not we have
made any calculations as to the energy required by this mechanism,
whether we can explamn, for mstance, within the observed oxygen
consumption whether or not the hidney can use this as a pumping
mechamsm It can but not with too great a degree of efficiency

Taggart What 1s the app efficiency required?

Bunkley About 30 percent

Taggart Do you believe that the glutammase catalyzes both the
synthesis and hydrolysis of glutamine?

Binkley There 1s evidence that this 1s so

Taggart How do your views on glutamine synthesis compare
wath those of Speck? (Spech, ] F The enzymatic synthesis of
glutamine, a reaction uthzing adenosine tnphosphate J Biol
Chem, 179, 1405 (1949))

Binkley My work 1s niot n opposition to that of Speck Itisa
httle bit cifferent You wll see that 1t 1s probably the same story
We found f we lowered the pH down to about 7 1n the hydrolysis
of glutamne, the hydrolysis stopped rather abruptly at an equl
Lbrium point Instead of gl acid, pyrrolid boghe acd,
the anhydnde of the glutarme acid was formed Pyrrolidonecar-
boxylic acid with our enzyme, plus ammoma, gives glutamne, that
1s to say that the hydrolytic enzyme also catalyzes the reverse
reaction

What Speck has shown 15 that adenosine tnphosphate plus glu-
tamue acd and ammoma gave glutarmine We find that DY“"I"‘iO“e‘
carborylic aad plus gwes Apparently Tus
system contams an additional enzyme which 1s responsible for the
formation of pyrrolidonecarboxylic acid from glutamie acy

Wilhelmi Do you think that the activating cffect of the amno
acd, such as glycmne, 1s due to 1ts removing metallic 10ns?

Bunkley Glycme has a very great effect, huistamine has practreally
no effect The amino acid story 15 fairly complex I don’t know why
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some have such effects and some not Undoubtedly it has to do
with the combination of other tons wath the amimno acids

Pitts What 1s the effect of calcium salts?

Binkley At low concentration activation at hugh concentration
mhibition

Schroeder  Would you say something about the effect of
potasstum?

Binkley If we get our enzyme free of sodium as we can bv
constant dralysis aganst potassium buffers then the enzyme 15
mactive It requires sodim 10n to be active and potassium does
not replace the sodium Potassium chlonde does have an effect
more or less ke sodium chlonde mn the presence of sodium 10ns

Schroeder Krebs 1n a recent symposium shows that shikmg up a
prece of muscle 1n a solution results 1n loss of potassium from muscle
at a constant rate If glutamate 1s added to 1t 1t does not. If you
added glutamate to the solution after the potassium had left the
cells 1t went back into the muscle The concentration of the gluta
mate was so small that 1t could not have been due to simple 10n
exchange It was more like an actne process

Binkley 'The way we pret the fi of gl 1n the
muscle 15 that the muscle 1s utthzing glutamine to pump out sodium
and the potassium comes 1n to replace the sodium The pump 15

bly mndiffe top but not completely so

Taggart Does phosphate have any effect?

Binkley 1 wall have to explain several things about our phosphate
effects You may recall that Dr Greenstemn has been working with
glutamnases He has descnibed glutaminases Tand 11 I1s activated
by pyruvate and II 1s actnated by phosphate His evidence for
calling them I and IT 1s that the one actnated by phosphate has a
different pH optimum than the one actnated by pyrwvate and the
actnation 1s different i character The activation by phosphate
shows a cut-off value whereas that by pymnate does not We have
made the sume observation with our punfied matenals We think
the glutammases are identical the cffect of phosphate 1s to shuft
the getivity down towards neutrality Since we are working with
the sodwm salts of weak acids m both cases we may consider an
exhange type of Teachon 1 the phosphate concentration 18 tvo
h;gh the exchange will be stopped by inhibition of the enzymatic
step

Pitts What s the difierence in the in citro behavior of the enzyme
to penieillin versus carmamide sw vath the addttion of glutamine?

Binkley Not too different Pencillin is just 2 much more potent
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problem, regardless of what 1t1s you can find an ion exchange resin
to satlsfy the particular need However when Yyou use a resm to
accomplish a highly specific end, then the conditions under which
the process proceeds smoothly must be worked out i great detal
with respect to the control of all vanables Resins are used to
extract pemalln from broth or streptomycin out of broth or crude
solutions, and they are used m purification procedures of a wide
varety n industrial procedures today, yet to obtain the control of
variables to an extent where the specific operation has a high
degree of efficiency requires extenstve mvestigations Ion exchange
resins are very susceptible m thewr action to munor changes in
environment, such as 1 1on content, hydrogen ton concentration,
and other variables ‘They do have the potential of domng many
specific jobs, but they do not possess the ability to perform many
specific actions simultaneously

Buikley I would ke to think of a tubule as a tube packed with
10n exchange resm The distal tubule would be another column of
practically the same thing arranged, if you wish, with a drfferent
architecture Then I am asking 1f the thin segment could not pos-
sibly act as some type of automatic stopper, so that flow 1s stopped
or retarded until a certan 1on concentration 15 reached m the
proximal tubule

Graffin In their extensive work upon fluorescence microscopy
of the frog’s kadney Ellinger and Hirt reported the jerky and rapid
propulsion of the urine along the renal tubules Singer later con-
firmed this observation and spoke of a valve mechanism controlled
by the cihated neck and mtermediate segments Dr Eisenberg and
I Likewse observed this rapid propulsion of the unne upon the
ventral surface of the frog's kidney and it 15 exceedingly easy to
demonstrate (Grafin, A L and FEenberg, M J, A mlcif
fucroscopic study of teleostean kudneys, Anat Rec, 59 449 (193 z){’
this paper includes references to the publicatrons of Ellinger an
Hirt and of Singer) I don’t know of any evidence for the occurrence
of such a valve mechamsm 1n mammals

Binkley 1 thought that such a valve might in some way change
the whole character of more distal absorptive actiity

Heller Are these 1on exchange resins substances which show a
greater affimty for potassium than sodm?

Binkley The carboxyhic acid ones do not fo

Pitts 1 grant that you mav doubt that the lidney 15 amon specth
with respect to € N But for the sake of ‘“hgu'
ment, letus. extent than
3
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Shannon You lose 1 hydrogen 10n m the mtial exchange so you
dont disturh the system electrically

Binkley We are say ing the same thing except that T am taking the
other way around I am siying that the sodim ion 1s bemg moved
and does create ¢ charge The way to neutrahze that charge 1s for
hydrogen 10n to go out

Pitts Do you mterpret the effect of sulfamlamde on the eidity
of the unne as being 1ts effect on the glutammase?

Binkley T am not too familinr with the detals of the effects but
do beheve 1t can be expluned on the basis of this mechamsm

Willielmu 1 T understand you correctly there is a very mtimate
relationship between which 1on happens to be on your resm and
the actual enzymatic activity of the resin?

Binhley Yes

Wilhelmi How do you imagine that that 1s estabhshed?

Bunkley The sodm 1on and ammonium 10n are competing with
other 10ns this 1s one explination I ean offer

Shannon In relation to this sodwm versus ammonum effect I
would like to sk Doctor Titts how long 1t takes his ammals to come
to equilibrium with the exeretion of 1 mavimal amount of ammonta

Pitts T cannot give you details of an expenment nor 1 ety
aceurate time seale Howesver I think there 1s 1 renl time Ing n the
output of ammonia If you reduce the bicarbonate of the serum
acutely from 25 to 10 mihmols per fiter by the mtrayenous infuston
of hydrochlonc acid over a peniod of two or three hours ammonia
output will by no means have approached the maumum in that
length of ime If the same degree of acidosis 1s produced by gning
hy drochlone aeid by mouth over 1 penod of several days ammonia
excretion wll reach much hugher levels The greater ammoma out
put followimg oral admimistration of acid may m part be due to 2
time I1g 1n ammonit output or 1t m1y be due to the greater deple-
tion of stores of hody base

Shannon I mean mtravenous experniments where you bnng 1t
down abruptly and hold

Pits  Unfortunately we never carne
hours h
Shannon Compared to chrome ammals they did not have the
same excretion rate Of qmmomn?

Pitts Not <nywhere near

Winte That 1s not the expenence of
Ryberg who found that ammoma production
watlun 2 or 8 hours with no further merease m

d those on past about four

£ the Scandimvian worher
reached a plateat
the next 24 or 45



Oy (Ry ey, Witticy, e ladne)
oy, dom [)/I_I/Jlol Scaml'z @y 5, {24 (19«16’})

Wegy, Isge Possih . 2 tediop frop, the B Tes of Dsten,
the effpy, 0; Sreyy, on (ha Xerey, 'ese | S0dygyy tas
Stong drogen ammumum’ ¥ U g, effe
mon, et 00 for Y ples

I."Irl(fm/ I thing I am Iogmll) oblzgared 0 g4, thay 13 Youly
feduea amnzonm etcrclmn

ey Heo by ng thae Merq,, hay no ooy on ammoma
nmdncbon m lmm'm mb}ems “ith o Fithous beart f‘nl'urc

lladgc We founcl that mercumls hag o 'mparent effeoy an
nmmoma ercrehon M the tlog

Lupgg e foung no effece erthe),.
H’onorz Be foupg Do stgm.’ican

g7

of momu; e Omeyy gy ® more phmmrio thay, the o ¢ eq,
Poungs by, at (thﬂrm:l ord, tug, Mirofy

TﬂQ{W’( Cere,, of the Ohser, tions Vheh Fo, T nd I
hay Macle O g503 Tt fshy by, ) €t thay th, L

& iyl Ire W nly rl:rongh the p; Tition of ey, ie iy
"7mn (os!odaun!ulumrso Phengy Mercyy, lorye,
ang lvrcupm[n v fmlmi pmnnnlol\ “Quyy mn 10(:»7!5
Ot Il'euhr bag, Such, ? fingg, C % oy spfy th, ) Merey,
Pury, 15 q,mplotoh {’lfsﬂr‘nk‘(l 2 unld p Dmﬂlulm Vey
of g, Whey, moncnn e Prose,, m T, 0rey, al f,
Al I(-Honn 9 e Othery ha oy, 1, Otie op th Mg
Becty, l'nlu(umrs the nlﬂndnl o S ther e
h:z-rﬂm 1 Pchy, Creur,y Zo1,

£, Citop lan!d Sou b, Wik, to Srane . g oy, R the

Umap fubyp, Tithy, hay o the iseags S Wanly Ty
Slhn(mn in !!'}hrd o -unmqnm [anmfmn



BIOCHEMICAL ASPECTS OF
RENAL TUBULAR TRANSPORT

JOHN V TAGGART

Department of Medicine College of Physictans and Surgeons
Columbsa Un vers ty

During recent years the develog of puncture and clear
]

ance q has bled the pl )l to desenbe various
discrete renal processes 1n 1 very precise manner Through the use
of these techmgues abundant evidence has been obtaned for a
number of active secretory and reabsorptive mechamsms 1 the
renal tubule The term active transport implies the movement of
a solute across the tubular epithelium agamst a concentration
gradient a process which lly entatls the expenditure o
energy denved from metabolic reactions within the cell Despite
the recent progress which hts been made m the fields of mter
mediary metabolism and rennl physiology we know relatwvely Lttle
about the metabolic events which underke active transport The
only noteworthy exception 1s to be found 1 the case of glucose
reabsorption The studies of Verzar and Laszt on mtestme and of
Lundsgaard and halckar on kidneys are too well known to need
description here It 1s sufficient to say that  fanly strong case can
be made for the stepwise phosphorylation and dephosphorylition
of glucose m the cells of the prouumal convoluted tubule The dis
tribution of phosphatase m the lurmnal margns of the cells of this
tubular segment as revealed by histochemucal studies provides
additional evidence m support of this concept

When our attention 15 directed to other transport systems such
as those responsible for the secretion of diodrast phenol red or
p ammohippurate no obvious mechanism 15 suggested by availble
biochemical mformation However 1t 1s rexsonable to assume that
the substance bemng transported undergoes a senes of two or more
reactions and that at least one of these mvolves the participttion
of an energy donating system Consequently certain impartance
attaches to the mechamsms by which metnbolic energy 1s translated
mto osmotic work The ntihzation of phosphate bond energy m
vanous biological syntheses n muscular contrachon the propaga
tion of the nerve impulse etc suggests its possible smportance 1
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Of particular importance to the present discussion 1s the finding
that 2 4-dmtrophenol (DNP), 1n extremely low concentrations, 1s
capable of interrupting the coupling of oudation and phospheryla
tion m such an enzyme system Essentially complete blocking
of aerobic phosphorylation 1s obtamed with M/10,000 DNP,
while partial mhibition 1s observed with concentrations as low as
M/100,000 Within this range of concentrations, the rate of oxygen
consumption m the cell free system remans unchanged This should
be contrasted with vanous other mhubitors of aerobic phosphoryla-
tion (eg, cyamde, azside arsemte or phlorhizin) which act by
mterfering with the electron transport system utthzed 1 respra-
tion We were first attracted to the study of DNP by the observa
tions of Clowes and Krahl (4a, b) These mvestigators noted that
DNP exerted a pronounced stimulatory effect on the respiration of
fertilized sea urchin eggs, but at the same time arrested cell division
Hotchlass (4c) later made similar observations with suspensions
of respiring staphylococes and yeast and noted 1n addstion that the
uptake of morgame phosphate from the medim was blocked Thus,
DNP produces an unusual combmation of effects 1n intact cell
systems, viz, respiratory stimulation and 1mpaument of morgame
phosphate assimilation

A high degree of structural specificity underhies these effects of
DNP The 2 and 4 monomtrophenols and even 2 amino-4 mtro
phenol are completely mactive The phenolic group appears to be
mdispensable  Vanous substitutions in the 6 position of 2 4
dimitrophenol have rather marked effects, alkyl and certam aromtic
substituents enhance the activity of the parent compound, whereas
a third nitro group (pienie acid) abolishes actvity In an attempt
to uncover the role of phosphate bond energy in renal proccssssf
1t seemed reasonable to examine the effects on tubular transport ‘0
a senes of closely related mtrophenols, some of which had prevmuls) y
been shown to be actve and some mactive 1n uncouplng aero ’If:
phosphorylation The techmque devised by Forster (5) by “’h‘cl
the transport and accumulation of phenol red 1 1solated rdenf:)
tubules of the flounder 1s observed mcroscopically, nppeﬂ{e D(f
offer a very switable test object for such studies Consequentl)’:'I ool
Forster and I jomed forces at the Mt Desert Tsland Blﬂf Oﬁ.o“‘
Laboratory dunng the summer of 1948 and carned out the fol
ng studies {6)

Long segments of renal tul
of freshly caught flounder When the tubules
balanced 1sotome salme solution contmmng dilute p

d from the kidney$
bules are easily teas:I A rsuspende S s
henol red (1 Mg
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percent), a defimutely detectable concentration of dye within the
tubular lemma 1s usually apparent in 5 minutes The concentration
of dye increases dunag the followmng 30 to 60 minutes to color
mtensities corresponding to 100 mg percent or higher The degree
of phenol red accumulation was graded 0 to 4+++, 0 indicating
no accumulation, + a barely detectable concentration, and ++ 4+
an 1ntense red color corresponding to 100 mg percent or more
Solutions of the vanous agents to be tested were prepared in the
usual suspending medium and, when necessary, the pH was re-
adjusted to that of the control Each agent was tested in concentra-
tions ranging from M/10006 to M/I160000 and companson was
made with an inhibitor-free control Only those expenments were
considered satisfactory m which a ++++ concentration of dye
was observed 1n the control within 30 to 60 nunutes

The effects of the vanous mtrophenols on phenol red transport
are summanzed 1n Table I DNP mhibuted transport completely at
M/10,000, graded effects were obtamed between M/20,000 and

conczwreanion X 103E
couronmn vesTED

10 [ es o5 | oms | aoas
Astienty of prensl oed traneport
Fobbt | b |
4 mitrophenol ot [ b e
amino-¢ mtrophenol bt |
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+ht
o+t
o
o
o
°
+
+

# witrophenol

,4-dichlorophenol e+ |

2, 4-dmtrormsole S

3,4 Sutrmtrophensl ° ° + +
2,4<dimtrophenct + ++ 4+ | 4+
,4-dinutro-6-methylphenol + ++ |+ | 4+
3,4-dinitro-6-phenylphenal ° o + +
2,6-ditstro~4-chlorophenol

++ ++ |
#,6-dichloro-4 nrtropheno)

++ | bt bbb e

TABLE T Efcct of various substituted phenols on phenol red transport in isolated
zenal tubules of the Bounder (Am J Phusol 161 167 1950).

M/80,000, winle no inlubition was apparent at \M/160,000 This
gradation of effects was found to be remarkably reproducible It
is of wterest that the degree of mhibition observed at each level
of DNP corresponded closely to that previoushs obtuned with the
aerobic phosphoryltion system of rblut kidney In addition the
intnbitor activaties of the other phenols of the senes lleled
their effectnyeness as mnhib of acrobic ylation with

+
phosy
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one outstanding exception Trmtrophenol, or picric acid, which 1s
mactive 1n the phosphorylation system, proved to be a very potent
mhibitor of phenol red transport Picric acid may be recognized on
chemical grounds to be an exceptional member of this semes 1
another respect Substitution of a third mitro group m the 6 positon
greatly mcreases the dissociation of the phenol (pKa of 038 as
compared with 4 0 for DNP) Therefore, 1t seemed possible that
picrate blocked phenol red transport m some manner other than by
mterferng with aerobic phosphorylation It was suggested that
picrate might differ from the other active nitrophenols by ure
versibly mactivating some component of the transport system
However, such 1s not the case When phenol red transport has been
completely blocked by either DNP or picrate for as long as 20
minutes, transfer of the tissue to an wnhibitor free solution results
m a prompt uptake of dye

It then occurred to us that the action of picrate mght be dif-
ferentiated from that of the other active mitrophenols by an examna-
o, of the respiratory effects of the various agents These studies
were performed m the Warburg apparatus with a crude ymmnce of
flounder kidney suspended m the usual saline medium Each agent
was exammed at 2 concentration which had previously been found
to block completely phenol red transport, or m the case of the
mactive agents at M/10,000 The addition of either phlorhizn,
arsemte or sodium ande markedly depressed the rate of respiration
On the other hand, DNP mcreased respiration to 75 percent above
the control value Thus the charactenistic stumulatory effect of DX;IP
on fertihzed sea urchin eggs, staphylococcr and yeast was nslo
obtamed with fish lidney Exammation of the 12 mitrophenols
yielded the following results The 6 compounds mactne as mhxlélt:;:
of erther phosphorylation or phenol red transport had 1o usllgm tce .
effect on respiration the 5 compounds actve in ho 155750ted
stimulated respiration 89 to 75 percent Prerate, the preuousb\]' ncon-
exception had no effect on respiration One may reasonal ):ix s
clude that the action of picrate on phenol red tmnsl’m'tb1 ot
from that of the other actne mitrophenols and 15 ?rﬁbﬂ hiryh
primanly attnbutable to an interference with essential phosp

tion reactions

Tt 1s obviously impossible, on the basis of these Prell‘;’tn;”az
observations, to assign 2 defimte role to aerobic phosphorylaty oy
the overall meghanism of tubular transport However, the gene! han
excellent correlation between the results obtained with a mamma

kdney enzyme system and with the wsolated renal tubules of the
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flounder suggests that phosphate bond energy 1s utilized n the
cellular transport of phenol 1ed

Encouraged by these results, Dr Gilbert Mudge and I then
examined the effects of DNP on vanous tubular transport mecha-
nisms 1 the dog by the clearance techmque {7) In each expen-
ment three control period * o v N
mtravenous dose of DNP
The study was continued
penods This dose of DNP always provokes some panting and a
temperature elevation of about 1° C, but can be adoumstered
sepeatedly at two weeh intenals over 2 penod of months wathout
causing werght loss or evidence of renal damage A typical expen
ment 1n which the maumal rate of PAH transfer (Tmeun) was
measured 15 presented in Table II Admmistration of DNP resulted

soRtITURATE
il I ki |
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- mima K mp/m . < ~fl.
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TABLE 11 Effect of a single intravenos fajection of d n trophenol on Tmrex
Dog B wt 120 kg Glomerulr fitration rate (CF) was measured by creatinme
¢learance Tubulir transport (T) represents the o ference between the amount ex
creted (UV) and tl e amount filtered (F)  PAII was infused at a rate of 36 mg/mm
(Am } Physiol 161 173 1950)

m a farly prompt depression of the Tm to approumately 40 percent
of the control value The plisma level of D\P as measured spectro-
photometncally by a speafic method fell from M/4000 to M/5000
dunng the penod of observation Thus only partial mmparrment
of PAH transport 15 apprent at plasma levels considerably above
those required to block completely phenol red transport in the fish
tubules However dialysis studies reveal that approumatel 90
percent of the plasma D\ P is protein bound Consequently the level
of D\P in plasma water is actually about M/40 000" 4 concentration
which exerts only partial effects on the two other svstems previoushy
mentioned  Very similar results were obtaned 1n, 2 number of
experiments Studies performed At low phisma levels of PAH such
as arc used fn esimating renal plasma flow showed a simlar degree
of transport mhubition
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one outstanding exception Trnmtrophenol, or picrie acid, which 15
mactive 1n the phosphorylation system, proved to be a very potent
inhibitor of phenol red transport Picric acid may be recogmzed on
chermcal grounds to be an exceptional member of this series
another respect Substitution of a third mitro group m the 6 position
greatly mcreases the dissociation of the phenol (pKa of 038 as
compared with 40 for DNP) Therefore, 1t seemed possible that
prerate blocked phenol red transport in some manner other than by
mterfermg with aerobic phosphorylation It was suggested that
pierate mught differ from the other active mitrophenols by ire-
versibly nactivating some component of the transport system
However, such 1s not the case When phenol red transport has been
completely blocked by either DNP or picrate for as long as 20
minutes, transfer of the tissue to an mhibitor free solution results
n a prompt uptake of dye

1t then occurred to us that the action of picrate mght be dif
ferentiated from that of the other active mtrophenols by an examina-
tion of the respiratory effects of the various agents These studies
were performed 1n the Warburg apparatus with a crude mince of
flounder kidney suspended 1n the usual saline medium Each agent
was examned at a concentration which had previously been found
to block completely phenol red transport, or m the case of the
mactive agents at M/10000 The addition of erther phlorhizm,
arsemite or sodium azide markedly depressed the rate of respiration
On the other hand, DNP increased respiration to 75 percent above
the control value Thus the charactenstic stmulatory effect of DNP
on fertilized sea urchin eggs staphylococel, and yeast was also
obtamed with fish kidney Examination of the 12 nltrop}fl‘ld’
yielded the following results The 6 compounds mnctve as :
of either phosphorylation or phenol red transport had no sigmificant
effect on respration the 5 compounds achve m both system‘;
stmulated respiration 39 to 75 percent Picrate, the previously note
exception, had no effect on respiration One may reasonably EOH'
clude that the action of picrate on phenol red transport di er:
from that of the other active mtrophenols and 1s probably '}0
pomarly attnibutable to an mnterference with essential phosphoryla-
tion reactions

It 15 obviously impossible, on the basis of these prelmmary
observations, to assign a defimte role to aerobic phosphorylnnon‘m
the o erall mechamsm of tubular transport However, the genera 4
excellent correlation between the results obtaned with a mnmmal:;ﬂ
ladney enzyme system and with the isolated renal tubules of the
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flounder suggests that phosphate bond energy 1s utihzed m the
cellular transport of phenol red
Encouraged by these results Dr Gilbert Mudge and I then
examuned the effects of DNP on various tubular transport mecha-
msms 1n the dog by the clearance techmque (7) In each exper-
v v B v e D v

pertods This dose of DNP always provokes some panting and a
temperature elevaton of about 1° C, but can be admmstered
repeatedly at two week mtervals over a period of months without
causing weight loss or evidence of renal damage A typical expen
ment m which the manumal rate of PAH transfer {Tmean) was
measured 1s presented m Table II Admnustration of DNP resulted

PAMINOBIFFURATE TECTAL S
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TABLE IL Eﬂecr of a single miravenous myection of dumtrophenol on Tmrax
Dog B wt_ 120 Glomerular Bltrabon rate (C¥) was measured by c(eatmme
clearance Tubnhr mnsp ort (T) represents the difference between the amount ex
creted (UV) and the amount ltered (F) PAH was infused at a fate of 36 mg/nun
(Am ] Physol 161 173 1950)
1n a farly prompt depresston of the Tm to approxumately 40 percent
of the control value The plasma level of DNP, as measured spectro-
photometrically by a specific method fell from M/4000 to M/5000
dunng the perod of observation Thus only partial mpairment
of PAH transport 15 apparent at plasma levels consxderably abave
those requred to block ly phenol red P the Bish
tubules However dialysts studies reveal that appxonmatelv 90
percent of the plasma DNP 1s protemn bound Consequently, the level
of DNP 1n plasma water 15 actually about M/40 000 a concentration
whch exerts only partial effects on the two other systems previously
mentioned Very similar results were obtaned m, a number of
expenments Studies performed at low plasma levels of PAH, such
as are used n estimatng renal plasma flow showed a sumilar degree
of transport mnhibstion
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one outstanding exception Trimitrophenol or pieric aard which 1
mactive m the phosphorylation system proved to be 2 very potent
whibitor of phenol red transport” Picnic acid may be recogmized on
chemical grounds to be an exceptional member of this senes m
another respect Substitution of a third mtro group mn the 6 position
greatly ncreases the dissocivtion of the phenol (pha of 088 as
compared with 4 0 for DNP) Therefore 1t seemed possible that
picrate blocked phenol red transport 1n some manner other thtn by
mterfening with aerobic phosphorylation It was suggested that
picrate might differ from the other active mtrophenols by trre
versibly mactivating some component of the transport system
However such 1s not the case When phenol red transport has been
completely blocked by either DNP or picrate for as long as 20
minutes transfer of the tissue to an mhibitor free solution results
mn 1 prompt uptake of dye

1t then occurred to us that the action of picrate mught be &if
ferentiated from that of the other active nitrophenols by an examna
tion of the respiratory effects of the varous agents These studies
were performed m the Warburg apparatus with a crude mince of
flounder ludney suspended in the usual saline medum Each agent
was exammed at a concentration which had previously been found
to block completely phenol red transport or m the case of the
mactive agents at M/10000 The addition of esther phlorhizin
arsemite or sodium azide markedly depressed the rate of respiration
On the other hand DNP increased respiration to 75 percent above
the control value Thus the charactenstc stmulatory effect of DNP
on fertihized sea urchm eggs staphylococer and yeast was also
obtamed with fish ldney Examnation of the 12 mtrog!hf{wls
yielded the folowing results The 6 ds mactn e as ;
of erther phosphorylation or phenol red trnsport had no significan
effect on resprraton the 5 compounds active 1n both system;
stmulated respiration 89 to 75 percent Picrate the prev 1ously note!
exception had no effect on respiration One may reaszm:xbl)l'i E_On
clude that the action of picrate on phenol red transport differs
from that of the other actwe mtrophenols and 1s_probably ’;"‘
primanly attributable to an nterference with essential phosphoryla
fion reactions

Tt 15 obviously impossible on the basis of these prelimnary
observations to assign a defintte role ta aerobic pbosphury]ahonﬁn
the overall meghamsm of tubular transport However the generlt: Y
excellent correlation betw een the results obtained with 2 mammf:l df;!;
Jodney enzyme system and with the 1solated renal tubules of
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lounder suggests that phosphate bond energy 1s utiized m the
ellular transport of phenol red

Encouraged by these results, Dr Gilbert Mudge and I then
~amned the effects of DNP on vanous tubular transport mecha-
asms m the dog by the clearance techmque (7) In ‘eaeh expen-

seniods This dose of DNP always provokes some panting and a
temperature elevation of about 1° C, but can be admmstered
repeatedly at two weel mtervals over a period of months without
ausing weight loss or evidence of renal damage A typical expen-
ment in which the maamal rate of PAH transfer (Tmesn) was
measured 1s presented m Table II Admimstration of DNP resulted
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TABLE II Effect of a smgle ntravenous injection of dimtrophenol on Tmeax
og B wt 120 kg Clomerular filtration rate {Cr) was measured by creatinme
clearance Tubular transport (T) represents the difference between the amount ex
creted (UV) and the amount filtered (F) PAH was infused at a rate of 36 mg/min
(Am ] Physol 161 173 1950)
in a faurly prompt dep: of the Tm to app; ly 40 percent
of the control value The plasma level of DNP, as measured spectro.
photometnically by a specific method, fell from NM/4000 to M/5000
dunng the penod of observation Thus only parhial impairment
of PAH transport 1s apparent at plasma levels considerably above
those requred to block completely phenol red transport in the fish
tubules However, dialysis studies reveal that approumately 90
percent of the plasma DNP 1s protein bound Consequently, the level
of DNP 1n plasma water 15 actually about /40,000, a concentration
which exerts only partial effects on the two other systems previously
mentioned Very similar results were obtamed i a number of
expeniments Studies performed at low plasma levels of PAH, such
as are used 1n estimating renal plasma flow, showed a similar degree
of transport nhibition
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Apparently a number of tubular excretory processes can be de-
pressed by DNP admimistration, smce very stmular results were
obtamed with both diodrast and phenol red Studies on certam
tubnlar reabsorptive mechanisms yielded very different and some-
what surprising results Glucose Tm remamed unaltered after the
usual dose of DNP, nor was there any appreciable effect on the
tubular reabsorption of glycmne, morgame phosphate, sodium or
potassium We are unable to explain adequately why the inhibitory
actity of DNP appears to be imited to tubular excretory mecha-
nisms Certainly one should expect that the impawrment of aerobie
phosphorylation would result 10 a sigmificant reduction of the ghicose
transport capacity However, 1t should be emphasized that doses
of DNP tolerated by the intact antmal probably produce only 2
partial depression of aerobic phosphorylation We may be dealing
simply with a quantitative rather than a quahtatrve difference The
energy required to support etther type of transport at a maximal
rate remams unknown There 1s the additional possibihty that DNP
15 selectively locahized at the pentubular margins of the renal cells
and, consequently exerts its most striking effects on the transport
processes which are imtated at that site In this connection I can
add only that hmited analyses of renal cortex have failed to reveal
any sigmficant concentration of the drug Fmally, 1t 1s quite possible
that phosphate bond energy 15 utiized m quite a different manner
i PAH and diodrast transport as compared with that of glucese
Since there 15 hittle reason for beheving that either of the former
compounds undergoes phosphorylation dunng transport, 1t appears
much more likely that it 1s one of the cellula’r components of the
secretory mechamism which must be ‘pnmed through interaction
with an energy rich phosphate Certam of the studies which follow

support this 1dea

Throughout the course of our studies we felt ﬂ‘i need ,fcr rela-
twvely simple m vitro techmques to facil b studies
on transport, techmques which \vou_ld be more readily avaxhlble :n
our city | et ae ol
mammah . i .
A by b shees (o) wue u uv
the accumulation of glutamate by bramn o e i

members of our group Dr Richard Cross, soon fo s
technique could be readily adapted to serve our purpase (d) for
~ Thim shees (33 mm ) of rabbit hidnev cortex are prepare asd :d
studies Appr tely 300 mg of tissues are suspe&ll ed

i a Warburg vessel m 27 ml of a switable 1sotome saline medu
-




Biochemical Aspects 89

containing dilute PAH The gas spave 1s Slled with oxygen and the
vessel 15 shaken m a 25° water bath for the desired time Oxygen

1 d and ded as a @O, (com of O per
xmlhgmm of wetwt of tissue) At the termination of the expertment
the shces are quickly removed blotted on filter paper weighed and
extracted with 3% tnchloracetic acid a filtrate of the medium s also
prepared for eshmation of PAH Figure 24 shows the results obtamned
with varymg penods of time It 1s evident that the concentration
of PAH 1 the kadney shees nises rapdly at the expense of that
m the medium To express the gradient established we have em
ployed simply the concentration ratio shee/medmm (8/M) If
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this group of mht Carmamde, d because of its known
capacity to inhibit a number of tubular excretory processes, was
effective at M/5000 Two representative substances, diodrast and
pentcillin, which are excreted in part by the renal tubule, blocked
PAH accumulation at concentrations of M/1000 and M/250 respec-
tively Inasmuch as the last three compounds have no appreciable
effect on respiration, 1t seems probable that they compete with
PAH for the transport system Incidentally, I was interested in Dr
Binkley’s earher statement that pentcilin 1s much more effectve
than cannamide as an inhibitor of glutammase We have found quite
the reverse, cannamde 1s approximately 20 times as actwe as
penicillin G

The shee technique, therefore, has yielded results which are
good agreement with those obtamed by clearance methods Another
sertes of observations provides some evidence of the usefulness of
this expenmental procedure Smce acetate had been shown to
stmulate PAH accumulation 1n a stilang and consistent manner,
Dr Mudge examned the effect of acetate infusions on Tmean
the dog (10) Table IV presents a typical experiment m which the

P-AMINORITFURATE ] T
T cr v AVERAQE
L | erxP ] Tm l CovTaoe

Lk wimin m % g /mn @

—46 | NaClinfusion started, 40mEq/! at 1o ml/min 1v
—44 | 38m creatmneand 3 gm PAHm 7, ml waters v

—~39 | Sustaninginfusionstarted 75 mg creatinine and 23 mg PAH pet ml nisotopic
NaClat zml /mun

o-10 69 3 52 478 46 1 317 134 o
102t 702 55 40 433 300 134 96
21-31 765 79 411 46 4 34 1o 108

3t NaClunfusion replaced with Na acetate infusion 140 mEq/! at 10 m}/muzute
3141 725 8 405 | 464 20 4 170 127
417358 7t 2 6o 36s 45 2 26 o 192 138
55775 713 47 338 454 1 213 161
75795 679 63 341 463 231 23 2 167

0 kg
TABLE IV Effect of sodum acetate mfusion on Tstam Dog § wt 17
Expeniment demfzcnsmtes z‘n merease 1 Tmpam without sigaificant Chﬂ‘l;l%e in qt/hle
filtration rate {(Cr) or unne volume (V) erum bicarbonate Tose from 221 m]

1n penod 3 to 282 m period 7 (Am ] Physiol, 161, 191, 1950}

infusion of 82 uM of sodium acetate per kg per mmn resultedt :ﬁ
elevation of the Tmean to 67 percent above the average con 5ﬁ-
values The wcrease in Tm occurred independently of any sn];,:une
cant change m either the glomerular filtration rate or unne vou! e
In 9 other expeniments 1n which the rate of acetate mfuston rang
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from 66 to 210 sM/kg /mun Tmran was mcreased 44 to 85 per
cent Lactate infusions pmduced a sxmdar merease On the other
hand or fi d in tl e same manner de
pressed the Tm 20 to 47 percent below the control values confirm
ing the results with the shee technigue Studies of the plasma elec
trolytes durmg admmstration of the varous substrates revealed
that acetate 1s metabolized at a rery rapid rate \\hereas significant
of lactate and f m the plasma

In view of the possibility that acetate iught be effective because
of its allalimzing effect additional studies were performed with
sodwrm hicarbonate infusions In one of these there was a shght
depression of Tmean 1n two others a shght stmulation It was
quite clear from these expermments that ncarbonate admumstration
did not produce effects quantitatively similar to those of acetate
despite a ble degyee of alkalosis It 15 also smprobable that
the increase m Tmean mduced by acetate 1s due to the openmg
up of previously mactive nephrons sice acetate had no demon
strable effect on the reabsorptive Tm of glucose

These last observations serve two functions First they establish
the usefulness of the shice techmque 1 exploratory studies on the
biochemical mechanisms mvohed i renal transport Second they
focus our attention more sharply on the posmble importance of
acetate as a rate hmting cellular component of the PAH transport
system The very fact that there are maumal rates of tubnlar
transport 1mplies that certain cellular components of the system
are available ;n hmited quantities Acetate is not an unlikely candy
date for such a role Although isotope dilution studies have shown
that the daily turnover of acetate 1s relatively tremendous its
concentration m cells and body ﬂmds at anv given tume is vanish
ingly small In addiion the b has becnme °!y
aware m recent years of the multitude of b
which acetate participates The analysis of certan of these reachons
such as the acetylation of foreign ammnes or choline and the forma
tion of acetoacetate or cifrate reveals that acetate as such 1s not
mvolved but a more reactive C compound derived from acetate
or its precursors through interaction with energy nch phosphates
Though the nature of this active acetate 15 not yet known 1t 15
qute certammly not acetyl phosphate mn mammahan systems Nor
can we describe the manner m which acetate enters into the re
actions of PAH transport All avarlable evidence points away from
acetylation of the p amino group as bemng an important reaction
If active acetate does play an important role mn this

-
s
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1t must be regarded as a potential donor of erther acetyl or phos
phate groups

You must be quite aware at this pomnt that the studies presented
do not provide a very complete deseniption of any one of the active
transport mechamsms We are encouraged however by the fact
that there h1s been such good agreement between the observations
obtaned with 4 cell free enzyme system with 1solated tubules and
kidney shees and with the itact ammal By approaching the prob-
lems of transport at each of these levels of cellular orgamization
we feel that 1t 15 reasonable to anticipate further progress m un
covenng certan of the biochemical reactions mvolved
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DISCUSSION

Pitts There 1s a pont upon which I would hke your reaction
In connechion with the general problem of competitrve inhibiton
1s mhibition on the basis of competition for some cell component
present n limited amounts or 1s there some himtation of energy
available to the cell? Do your results have any direct beaning on
this queston?

Taggart The whibitors which we have studied thus far would
appear to fall mto three categortes First there are those which
mterfere with one or another step 1 electron transport phlorhizin
arsemite azde and cyamde are representative By restricting the
oudative activities of the cell they himtt the amount of energy which
can be hberated Second the active mitrophenols permit oadative
reactions to proceed at an accelerated pace but they paralyze the

h hereby the energy lib d 15 diverted mto useful
work Lastly there are such compounds as diodrast PAH phenol
red and pemaillin which appear to compete with one another for
some cellular component of the transport system Since we know so
little about the energy requirements of the various transport systems
1t 15 indeed difficult to say whether the available energy ever repre
sents the himiting factor

g‘llcller By what mechamsm 15 dinitrophenol excreted by the

ey?

Taggart We have done a hmited number of clearance studies
with dinitrophenol Tt 1s cleared at a rate of considerably less than
1 cc per mnute Taling mto 1ccount the protein binding of plisma
DNP the small amount which 1s filtered must be fanly completely
reabsorbed There 1s Little reason to believe that DNP competes
with PAH for the excretory mechanism

Warren In your studies with dimtrophenols did you find 1
creased oxygen consumption?

Taggart We have never measured oxygen consumption n the
intact ammal but studies by Tamnter have shown that it 1s appre
crably d 1n dogs foll g the ad 10n of doses such
as we have employed We have also observed as did Tamter that
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venous blood shows a lower oxygen content after DNP admmstra-
tion Incidentally, m one expenment m which the nght renal vem
was cathetenzed the renal venous blood also appeared less saturated
than usual In that experiment, DNP lowered the clearance of
PAH at low plasma levels approximately 50 percent, but the renal
plasma flow calculated by the Fick prmaple had decreased only
10 percent In short, the effect of DNP was pruimanly on the extrac-
tion of PAH rather than renal hemodynamcs
Leiter Do you know whether under the conditions of the renal
clearances there 15 actually an increase 1 oxygen consumption?
Taggart T do not know of any data on renal oxygen consumption
during actwve tubular transport of a forergn substance
Bunkley 1 find a httle bit of concern over this proposed mecha-
mism of action of dimtrophenol I was wondenng, for mstance, 1f
anyone has tested the simple 1dea that there might be an activation
of phosphatases
Taggart 1 believe that such studies have been done n Con's
laboratory It 1s my understanding that no effect on the generation
of ATP was observed dunng anaerobie glycolysts In the present
studies we would be primanly concemed with the possible activa-
tion of adenosmetnphosphatase by DNP We have found that DNP
does not have this effect
Binkley We find that the small acids are actwators of gluta-
minase We find that the larger acids are mhubitors and most, if not
all, dicarboxylic acids are mhubitors T don’t know what significance
may be attached to these Sndings
Taggart We have been hard pressed to find an adequate explana-
tion for the mhtbitory actions of so many substrates, especially those
of the atric acid cycle All of the latter stmulate sespation and
therr oudation should provide additional avatlable energy for trans-
port We have considered the possibility that an acceleration of :Il]xe
cycle depletes the cells of avalable acetyl groups through the
formation of tnicarboxylic acids, but that 1s not a very am“t“’?
1dea Moreover, we find 1t impossible to reverse the effect of
@ ketoglutarate by the addition of an excess of acetate Of course,
the rate at which acetate diffuses mto the cell may be a hming
factor m this situation
Sclkurt Simce one can increase PAH Tm with acetate or deprE]SS
1t with dimtrophenol, have you ever tred using hoth 1n a single
~ expermment?
xg‘aggaﬂ Acetate cannot completely reverse the effect of d{;m}tlfeox;
) 'phenol ¥f one first increases PAH transport with acetate and ¢
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admmnisters dinitrophenol the final rate of transport 1s considerably
below the control values

Pitts  Suppose you were to gine p amnohippurate and then
depress that Tm with pemcillin and then raise 1t again with acetate
what have you done with a concept of Tm and the factor which
causes hmitation®

Taggart Of course we too wonder just was Tm means In the
past we have regarded any particular Tm as a sort of fingerprnt
for each mdividual Is 1t not probable that the relative constancy
of a Tm as usually measured siumply reflects a fauly constant set
of expenmental conditions?

Bitts It 1s now surpnsig to me that Tm should be m an ammal
or man on as nearly asitis

Mudge We measured Tm 1 one dog 12 times mn 8 months and
were impressed by the fact that the value was not very constant
Tm varied from 9 to about 18

Pitts We have a series of expeniments 1n which we have been
testing m dogs the toxicity of two mercunal compounds One of
our has been p ) Tm I dont think Tm
varied more than plus or mnus 10 percent in 2 large senes of
measurements

Forster Is that the case with glucose Dr Shannon?

Shannon That was our expenence

Taggaert 1t has occurred to us that the different values of Tm
obtaned from tume to time may reflect spontaneons vanatiens in
the concentration of acetate i the cells

Pitts Would you go so far as to say although 1t is very low 1t 15
maintamned under usual conditions at a faurly stable concentration?

Taggart 1 would think so

Pitts Constancy of Tm would be a function of the constancy of

h cellular mech d cellular acetate

Wilhelmi There 15 another possibility It may fluctuate with the
nutntional state of the ammal If one considers the possibility that
the so called active acetate 15 a rather complex substance then 1t
mught not be so much the concentration of acetate 1n the tissue
at any particular time as the rate of production of acetate together
wih the quantity of matenial that can form the active acetate com
plex o that the two things together might easily determne for any
gien instance —1f this mechanism 1s spearfic for the p amnohip
purate transport — just what the Tm would be

Taggart That 1s exactly what we would Like to believe — that the
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Berliner 1In that connection, it 15 of some intere
reabsorption 1s depressed by diodrast but not by ]np;tur?tit ?’E(le
bott, ] H Gout Oxford Umwersity Press, New York (1943))

Wilhelm: With respect to the pomt that Dr Shagnon made a
while back that the mechamsm of transport mght 1 some mstances
be the lumting factor m transport, there are some experiments
done long ago by Auchmache, Macleod and Magee (Auchinachue,
D W, Macleod, ] J R, and Magee, H E Studies on diffusion
through surviving 1solated mtestine, J Physiol 69, 185 (1930)) on
the absorption of glucose from 1solated loops of rahbit mtestme
They noticed that at the concentrations of glacose which m the
active aerated intestine led to maxmal absorption, the absorp
tion of sugar after the mtestine had been killed with hot water
was m fact much greater So that mn that mstance too the transport
mechanism seemed 1 fact to be a hmbing factor m the regular
departure of glucose from the lumen of the rabbit loop to the out-
side flmd There mght be another instance comparable to that
whuch Dr Shannon mentioned, in which the mode of the movement
through the cell, whatever mechamsm it 15, provides an obligatory
pathway which can be filled only to a certamn extent In such an
nstance the rate of energy supply would not necessanly be a
himting factor i the transport A b of compet
tion anses i the sense that 1f one admumusters glucose and galactose
simultaneously the total absorption 1s not surnmated but each sugar
15 absorbed at 2 rate rather less than that at which the sugars
mdwidually would pass into the blood stream

Forster Would you say, Dr Taggart, that the dependence upon

energy source 1s pretty well estabhshed for hidney

oxygen as an
funchon m contrast, for le, to nerve action or muscle action?

Taggart There 15 certanly hittle doubt mn my mind that actve
tubular transport depends pnmanly on aerobic processes for its
energy supply If anaerobic glycolysis could provide the energy
needed dmitrophenol should not have such a pronounced effect
on transport In addition, we have already noted that the man-
tenance of relatively hugh oxygen tension 1s required for transport
m both 1solated fish tubules and rabbit ladney shees One wonders
whether this is not related to the fact that the kidney 1s perfused
throughout 1its vascular bed by blood of relatively high oxygen

.
% content
> Pitts As o renal physwologist I have always operated on an as
sumptiop which I tock finally to be ajlmlofst la“Lr, namely, if a s,“‘:

a 18

stance 15 reabsorbed, 1t 1s not
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1t 15 not reabsorbed In reality this assumption underltes all measure
ments of either secretory or absorptive capaaity Reasonmng teleo
logically, of the body considers 1t sufficiently worth while to get
nd of a substance to develop a secretory mechanism to do so why
should 1t develop a mechamsm to reabsorb that substance Not
too long ago Dr Berlmer and his colleagues and Dr Mudge
and hus colleagues began tappmg on what we thonght were firm
foundations for renal physiology and found them not so sohd Just
how much of those foundations have been nddled and wormholed
I dont know Dr Berliner 1s to imntroduce the topic of tubular
secretion of potassum and I hope will pownt out some of the
discrepancies 1 our basic assumptions



THE TUBULAR SECRETION
OF POTASSIUM AND ACID

ROBERT BERLINER

Depariment of Medicne College of Physicrans and Surgeons,
Columbet University

1 have been asked to mtroduce a discussion of the excretton of
acd and potassium by the hidney The matter of the secretion of
acud 15 one about which Dr Patts 15 much better qualified to speak
and anything T may say will be more or less a summary of his work
with which you are all famuliar 1 will, for the most part, confine
myself to the excretion of potassum with which we have worked
I should like to say at this pomnt that the matenial for this presenta-
tion represents the jomnt efforts of Drs Thomas ] Kennedy, Jr,
Dr James G Hilton, and myself (2)

Although the exeretion of aad and the excretion of potassum
may not be particularly closely related, certan similarities may
warrant their bemng considered jomtly The first similanty 1s con-
cerned not so much with the mechamsms volved but with our
thinking about them For a long tme 1t was assumed, and not
unreasonably, that the excretion of both was regulated by filtration
and reabsorption In both cases 1t had been shown that the amount
excreted did not exceed the amount fltered under ordimary cireum-
stances The amount of acid excreted could be expluned by the
filtration of buffers and the reabsorption of the more basic com
ponents — bicarbonate and dibasic phosphate, the average daly
excreton of potassum 1s only about 10% of the amount filtered,
and therefore easily accounted for by fltration reabsorption How-
ever 1n both cases when condttions were modified so as to preduce
marked mereases m excretion, 1t became apparent that ﬂ}e amount
filtered was not sufficient to yield the amount excreted You are all
familiar with Dr Putts’ work which showed that the reabsorption
of bicarbonate and phosphate was mtdequate to explain the tilﬁa-
table acid 1 the urine under properly chosen expenmental con 111-
tions and that hydrogen 10ns must therefore be secreted We ‘Iﬂ A
for the present, omit consideration of the subsequent pmp?sn d?e

Menaker (7) that reabsorption of carbonate might account for

aadification of the urme since this would make avzn]c’nble ashy dmgcr::
3, 100, the hydrogen of bicarbonate I personally don't think U’ni :n :
)\ery Iikely mechamsm but perhaps someone would Iike to

102
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1t up in the subseq 4 Turmning to p we find
a sumlar situation The fact that potassium mught be secreted was
suggested by 1solated observations of McCance (6} and of Rerth
Osterberg and king (4) which were more or less completely over
looked by workers 1n renal physiology mcluding ourselves McCance
observed a potassium clearance of 11 with an mulin clearance of 9
lr: a patient with severe alkalosis Some question as to the vahdity
e © e |L PN 1

1

Lttle data but stated that m a normal subject who developed
diarrthea and a drop 1 fltration rate after an oral dose of kGl they
observed a potassium clearance 32% greater than the inulin clear
ance Qur conclusion that there 15 a secretory mechamsm for potas
sum was based on experiments swular to that shown in Table V

Tow | biee | crotune | tmin | resma | rnersa | scres l Nt o
Flow | Qeoroms | Carome | Potomsa | Potvaviem { Potartiom | €xcrsmi
LN nmnj i l’nmn[num LV 1..um
M St Wononef cenimne i ond ThowMaty 1 O3N KE &1 Imbimn
68 90 385 56 56 52 279 350 125
b
n2| sa5 | e3 64 L1 3 454 Va5
28| 589 T T 50 340 513 150
a6l 545 T2 70 53 356 528 1487

\5Q 167 wiyson of T3 mM af 1adwn b o bonets 0 300 mL of wete

f70184 118 7T 75 43 38 476 1%0

199 787 80 18 45 348 510 48

24 640 76 76 45 328 484 148

L 229) 480 | B2 80 45 354 487 137
TABLE V

Thus expeniment was performed on a normal female dog which had
recened by mouth 5 gms of ACl twice a day for one weel We'll
consider the syzmficance of the oral hCl later The dog recened an
infusion of mubn and thiosulfate m KCl throughout the

study potassium bewng infused ata rate of 0 5 mEq per mn \&1 can
B
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see that the potassium was excreted at just about the rate 1t was
mfused, which 15 some 40% or more greater than the product of
plasma potassium and creatimne clearance [he dose of bicarbonate
was given to test a suggestion that creatinme mught be reabsorbed
from alkalne urines The companson with mulin does not suggest
that this was the case In fact we have, during a number of studies
of potassium excretion dogs, measured the fltration rate with
two or more substances always including creatinine with umformly
good checks It 15 clear from this expenment and simlar expen-
ments n 13 other dogs that there must be a tubular mechanism for
adding potasstum to the unine The question now anses as to the
role of secretion in the normal excretion of potassium Are we to
assume that secretion plays a part only when the excreted potasstum
exceeds the filtered? Certainly this 1s the only tume at which 1t can
be unequivocally demonstrated Here the situation agam resembles
that for acidfication of the urme — under all normal circumstances
bicarbonate reabsorption 1s adequate to explamn the excreted titra-
table acid, but 1t 1s not safe to assume that there 1s no hydrogen 1on
secreted unless 1t can be unequivocally demonstrated Dr Pitts has
m fact, offered evidence for acid secretion even when the urnme 1s
lughly alkaline The same mght be true for potassium secretion
There 15 at present, no way of arnving at a certam conclusion All
we can measure 1s the net effect of opposing reabsorption and
secretion, 5o that quantitative evaluation of exther process alone 15
not feasible
Let us turn to a consideration of some of the factors which may
determme the rate at which potasswm 15 excreted You may recall
that 1 Table V shown a short time ago the plasma potasstum was
only very shghtly elevated m the first group of penods and clﬁse
to the average normal value after the dose of bicarbonate, yet tle
excretion of potasstum was at a very high Jevel —say some ten
times as high as if this dog had, with the same plasma POQ“SS;“‘"’
been receiving sodium chloride rather than potassium chlorxh le 2
Shannon Do you have the sodium concentrations, Dr Berl ng ;
Berhiner X did not have room 1n this Table for all the datﬂh u
the plasma sodmms were well within the normal range w]}:tw , 10
the dog 15 2 hittle higher than 1n man, 140 to 145 mEq per liter of
This will illustrate, then, one of the most s'tnkmg fc‘“‘":s o
potasstum excrebion —a very marked dissociation of the rate

excretion from the plasma concentration, or perhaps inmixe mu%)oort:m:
from the standpomnt of our usual thinking 1 renéx] pdys:;% ug)a a3
dissociation of the rate of excretion from the filtered loa 5
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an addstional pomt, may be further illustrated by the data plotted
i Figure 25 This represents a number of experiments m the same

dog m each of which potasstum was nfused, but m combmation
with different amons Before every experiment the dog had receved
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oral RCl for at least one week You can see that at any filtered load
there may be a wade range of amounts excreted A part of the varia-
tion, but by no means all, may be explamed by the differences
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obtained wath different amons The hghest ratios of excreted to
filtered — and the greatest absolute excess of excreted over filtered —
are regularly obtained by the fusion of potassmm thiosulfate, the
lowest with the chlonde, while ferrocyamde generally gives mter-
mediate values although the difference between thisnlfate and
ferrocyamde 15 not 50 well shown here The explanation of this
effect of the anion hes, we believe, m the demand they create for
cation excretion by the obligatory excretion of amon Chlonde can
be almost completely reabsorbed by the tubules so that the extent
to which 1t holds cation i the tubular flind 15 subject to vaniation
Ferrocyamide, on the other hand, 1s not reabsorbed so that an
amount of cation at least equal to the filtered and actually egual
to the amount of ferrocyanide mfused must be excreted Thiosulfate
15 excreted without reabsorption, but urnes obtmned dunng the
mfusion of thiosulfate contam about as much sulfate as thiosulfate,
and the required cation excretion 15 greater than the amount mnfused
We have found incidentally, that the infusion of p ammohtppurate
facihitates the demonstration of K secretion i man We may say,
then, that the rate of excretion of potassium 1s at least partly deter-
mined by the rate of excretion of amon

Another factor which accounts for part of the vantability 1n the
relationshp of excreted to filtered was alluded to when 1t was men-
tioned that the expeniments were preceded by a week of oral KCl
This 15 the factor of tolerance, the results of wlich are illustrated
by Figure 26 This represents two exactly similar experiments on
the same dog The first of these was the wutial expeniment on the
dog, the second was preceded by the oral ad ration of 4 gms
of KCl twice a day for two weeks In each KCI was nfused at a rate
of 506 uEq per mmute, one hour allowed for equilibration and
eight 20 mnute clearance peniods obtamed In the first expenmen;,
potassium excretion lags, faling well below the amount infuse
during the greater part of the evpenment Consequently the plasm;
potassium becomes moderately elevated and the amount excrete
remams well below the amount filtered When to]e‘rdnce has been
developed, the rate of excretion has, within the hour's equilibraticn,
become equal to the rate of mnfusion The plasma potassum 15 w;s-
siderably lower than 1 the previous study and the excreted excee!

the filtered throughout
Bradley How long does 1t take for tolerance to develop? "
Bethiner 1 don’t know Five days is plenty, but we have not really
explored 1t to find out We were at the time not particularly inter-
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the effect 1s not clear, nor 1s there any clear relationship between
the adrenals and the development of tolerance

As to the nature of the factors which determme potassium excre-
tion and therr quantitative relationships we can draw no final con-
clusions It seems hkely that potassium excretion 1s determined at
least partly by mtracellular potassium concentration and possibly
by the renal cellular potassium concentration Determmnation of
these concentrations does not at present seem feasible I believe
1t1s Dr Mudge's mterpretation, that the evident secretion of potas-
stum 1 therr experiments with forced osmotic diuresis with urea,
1s attributable to the mereased intracellul ation
attendant upon cellular dehydration

Leaving these most mportant questions more or less unsettled,
another aspect of the mechamsm of excretion warrants considera-
tion You will recall that Dr Pitts suggested that the acidifieation
of the unne 1s accomplished by an excl of hydrogen 10ns for
sodmum 1ons The reciprocal relationship between sodum and potas-
swm excretion under certan circumstances suggested that 2 simlar
process might be mvolved in potassium secretion If a unne could
be obtaned which contained essenttally one amion which could not
be secreted and 1f this urme contamed potassium 1 excess of that
Fltered, then the potassium would have to be present mn place of
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FIGURE 28
to the ad ation of pot and ndependent of the amon
d d with it To Lish this expenments were done

which started with the infusion of the sodium salt of one of several
anions Similar results were obtamed wath the ferrocyamde the
thiosulfate and the phosphate The expenment illustrated m
Figure 29 was done with ferrocyamde Sodmum ferrocyamde was
Infased at a rate of 1200 microequivalents a mimute After 80 muutes
to reach a more or less steady state, clearance studies were begun
he sodium was progressively

and the infuston was arranged so that
replaced by p at equvalent tration heeping the
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No conclusive mterpretation of these experiments can be made,
but we can narrow 1t down to two alternatives We may start by
assumung that reabsorption and secretion cannot proceed simul
taneously m the same segment of the tubule, and from what 15
known of the site of vanous tubular processes (Ruchards (11),
Walker, et al (13} ) we may place the reabsorptive pracess as most
probably m the proximal tubule The secretory process must then
be distal Distal secretion of the potassinm salts of chlonde and
bicarbonate seems unlikely especially 1 view of expenments like
that shown m the previous Figure smce a still more distal site for
reabsorbing the sodjm salts would be requwed The observed
findings could be explamed by a) a decrease m the proumal reab
sorption of potassium and the assoctated anons b) a diversion of
dhstal reabsorption from reabsorption of sodium wath chlonde and
bicarbunate to exchange of potassium for sodim

One further possibality remams, how ever, concerning the localiza-
tion of the secretory process Thus 1s the possibility that both reab-
sorption and secretion are functions of the proumal tubule, secretion
representing 4 reversal of the reabsorptive process In thus case,
secretion and reabsorption could not occur simultaneously so that
the mereased chlonde and hicarbonate excretion could be due only
to decreased reabsorption It mught throw mnfo question the theory
of direct cation exchange since it would Jeave room for reabsorption
1 the distal tubule of anv secreted amon as the sodmm salt How-
ever 1f we consider the effect of mercunal diuretics on the excretion
of potassium 1t would seem very unlikely that secretion is simply
a reversal of the reabsorptive process I don't want to go mto deta}
now as to the nature of the effects of mercunals on potassum
excretion Perhaps Dr Mudge would Iike to comment on this later
I would Iike to refer to one type of experiment which is pemne;l!
to this question If a dog 15 given an nfusion of some potassium 5“1”
so that a large excretion of potasstum 15 obtamed with an appreciable
excess of excreted over filtered, and a dose of some mercunal duretic
1s then admumstered, there invanably follows a marked drop in
potassium excretion which nsually reduces the ratio of excreted to

fltered to well below umty Such a drop might bfe t(}:;e Sf)feecltthg;

decreased secretion or wcreased reabsorption I

mercurial were on a sigle alterngtively reabsorphye and secr:ttog
mechamsm, a change mn the ratio to one but not past 1;1 ‘I‘)“tgon be
anticrpated, smce reduction to one would represent ;n tJla 1; n o
the active process and past one an enhancement f)d fl etne
process On this basis, 1t seems reasonable to conclude th
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attributable to a fixed spatial arrangement of some enzyme o seres
of enzymes yielding hydrogen jons on reduction and hydroxyl 10ns
on ondation that the hydroxyl 10ns are combined with CO. to form
bicarbonate which 1s returned to the mterstitial fluid with the cation
for which the acid has been exchanged

-
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DISCUSSION
Bradley To what extent do mercurial dretics affect p

excretion m the presence of
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Are we truly depressing reabsorption of potassium or are we stimu
lating secretion?

Berliner Until you have ratios of excreted, filtered over 1, one
cannot say We don’t know any way of telling whether the change
15 due to changes 1n reabsorption or changes mn secretion 1 would
be inchned to say both, but that 1s purely personal prejudice and
not based on any logical thesis Is that what you would say, Dr
Mudge?
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rite water diuresss on the other hand was associvted wath 2 shght
fall m potassium output

In Figure 81 some experiments on the effects of mercurals gnen
during saline dwresis are shown With 1sotone snfusions ercury
produced httle change m the potassium clearwmce However when
the amimals were made hypertomic the potissum clearnce yose
in every case and this was mmmediately depressed by mercury
The expenments are comparable as far as the values for filtrtion
rte serum potissium and total electrolyte excretion are concemned
The concentration of serum sodm and the rate of potassium ex
cretion were the only differences between the two sets of expen
ments

Thus there are two pomts which these experiments establish
Furst hypertonteity mereases the potasstum clearince which under
extreme conditions cn exceed the filtration rate and secondly
the mcreased excretion 1s veadsly reversed by mercunals We inter
pret these as indicating that the potassium exeretion of hypertome
dehydration 15 due to secretion

Pitts Would you feel that the secretion of potassium 1s going
on at 4ll times and that the mfusion of hypertonic saline depresses
absorption perhaps promal absorption 2f Dr Oliver will eveuse
the physiologist from talling about sites without looking Perhaps
this reduction of proximal absorption could be an osmotic nch(;;ze
uncovering what 158 gomg on all the titme Would that at all
Your conception? "

Mudge 1f we were to say that hypertome mfusions depresse
the proumal rexbsorption of potssiam bectuse of the resuling
merease 1 the rate of urne flow we would have great difficulty in
explaming two related observations Why 1sn t there a sumlar effect
from 1sotomie saline duresis when unne flow and total electralyte
excretion are the same? And secondly if the mcreased potasswm
excretion were considered as depressed reabsorption then mercur(y
would have to mcrease the rate of reabsorption For us at Iens‘
1t 1s difficult to concerve of 1 tmns;;ort mechamsm whose activity
would be enhanced by an agent such as mercury

Selhurt What happ);ns tuglhe unne flow when you pive mcrc{u‘?’s

Mudge In four of five expenments 1t mcreased In one
“Oéhrmnan What 15 the total cation escretion that 15 sodium and

tassium  before and after mercury
pOM udge Tn terms of molecular equnvalents the c\\Iﬁ“gr‘:;‘:z?‘;;::
are far greater than those i potassum For evample 1
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Wesson Dr Anslow and T have recently done some expenments
which confirm the findngs of Drs Berlner and Mudge Like Dr
Mudge we employed urea dresis Our expenments bear on his
data because where he was working at elevated plasma sodum
levels we made considerable effort to keep the plasma sodmm at
normal or subnorma) levels Consequently the occurrence of the
excretion of potassium at a greater rate than 1t was bemg fltered
cannot n these expeniments be attnbuted to a ugh plasma
sodium We felt that since the urea penetrates the entire body flud
space cellular dehydration does not exist The admuustration of
urea does not necessanly interfere with a water dwtress While
under & urea load you can have a clearance ratio of potassum
to creatnine well m excess of 10 at the same time that the ammal
1s water duresmg

Another thing which has been mentioned today 15 the change
in urme pH when the rate of potassum excretion 1s nsing We
have performed the expeniment 1n reverse When we admmstered
a mercunal dwretic to an ammal which had a previous high level
of potassium excrebon we got the same thing that Dr Mudge did
a profound drop of the potassum excretion to very low levels
but there was no change 1n the pH of the urme

From an entirely different hne some data obtaed by Dr M F
Lewitt in Dr Smuth s laboratory bears out the concept of potassium
excretion by the use of radioactive 1sotopes This 1s a field 1 whid
1 don t feel qualified to offer crittism so I will just repeat the data
Dr Lewtt found the same effect which Dr W O Fenn has pre-
viously described without particular reference to remal function
The procedure was this a smgle large dose of radioactive potassmx;l
was administered the dose was Jarge 1 terms of actity but small
1m terms of total potassum in the mjection Following the m;ecm}n
the plasma level of radioactivity rose abruptly then declmed stead;ﬁ’
Dunng the hours following the mjection Dr Lewitt found that the
ratio of achivity to total potassium comumg out 1n the urine was COH‘
siderably in excess of the ratio of activity to total potassium Pres?d
n the crculating plasma The only explanation thus far advanfas
to explamn this finding is this the admunustered radxoach“{e Pl’me
sium will be piched up by highly vasculor and membohc'ld y fIl% I
wer and kadney much faster than by other parts of the bofylh o
while the activity of the liver and kidney are 1n excess o de ttber
of the body they will tend to lose their actty to muscle Bcnh 0:1 .
tissues If the achwity of the patasslum m the renal p::]enway‘m o
greater than that i the circulating plasma then the only way'y
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muscle and there was a shght werease 1w muscle sodmm That
would be 1o kme with what you spoke of as the tracellular com
position alterng this mechamsm Thus fits m wath the wmerease m
P d with allalosts or after the ammal
has been loaded with potassim for several days

xII\?Iudge You gave potassmm chlonde and the muscle potassium

fe

Darrow Yes

Berliner Those calculations are based on the chlonde space?

Darrow The tissue analyses are mterpreted 1 terms of chlonde
beng largely evtracellular You can check the caleulation m terms
of sodtum plus potassimm 1n water but the endence 15 that po-
tassium left the cells

Mudge About 10 years ago didnt you report that muscle po
tassium rose when potasstum was guen?

Darrow  We get muscle potassium to nse of serum potassivm
nses If the conditions are such that serum potassium does not
rise i other words if the ammals reach a steady state under 2
Joad of potassum muscle potassum will go down to normal or
below normal Do you see what I mew? I dont believe we have
gotten high muscle potassium except m the presence of hi
potassium m the serum (Am [ Physiol 130 747 (1940}~ See page
757

)
Lester  Ave these ammals bewng dehydrated by the procedure?
v A T owrcn A w1 mnve nafagsium

Darrou ¢
chlonde Then
they refu Brated.

We were tng to see tf we could raise wtracellular potassmm
while leaving the anmmals in o more or less talerable state I we
got potissum too hugh they deaded they would sather hve on
body flurds than take the stuff we were giving them

Futs -7 ——
by wiucl

tssues?
Darrowe 1 dont thmk we know any thing s?uut s tul us &
el s a1

w the mpans

d some hidneys

r p bl
years ago but they gase me such a headache that I put the res“lt;
in the wastebasket Ve have some recent prelimmary analyses o
Tadneys of rats subjected to alkalasis or potassium deficiency These
seems ta be a considersble change m the rato of chlonde to
sodium amd potassum i these rats as compared to normals The
changes suggest that there 15 more sodwm 1 the cells I have 3
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The clearances of electrolyte by the nght ang left kidneys ere
studred Separatels The left Tenal vem g a occluded 4 Varying
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degree so a5 to elevate the venous pressure umlaterally Under
these circumstances we may use the clearance of the nght kudney
as control, thus elmnating the effect of systemuc factors which
presumably operate equally on both ladneys In Figure 52 the
ratio between creatinme clearances of the left to the nght kudney
remams close to wmty throughout an expenment 1n which the left
renal venous pressure was rawsed stepwise Two clearance values
were obtamed prior to imposttion of pressure m each stage of
pressunization, and finally, on release of pressure The pressure
levels are given at theé bottom of the figure in centimeters of water
Except in the third penod of pressure elevation where the creatimne
clearance dropped on an average of 10 percent below the average
control figure, the filtration rate remamed fauly constant
!
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The sodium clearance ratio was well mamntained untl the seiur:g
period of elevation where the clearance of sodum dropped to ; szxe
80 percent of control Fmally dunng the peniod of hughest pre“mt
elevahon, the sodum clearance dropped to about 30 or 40 p ent
of the control On release of pressure the sodmm cle;mncle C’al'h °
back to about 80 percent of control almast 1m(xine m: ryx o
unnary sodmm concentration ratio (Una) remained contstai
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tume relationships Rats can be tramed as 1t were to excrete water
faster than normal Obwviously that 1s in some measure a renal
phenomenon but we thought 1t was in part a mamfestation of ex-
trarenal changes — although we didn’t know what they were We
did not think 1t had to do with increased adrenal cortical actvnly
I£ ¥ remember correctly the cytolopical evidence of Greep and
Deane mdicated that the adminstration of potasstum will cause
detectable adrenal chinges mterpreted as stimulation of the glomer-
ulosa over a long penod of time Even if that be true T think it
would not necessanfy folfow that an adaptation of the renal tubule
to handling potassium 15 due simply and solely to creased adrenal
cortical activity Perhaps we can draw an analogy o what happens
n & muscular system Jf an ammal 15 subjected to severe exercise
without any cortical hormone 1t will go into shock If it 1s subjected
to exercise 1n the presence of cortical hormone 1t will adapt to the
exercise and become capable of d of 1
activity ‘This may be associated wath an inereased adrenal cortical
actiity but the adaptation occurs m the muscle and the cortieal
hormones while necessary to support the altered cellular actiwty,
are probably not its direct cause Another example 15 that scen m
Jactation  Corticn] hormones are necessary for the synthetic pro
cesses of milk production and the amount of ik produced 15 to
some degree dependent upon the amount of cortical hormone
present Yet the hormones themselves have no lactogenie actinty,
1 ¢ they do not themselves stimulate milk synthesis They only
permat other factors to do so T would guess that ths same sort of
thing mght happen as far as the ladney 15 concerned as 1t adapts
stself to handling specifie substances That doesnt mean that the
adrena) hormones do not effect speaific kidney functions directly
I am talking about adaptational phenomena

Luctscher 1 would bke to back up Dr Gaunts viewpomt Dr
Deming and T have been using adrenalcctormzed rats 1 assaying
desoxycorticosterone We thought at first that potassim cxcrc(;‘m':
might be a uscful end pownt but the yesults were so vanable thal
we returned to the time honored effect on sodmm everehon 13‘\:l en
at doses Sty or a hundred times those vecessary to produce de-

tectable retention of sodm the m p e
lated to dosage Extracts of urinary
was small and irregully relate £ Extoncts of o

f patients have pre
corticoids from a vanety of p: B P wonder

merease in potassiym excretion m @
of the eﬁectpof DOGA 15 not pnmanly a sodwm retentfon “;t}; o?:
Iater displacement of potassum Perhaps our expenments ar
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cortical hormones in the control of water and sodm excretion 15
well worth while of for no other reason than that it may mve a ey to
expermmental preparations which i turn may permit the more
eritical studies of the kudney at normal water and electrolyte Toads
It 15 frequently essential m the mihal phases of any mvestigation to
produce wholly ahnormal circumstances m order to cleasly define
the absence or presence of a certam mechanssm However, one c1n
take quite another view I terms of normal economy of the body
at a later date For example we have o clear demonstration that
the renal tubules both absorb and secrete potassium, stll our data
do not preclude the possibility that all filtered potassium 15 re-
absorbed n the proximal segment, and potassinm that appears m
the urme under conditions of normal fltration rate, and normal
electrolyte composition appears there as the result of secretory
processes of the distal segment In other words control under normal
potassium loads 15 a function of the distal process

Gaunt 1 can only say, both from our own expenence and from
that of helping wrte 2 recent review on the subject that it 15
almost 1mpossible to make any definite statement about the effects
of cortical hormones on salt and water excretion except in terms
of a precisely defined expenmental situation It 15 cextanly casy
m sorting out expenmental literature to see that what happens
m the anmal 15 dependent upon vanous conditions of salt Joad,
water load and — as Dr Shannon suggested ~ with the balance
of sterord hormones present

We are accustomed to thinking of DOCA as a sodium retamer
There are several reports showing that DOCA can mcrease sodum
excretion 1f the condritons are night It 15 well known that cortisone
may cause either sodum retention or sodum excretion depending
on the conditions Dr Pitts and s group have even recently
shown us that the adrenalectorized anmal can actually reabsorb
moare sodum than normal m certain situations Generabzations are
obwviously difficult . .

Fremont Smith Are we not cl to an old pk phical
concept, now outworn of single causality? It seems to me that we
will have to accept as basic to our thnking that the effect of any
given stimulus on an orgamsm 1s not a untform response, but that
the nature of the response is determmed by the state of the organ
ym I was so glad that Dr Gaunt and Dr Patts, as well as Dr
Wesson brought out the relatvity of the effect of pitressm 1€,
that the antidmretic hormone may be erther dretic or antiduretic,
the response depends upon the state of the ammal when the hor-

1




Tubular Secretion of Potassum and Acd 135

of arcumstances Instead of bemg bothered by the relativity of re
sponse we should try to specify the snuatmn m terms of pertimently

related sets of which or the
response to the pamcular shmulus under study I beheve it 55
c!h p and to seek a smgle
P toa i
Shannon 1 v '

1 think that 1
one knows al
system will always give the same result

Oliver But one never knows all that.

Shannon The pomnt is when one gets vasable results then one
has to re-examme the svstem in order to determime or discoser the
additional conditioning factors That 15 not the same thing as saymg
that the same stumulus may produce different results 1n the same
system at different times

Fremont Smuh  There is no powt where one can get down
below a concatenation of events If yon go mto the cell or mto
the nucleus or nto the atom you are imvohed i the same situa
tion! When you say you have to know all the vanables and must
hold all the vanables constant 1n order that a given shmulus should
invariably produce the same effect you are saymg exactly the same
thing that ¥ am The stmulus has effect A under conditions A but
the stimulus would also have effects B C or D under different
condiions The concept of single causality has outwomn its use
fulness 1 feel 1t 15 more m accordance with reality and with the
scientific method and less hikely to get us into trouble of we accept
and make part of our thinking the concept of mults causahity and
cencatenations of events Our emphasis then wall be to speaify as
many of the vanables as we can indierting those which are con
trolled and to what extent they are controlled leaving also plenty
of room for unknown rariables Nevertheless I would lke to
emphisize agmn that T beheve Dr Shannon and I are saying the
same thing from different angles

Shannon 1 am not sure
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moukey wrench mto the situaton and made Newtonan concepts
wvalid with respect to certain other areas That 1s exactly the sitna
tion here I cannot for a minute helieve that the concept of clear
ance will not be fundamenta] with respect to certam problems but
T also beheve that there will be situations m which the present con
cept of clearance will provide at best only a first or perhaps a
second approximation to the facts

T want to ask you to expose yourselves, and this seems a good
chance to expose myself, to an 1de1 which 15 quite contrary to the
basic concepts by which many of us are operating T think 1t 15
generally beheved today that the capillary glomerular bed 15 beng
used at close to maximum capacity most of the tme There 15 evt
dence, of course, that glomerular filtrate does increase under certamn
arcumstances The vascular blood flow through the kidney does
go up and certamly good evidence exsts that it can be sharply
reduced as m anwety reactions or i traumatic shock.

We have been talking about tubulr reabsorption today and my
concept has to do with tubular reabsorption It 15 generally agreed
that when concentrated urme 1s beng formed or when antiduresis
takes place there 1s an increased amount of tubular reabsorption
Tt 15 assumed that such an mereased tubular reabsorption 15 due
primanly to an merease 1 the activity of certain tubular cells
all the tubules I would bike to suggest the possibility of a simple
and more flexible mechanism which would allow for changes m the
amount of reabsorption by the tubules by varymg the surface of
the tubular cells to which the fltrate 15 exposed Thus if a ghen
amount of filtrate were exposed or allowed fo flow over a largi-fe
tubular surface much more reabsorption would take place tharI\I
the same amount of filtrate were m contact with a much smaller

rea of tubular cells

* ?Slg basic assumptton underlymg this hypothesis 15 that d:;
normal blood flow through the kidney occupies only a fmwgg of
the glomerular capillary bed at any one time and lhsd mbm on o
glomerular capillanes which are open can be vanbe ! yof i
vasoconstrictor mechanisms which allow for a redistribu dw(r;l o e
functionng glomerular capillares It 15 further assm}tlle o
total amount of glomerular filtrate 15 appmﬂmatelg unc ’"t‘g "~ max

the Jadney shifts from producing a concenhil;m::::ﬁ:’obsm“

mum water diuresis This T beheve 25 10 asclc\?d‘es e ey Fume-

f Rehberg on prin (Rehberg P B
::235 (; T}Te rateg of fltration and reabsorption m the humc:innkzd::)q:i
IT The excretion of urea and chlonme analysed according
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modified filtration reabsorption theory Biochem J 20 447-482
(1926)) and was bomne out by the observations of my colleagues
and me on man m which glomerular fitrate as measured by

d Jearance did not vary sigmficantly from
a concentrated unne to a water diuresis

I we consider the mammalan glomerulus as reconstructed by
Vimtrap (hrogh A The Anatomy and Physiology of Capillanes
Revised Ediion New Haven Yale Unnversity Press 1929) as gnen
m the frontispiece we see that each glomerulus 15 composed of
pp ly 50 non capillary loops Thus on theo

4 e o .

1

Joop open1n each But note that 1n such redistribution of blood flow
from one glomerulus with 50 capillary loops open to 50 glomerul
with only one capiflary loop open 1n each there need be no change
m total blood flow 1e a redsstnbution of a constant volume of
blood flow through the Judney could prowide two contrastmg situa
tions  One m which the blood was evenly distnbuted through all
glomerh but with approumately only one capillary loop open
each In this case the filtrate would be distnbuted to all the tubules
but only a small fraction to eich This would result in 2 maumum
reabsorption of filtrate and a concentrated unne In the second
situation the same blood flow would be distributed only to approu
mately one m every 50 glomerull Each of these however would
have its 50 capillary loops wide open There would be the same
amount of total renal blood flow as in the first situation and the
same amount of total filtrate would be formed but in this case the
filtrate would be distnbuted to only one in every 50 tubules and
these tubules would receive approumately fifty times as much
filtrate per umt of time as they receive n the first situation The
filtrate would be exposed to only 1/50 of the total surface of tubular
reabsorbing cells and the contact wath these cells for each unit of
filtrate would be of very much shorter duration This would be the
situabion of mumimal tubular reabsorption and maximum dwresis
T have two figures to illustrate tlus hypothesis In Nigure 84 on
the left is shown a duagram of a glomerulus with only one capillary
Toop open to il the suggested d of all the glomeruh
when 1 concentrated unme 15 being formed on the nght 15 shown
a duagram of a glomerulus with all fty capllary loops open to
flustrate the . of these gl uh which are open (only
about one in 50 would Le open) during a water dwiresis Tigure 83

o~
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wHlustrates the same two conditions on the left 2 diagram showmg
a large number of glomeruh with only one capillary loop open
exwch and on the nght a diagram showing a large number of
glomerul with only « few open but wath these few wide open 1e,

UR NE CONCENTAATED  VOLUME SMALL YR NE D LuTE o rert
Lt +

FIGURE 34
D agrammatic picture of glomerulus on left with only one capillary open and
on the night with 50 capullaries open It would require 50 glomeruli with only one
capillary open to make as much fltrate as would be produced by oue glomerulus
wath 50 capillarzes open

UR NE CONCENTRATED  VOLUNE SWALL U ME DIUTE  YOLUME LanGE
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with all 50 capallary loops recerving the blood Thus by a red str bu
tion of the same volume of renal blood flow 1n the one case o v 1v
hmited flow through each glomerulus and in the other 2 s 1r
flow through only a few glomeruls, the same volume of glore lar
filtrate would be delivered i the first mstance to all the 1 es
and 1n the second mstance to only about one m 50 tubules ¥ h
2 mechamsm does 1n fact exist one would anticipate a con ¢ trated
unne from the first situation because there would be miam m
opportumity for tubular reabsorption while 1n the second sitaation
durresis would take place smce all the filtrate would be pourirg
rapdly down only about one 1n every 50 tubules at anv one moment
hypothests has virtue only if 1t will explain data more logically
than any other hypothesis, 1f 1t provides for usefu] generalizations
or if 1t acts as a challenge to new expenmental work whi~h other
wise might pot be carrred out I proposed this hvpothesis ocfore
the Amencan Society for Chimeal Investigation mn 1930 (Fremont
Smuth F, Fremont Smuth M, Daley M E et al Stide m
Edema 1 The mechansm of water durests mman J Chn T2 12
gation 9, 7 (1930)) without a real expectation that it would m
out to be correct but m the hope that 1t would stmulate new w nrk
Since that time 1 have discussed 1t mformally whenever possible
and have as yet to find what seems to me adequate evidence to dis
pose of this theory I would hke to take a few mnutes to show 2
number of physiol 1 and chmcal ph which perhaps
can be correlated by thus theory and which so far as I know are not
yet correlated by any other theory
At present there 15 no theory to explam what happens m the
kadney 1 the shift from a concentrated urine to a water druresis
other than the concept of 1ncreased retbsorptive activaty of tubular
cells nor 15 there any theory to explamn the two contrasting clinteal
conditions 16 edema without uremia_and uremn without edema
The proposed concept has the virtue of correlating the hnown renal
pathology underlying these two contrasting conditions with therr
myor differences m kidpey function In other words one would
predict that m ~ condition of edema without uremta the ladney 1
0 a condition of constant maximum tubular rewbsorption and yet
has sufficient Altration surface to clear the non protein mtrogen
from the blood and furthermore that the kadney 15 fived mn this
conditron at least tempornly From the viewpornt of the proposed
cory one would expect the vast majonty of the glomeruli to be
funchonmg but 2lmost none of them to be functiomng fully 1€,
one would antiapate 1 diffuse mjury imolving all glomerali but
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allowing some blood flow through all or nearly all The actual
pathology of glomerular nephutis, of nephrosis, and of amylod
disease of the kidney, n fact corresponds to just this condttion All
three show edema often without uremia In contrast ss the pathology
of the kidney m uremia without edema, as 1 the artenosclerotic
ladney Here the kidney 15 unable to concentrate the urne and a
dires:s takes place continuously, i this situation the theory would
require that there be a reduction of glomerular filtration surface to
the pomt where the blood eannot be adequately cleared of nan
proten mtrogen but that those glomerult which are functionmg
should be, i the mam relatively normal, 1€, be able to receve a
maximum blood flow through all the capillartes Agun this 15 m
fact the case In the artenosclerotic hdney there 15 a progressive
loss of whole glomeruli —not a diffuse imjury of all glomerult As
more and more glomeruh are destroyed, the blood flow through
the hidney must be diverted to the remamng normal ones which
will now have to open more and more capillaries 1n order to accom
modate the renal blood flow and get nid of the non protemn rutrogen
This will mean that the filtrate 15 formed m progressively fewer
glomeruh and 15 shunted down fewer and fewer tubules and one
would expect and does mn fact find a progressively mcreasmg’
polyurea Eventually the filtration surface 1s msufficient to get "d
of all the non-protem mitrogen, urema progressively mcreases an
the remainmg glomeruh continue to function at maximum capamtyt
Polyuna continues and edema does not take place The ludnefy }?
autopsy shows destruction of the majonty of glomerul but of l"e
remamnder many are not only normal in appearance but actual ‘)i'
show dilation as if they were receiving constantly a maumum blm)d
flow and making a maamum amoeunt of fltrate It should be ;]mmtle
out that a qute different clinical condition 1€, congemt::i ]JOS}I"v
cystic kidney shows the same chmeal picture of progressive u:;’esy
followed by uremia but never any edema, and agam n;) i“thgse
shows massive destruction of tlhe xéméolntydof glomeruh bu
ear quite normal and dilate:

rerxr:l;l;)r;;gm:i;;ﬂt 15 qwe.ll Ynown that if the mass of tge ludsn:)b l::
reduced by surgical exaision, the urme flow does not e::e;:z o o
nereases! Thus if the kidney 1s reduced to one quarter :he e
urine formed may be considerably greater than fron: haaPivin
kedney This agun could be explained on the ﬂSSUde lte 4 through
blood flow 1n the kidney of reduced size 35 nO™ we{r s

few remaming glomerul: and the filtrate forme s
the relatn ely 1 duchon of resbsorp
nto relatwely fewer tubules with a resulting re:
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tive surface and time for reabsorption with a resulting increased
urine volume Diabetes msipidus according to this theory would
be explawed by the kidney functionally fixated 1n the condition of
diwresss 1e with blood flowing through a relatively few glomeruli
which are wide open The antidiuretic action of pitressin would be
explamed not by an mcreased actiity of all tubular reabsorbing
cells but rather by redistnbution of the blood flow i the kudney
* only 2 mimmum
glomerulus The
but 1n such small
volume that there 1s ample time for maximum reabsorption 1n each
tubt le
This concept therefore appears to offer a correlation of hidney
function and pathology n the major chmeal conditions of edema
without uremra of uremta without edema of normal water diresis
of diabetes msipidus of the antidwrests of mitressm and also of
the ncreased volume of urine formed when the kidney 15 expert
mentally reduced m size
1 would welcome the opmion of the group regarding this hypo
thesis Is there cleancut evidence at present to make the theory
untenable? Can 1t be dismissed outnght or on the other hand are
there experiments that could be done which would either prove
or disprove 1t? My own suggestion of an expertment would be mn
an unanesthetized dog with the hudney previously brought outside
the abdommnal wall to mject the renal artery with India m\ This
would be done mn one group of ammals dunng maximum water
diuresss and 1n another group when a concentrated unine was being
formed or after an njection of ptressin m each case during the
first few seconds of India nk ijection the pole of the ladney would
be sheed off and immediately fixated Careful senal seetion recon

IDjECLeU SUOUIU SOV CdTLOT 1N ali eIPUlncs Of the glomerutus
while m the ammals producing concentrated unne all glomerult
should show India mk but only one or two capillanes m each
glomerulus would be mjected It would be necessary to shee off
the lodney pole almost ymmediately after starting the India ml
injection for there 1s nothing 1n the proposed theory which would
chmmnate “intermittinee” 1e  dunng the formntion of concentrated
unne altho igh only one capitlany would be open n each glomenilus
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at any one time the same capillary would not necessarily be open
contmuously Therefore after some minutes of mjection all the
capillary loops mght show some carbon phcles Smmlarly, m
water diresis with only one glomerulus m fifty open at any one
time there would be the possibility — even the probability — that
one glomerulus after another would take its turn m becoming wide
open thus shiftmg the burden of tubular reabsorption from one
tubule to another and avoiding fatigue or exhaustion of the cells
which are actively reabsorbing water

This concept can be wrong but I have for nneteen or twenty
years challenged everyone that 1 could from Rehberg on to bnng
forward any good evidence to show that this 35 impossible and I
have not been able to have the plewsure of gettng that evidence
yet So I throw 1t back to you

Shannon 1 think Dr Forster has some data that might bear very
directly on the problem

Forster T was ongmally interested m Richards techmques which
were developed of course for the direct exammation of glomenilar
and tubular activity Later when I turned to clearance stuches I
chose to work on the frog for the speaific purpose of comparing
the results obtamed by using clearance techmques on this anmal
with those previously made by others usmg mierodissection pro-
cedures One of the checks on the clearance technique was to see
whether such alterations mn clearance would be obtamed as could
be correlated with observations on glomerulr mtermittency ob
served directly m the frog The problems Dr Fremont Smuth has
posed soon presented themselves Are \anahions in urne flow
accounted for by opening and closing of the glomemli? Is g‘lo-
merular activity an  all or none pl on? Does a gl p
function all the ime m 1ts full capacity or are there gradations of
cireulation through an mdvidual glomerulus? 141

Dr Fremont Smuths Figure 81 n diwgram of an mdmidual glo
merulus presents the possibiity that blood m_coming throug
the afferent arteriole can truerse all of these 50 channels kone
of the ch Is or any inter te number of them Back in

Shannon the possibility of usmng
1'937 e I‘d‘SCUSSCCL e thean blem of glomerular mter

ecided to mens:u'e matamal rates of g]u}c‘o:ﬁ
reabsorption (glucose Tm) by the tubules under co;}t]lmon:cgl t:;
radscally altered glomerular filtration rates m frogs ‘he CollmeS 2
tion of glucose 1n the plasma was mantamed t;l\otm;:‘ ul;:cyeabsorp
Tigh as was necessary to msure saturatton of the tu!

3 t
mttency and 1t was d
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Shannon Dr Forster really should have emphasized that al
these expenments were carned on pretty much with the sum
plasma glucose level He changed the glucose load by changmy
glomerular filtration rate not by changing plasma glucose

Fremont Srith. Would 1t be assumed then from this that m th
frog and m perhaps mammals if a glomerulus 1s open the bloot
flow per umt of time through that glomerulus 1s constant?

Shannon No wir

Fremont Smuth It seems to me 1f you can have vanahons m the
blood flow per umt of tme through a glomerulus 1t gives oppor
tunity for essentially the same vanation 1n rate of filtrate flow down
the tubules as suggested above

Shannon I think you have to draw on Homer Smiths observa
tions with p ammoluppurate for that if you accept the vahdity
of his measurements I believe this can be done with safety since
direct measurements by catheter techniques apphed to the renal
vem are m essential agreement Smuth found in the human that
one can change the blood flow up or down but there 15 no change
in reabsorptive capacty This would imply that the reabsorptive
surface has not changed

Graffin  Some years ago 1m a course m physiology for medical
students many frogs were carefully (though still crudely) prepared
for contmuous observation of the hving kidney m a selected micro
scopic field The phenomenon of mtermittence m the glomerular
arculation was regularly observed m the first 20 or 30 mnutes
after the preparation was completed If the frogs shin was then
bathed with hypertonic salt solution 21l glomerult became ;om
pletely mactive within a very short time On the other hand 1 d]‘;
skin was freely bathed with distilled water all glomerul in the fel d
soon attamed what appeared to be maximal activity and retame
it for prolonged periods

F rerEant S%nthpls that water diurests assoctated with an enormous
mncrease i glomerulr filtrate?

Graffin Measurements were never made fro

Winte Glomerular filtration cgmefs up 1tnlnm'm:ﬂe \;/1108;6;}19( :’:en
1s properly or normally hydrated If each loop wer
\vol\)nldpbeYSO times asymu%h Rltrate as on the left of your ﬁig\ ﬂtce
50 that with 1l of them open there would be 6000 ce a minu
mstead of 120 frox d N

Shannon The frog does just that

White Dr Bott lsmws ‘more about this than I do_T don !lh;xnr‘:l
how Dr Richards feels about this since 1 have not talhed with
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time never ' ‘ -
however, t]
and still be
This was ne
1t exther, although saline 1nfusions were bemng made
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mereastng the load of sodium escaping from the proumal process
so that 1t exceeds the distal process or by decreasing the rate of
distal reabsorption Either or both of these processes may be con
cewved to be under body control

It 15 by no means evident that 1t 1s possible to prove or disprove
the eustence of a third tubular reabsorphve mechamsm It would
seem theoretically possible to do so under direct examnation by
micropuncture but this may not be technically feasible so that we
are at present hmited to indirect methods Here the only techmque
which has offered any hope of success 1s a possible correlation
between sodium and “ater reabsorption

According to all labl d water 1s reabsorbed 1n large
quantities 1n the proximl tubule The drving force for this reab
sorption appers to be obligatory passive and due to osmotic pres
sure differences between mtratubular and pentubular fluids which
have been set up by the pnior active transfer of solute If 50 percent
of the filtered solute measured as osmols 1s transferred then 50
percent of the filtered water 1s capable of moving until 1sotomeity
across the epithelium is restored Conversely if 50 percent of the
water diffuses from the proumal tubule then it follows that at
least 50 percent of the osmols has been transferred also Since
sodium salts account for 90 to 95 percent of the total filtered osmols
the 1mount of water transferred s 1 first
the wmount of sodium transferred A ding to the P
studies the proumal tubular flid remamns very nearly 1sosmotic
with plasma as far down as the mvestigators have been able to go
In this case the measure of solute transfer 15 a precise one It does
not follow however that osmotic equilibrium across the proum il
epithchum 1s so nearly lete under more pl 1 conds
tions The flmd reaching the end of the pro“mnl tulmle may be
quite hypotonic to plasma due to the nabihty of water to keep
pice with solute transfer

Accordingly these possibilities may ewst at the end of the prou
mal tubule

1 A small volume of flmd representing virtually complete trans
fer of electrolyte and 1sosmotic transfer of water
A larger volume of stronglh hypotome flwd representing
sirtually complete transfer of electroly te and incompletc trans
fer of water
3 A large volume of fld neuly or cnmp!clcl) 1sosmotic to

plisma and therefore carming of

clectrols te

1t

2
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drugs renal oxygen supply renal venous pressure other excreted
tons are some of these factors If we include with these endocrine
and metabolic agents we have 1 group which might be called the
mmor vanables to be disungwshed from the major varable of
filteved salt foad with its two components concentration and volume
The difficulty of controlling all of these varables 1s tremendous
And any one or several of these minor vanables although capable
of affecting total salt reabsorption by only a few percent may
be crtical m determinmg salt excretion under physiological or
pathological conditions

The mechamsm by which sodium 1s reabsorbed by the renal
tubules 15 almost certainly complex reflecting the sum of two or
more separtte reabsorptive mechamsms The evidence supporting
the view that 8/4 to 9/10 or more of the filtered sodium chlonde
1s reabsorbed 1n the proximal tubule of mammals 15 good In ddition
there appears to be good evidence for the existence of 10n exchange
mechamsms whereby hydrogen ammomum -nd potassium 10ns re
secreted mto the tubule 1 exchange for sodum 1ons reabsorbed
such mechanisms together accountmg for perhaps 1 to 2 percent
of the total sodum filtered But there 15 also a philosophucal reason
for seelung the existence of still another reabsorptive mechanism
for sohum and that 1s the behef that 1t 15 more probable to find
the body controlling the excretion of sodum by large vaniations 1
a reabsorptrve mechanism receving small amounts of the Hltered
Toxd of sodim than by small vanations in a mechamsm which
reabsorbs the bulk of the filtered load We may then tentatively
propose the following system The bulk of the filtered sodium is
reabsorbed 1 the proumal tubule 1n large and vanable amounts
and without beng under cntreal facultative control Distal to t:e
proumal reabsorptive area but not necessanly located m the
anatomical distal tubule 15 a distal reabsorptve area which has
these properties a) 1ts manimal reabsorptive capacity Is equal to
10 to 20 percent of the normal filtered sodium load b) the mag‘}‘]‘
tude of this distal process 15 subject to facultative vanation by the
body over a wide rainge ¢) the amount of sodum escaping fron;
the prouimal area 1s normally equal to or Jess than the maum?
drstal reabsorptive capacity Regions in winch zon exchange ml\]c(sl
place may be located esther provmally or distally but it s'hou‘
be noted that 1f such exchange mechamsms exist 1n the distal tubule
1t 15 essential that an adequate supply of sodium remain to enter the
distal tubule after proximal transfer 1s completed Vanations l;ﬂ
sodum excretion may then tike plice m either of 2 ways bY
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mcreasmg the load of sodium escapmg from the proumal process
so that 1t exceeds the distal process, or by decreasmg the rate of
distal reabsorption Either or both of these processes may be con-
cenned to be under body control
It 1s by no means evident that 1t 15 possible to prove or disprove
the eustence of a third tubular reabsorptive mechamsm It would
seem theoretically possible to do so under direct examunation by
micropuncture, but this may not be technically feasible, so that we
are at present ltmted to indirect methods Here, the only techmque
which has offered any hope of success 1s a possible correlation
between sodmum and water reabsorption
According to all availlable evidence, water 1s reabsorbed 1n large
quantities m the prouamal tubule The driving force for this reab-
sorption appears to be obligatory, passive, and due to osmotic pres-
sure differences between ntratubular and pentubular flnds which
have been set up by the prior active transfer of solute If 50 percent
of the filtered solute, measured as osmols, 1s transferred, then 50
percent of the filtered water 15 capable of moving until 1sotonieity
across the epithehum 15 restored Conversely, 1f 50 percent of the
water diffuses from the proumal tubule, then it follows that at
least 50 percent of the osmols has been transferred also Since
sodium salts account for 90 to 95 percent of the total filtered osmols,
the amount of water transferred as a first app
the amount of sodum transferred According to the
studies, the proxmal tubular flud remains very nearly isosmotic
with plasma as far down as the mvestigators have been able to go
In this case, the measure of solute transfer 15 a precise one It does
not follow, however, that osmotic equltbnum across the proumal
epithehum 15 50 nearly plete under more physiological condr
tions The flmd reaching the end of the proumal tubule may be
quite hypotome to plasma due to the mabihity of water to heep
pace with solute transfer
Accordingly, these possibilities may eust at the end of the prov-
mal tubule
1 A small volume of flud representing virtually complete trans-
fer of electrolyte and 1sosmotie transfer of water
2 A larger volume of strongh hypotomc flud representing
wirtually complete transfer of electrolyte and mcomplete trans
fer of water
3 A large volume of fluid, nearly or completely 1sosmotic to
plasma and therefore carrymng considerabl of
electrolyte
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4 A varymg combmation of the other three
Whether or not water may be used as an mdex of sodum reabsorp
tion depends upon which of these conditions 15 the true one

A sccond fraction of water reabsorbed 1s that represented by the
production of a hypertomc unne This might represent m man 3 to
5 cc per muinute nd necessanly requires the direct expenditure of
cellular energy as osmotic work The locus of this activity may be
tentatuely referred to the distal tubule A third fraction of water
reabsorption 15 that which appears as an mcrease 1 nrine fow dur
g water diurests or as a result of nterruption of neurohypophyseal
function and represents about 15 percent of the total filtered It 1s
generally assumed that this water anses from the depression of a
speaific reabsorptive mechanism brought about by a decrease m
the concentration of circulating antidiuretie hormone Two theones
have been advanced to account for thus facultative water fraction

According to one theory the facultative water anses from the
thin imb 1t 15 postulated that an abundant hypotonie flud enters
the thin lmb Under the stimulus of the antidmretic hormone
water passes through the epithelium of the thin hmb until osmotic
equlibrnum 15 attuned and 2 seanty flud enters the distal tubule
te be further concentrated by the active reabsorphive process In
the absence of the antidiuretic hormone the thin fimb remains
mpermeable to water so that wn abundant hypotonie flmd enters
the distal tubule 1n excess of the distal reabsorptive capaaity and
escapes from there nto the bladder

According to the second theory the facultative water 15 reab
sorbed actwvely by the same distal mechanism which produces a
hypertonic urme In this regard 1t 15 a ssmphification over the fore
gomg In the ab of stimulation by the anhdiwretic hormone
active reabsorption 1s depressed so thit an ncreased volume of
flmd escapes into the collecting tubules It 1s not essential to ths
theary that the flmd entenng the distal tubule and from which the
facultative water 15 abstracted be 1sotome_although proposing that
the tubulr urme comes to osmotic equilibrium m the thin hmb
15 an infngung auxihary hypothesis Nevertheless in order that water
reabsorption may serve as a key to the eustence of an additional
sodmm reabsorptive process 1t must have just these properties
that psmotic equilhbnnm be attuned m the proamal tubule or thin
Limb (and 3t makes no difference which) thus affording a measure
of the amount of sodiim reabsorbed m the proumal tubule And
fucther that the facultative water be reabsorbed actnely in the
distal tubule thus affording a measure of the volume of electrolyte
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entermg the distal tubule Subtracting the amount excreted from
the amount entermg measures the magmtude of reabsorption by
the distal tubule M hydrogen, and perhaps
some fraction of potgssium excreton will determine the sodmm
reabsorbed by transfer If this or an analogous situation does not
describe the behaviour of water, then water cannot be used as a
measure of sodum movements m a complex reabsorptive system
of the type described The mechamsm of water reabsorption must
be salved before much further progress can be made with sodium
Until 1t can be deterruned whether there are one or two speaific
sodum reabsorptive processes, and if multiple whether they can
be measured, nvestigations an such things as the relationship
of fltration rate and plasma concentration of sodum to sodium
reabsorption, the actions of mercury, of pituttary and adrenal
hormones, of osmotic diuretics and other 1ons and the mechamsm
through which changes 1n body salt content are corrected by
changes 1 the rate of excretion must rest upon a very tentatve
basis
There are so many problems associated with st and water reab-
sorption and excretion that 1 would prefer to save them for general
discussion I would like to conclude this mtroduction by hsting
some viewpomnts which have been condihoning our approach to
the problems associated with water and salt excretion
We feel that investigation of the mechamsms of sodim and water
reabsorption should be intiated m the following order
1 Nature of the p of the water reabsorp system
2 Nature of the components of the sodium reabsorption system
3 The relationship of load, and its two components, concentra
tion and volume to reabsorption by each component of the
sodium reabsorption system Of particular mterest 15 the rela-
tionshup of filtration rate, the volume factor
4 Which of the vanables relating to which component of the
sodmm reabsorption system 15 normally employed by the
organism to adjust body sodium content to vanable rates of
sodium mngestion
The details of the mechamsm by which the body controls this
varable or vanables
Elucidation of the effects of other factors, such as pH vanahle
amons, hormones cte upon sodwm and water excretion n
terms of their relation to speaific components of the sodiim
system

@

@
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DISCUSSION

Pitts There 1s a queshion which has worried me all the way
through this presentation I would Iike to sk all of you your
opmions and Dr Bott especially We all have the tendency I think
to accept the work of Walker Bott Olner and MacDowell as the
basis or starting point for the interpretation of all data on snlt and
water excretion Their experiments on the mammal were performed
presumably under 1 given set of constant condittons which were
nerther those of marked osmotie diuresis nor those of water diuresis
I wonder if Dr Bott would care to comment whether she feels
that 1t 1s valid to assume that flud 15 absorbed 1sosmotically in the
proumal segment and that 68 percent or more of the filtrate 15
returned to the blood strexm 1n that segment under conditions of
water dwresis and osmotic duresis as well as under the conditions
of her expenments

Bott I must admit as we certainly had to from the beginning
that these were not absolutely normal ammals 1 that they had
to be anesthetized Certain procedures had to be done on them
order to be able to take the samples and 1 think that we do have
to keep that 1 mund constantly in interpreting the results T beheve
we have all admitted that However I feel that they are certunly
a good basis from which to start I dont know what other one
would be better As far s the osmotic pressure is concerned I
thik that surpnsed us as much as 1t did amone to find these low
osmotic pressures of tubular fluid 11l the way down and by the way
1 believe the three determinations on the distal tubule are perfectly
real results They are very often not considered because we were
hesitant to put too much stock 1n them having only three that Dr
Walker felt were reliable collections Just how much the nnesthch;
mght influence the results T cannot say for sure I have been asL;‘
something about the chlonde determmnations and whether they fit
1n with the low osmotic pressures 1 feel there is nothing in those
chlonde values that interferes with the acceptance of those osmotic
pressures because the caleulated osmohic pressure of the known
constituents still leaves some room to spare

Pitts 1 m afrad 1 created the wrong impression by my com
ments T did not expect you to defend those specific expeniments
because we ll accept them The fact that disturbs me s not that
those expenments were performed necessanly under abnormal con
ditions I would consider they were a whole ot more normal than
are those expeniments performed under hugh osmotic loading But
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can we assume that the same type of prosimal osmotic relationships
will obtain under osmotic loading? Also can we accept the premse
that the proximal tubule cannot perform osmotic work on water
necessanly? Is that absolute?

Bott T think the only way to be sure about the osmotic loading
question 15 to try 1t in expermments of this lind T think that there
15 no reason why they cnnot be done with time and trouble though
Dr Walker 1s not working n the field just now

Sefkurt Wil you clanfy what you mean by osmotic loading?
E: b ke 1P

Pitts Any type of osmotic Joadng whether by urea sodum or
manmtol 1am getting down to the pomnt of ashing Dr Bott whether
she contemplates at all providing the data herself

Bott Some of our experiments were run dunng sucrose mjections
so there must have been quite a bit of sucrose present in the tubule
flmd  Unfortunately I dont remember which were which but i
gomg back over my notes I may be able to find out where we did
have a lot of sucrose present and if we still got the low osmotic
pressure !

Shannon Could Dr Bott tell us the order of magnitude of the
osmotie pressure dhfference?

Boit In many cases it was within expenimental ermor of the
osmohic pressure of the plisma through the fiest third or half T
think of the proumal tubule There was one definitely lower one
Tthink T would hesitate to say how much lower but 1t was definitely
Jower Tt would seem to be out of Line with the others Those three
on the distal tubule were stll lower than most of those i the
proumal tubule Then when the osmotic pressure of bladder unne
w1s taken that was very ligh comparatively Of course there 1s a
big gap n between The part that struch me i that too 15 that the
chlondes were Ingher than the chlonde of the plasma in the
provimal tubule where the osmotic pressure was about equal to
that of plasma The chlonde i the unne was lower than that of
plisma n spate of greatly creased osmotie pressure In other words
the imcrease was not due to 1 nerease n chloride

Wesson What was the osmotic pressure n the distal tubule in
the three or four simples you obtained?

1(A search of my 6o ¢s reveated that osmot ¢ pressuse of twhule flud was oot deter
m ned after sucro € next ns but that tubule flu d o mot ¢ pressu ¢ was low n the p
of cons derable glucose after phlo hzn)
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Bott It was plotted as related to plasma I cannot remember
Kactly but T think 1t was 20 percent lower 1 would have to check

at

Wesson Further on down the urme was found to be hypertomc?

Bott That 1s nght

Wesson Suggesting that water reabsorption took place some-
where between the pomt of puncture and the bladder

Bott Early distal

Shannon We always talk about the mammalian kidney bemng
charactertzed largely by 1ts ability to form a hypertome urme This
potentiality 1s strikingly himited Under the most extreme conditions
of dehydration without adding unusual constituents 1t 1s upusnal
for freezing point depressions to overrun about 13 14°C freezing
pomt depression That occurs at low flows of unne w the dog m
the order of 02 milhliters per mmute Should one accept the data
of Drs Bott and Walker as mdicating 15sotonc tubule urme 1n the
proximal segment then m the normal ammal without any asmotic
loading perhaps one mght expect there to be osmotic pressures
that are sigmficantly lower than those obtamned 1n the rat Itis
pure speculation

Pitts Getting back to your own expersments wath dogs n diabetes
msiprdus when they were dehydrated they did form as I recall
urine which was considerably hypertonte —

Shannon Not considerably ~The plasma reached a freezmg
pomt depression in the order of 07°C  the urmes were a maximum
of about 10°C Whle all the dogs studied had diabetes wsypdus
as ordinanly described some had some residual postenor pituitary
tissue The striking thing as far as we were able to determme wni
the lack of correlation between the amount of apparently normal
tissue remamnmg and the ammals abiity to produce hypertonic
urine
Pitts 1 would like to ask Dr Wesson and Dr Mudge if they
have any indication of what the relative magmitudes of abscrghffi
of sodum or chloride might be m exther the proumal or the dista
segment under normal conditions

%;/nesson We have no direct expenimental indication of t{leS:
magmtudes Any estimate that we mght make would bclel un&’mt
deduction from a current working hypothesis It 1s on;x}'l feel neghme
if tubular water reabsorption has certan properties 4 (-m‘\"’sndmm
a useful clue to the magmtudes of proumal and hnsta the end
reabsorphive processes If for mstance the fluid rfac en:’% o otes
of the proimal tubule 1s measured by the urmne volum
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msipidus and of further this flud 15 15otonic with plasma then the
amount of sodium reabsorbed 1 the prowmal process is readily
calevlated

Shannon May I ask a gueshon? Any assumpbion 15 reasenable
if 1t leads to the design of a enhical expenment However m tetro
spect you say the first assumption 15 that the tubule urme at the
end of the proximal segment is isotame or essentially so and the
total argument really from there on depends upon that one pomt

Wesson The httle evidence available seems to support that view
Otherwise 1t 1s only 2 wseful workeng hypothests which we wish
we could subject to expenimental test

Pitts Basically 1t goes back to Dr Botts demonstration that half
way or more down the tubule 1t 15 15otome By extrapolation we
mamntain that it 5s stiil 1sotorse at the end That 15 the reason for
my mtal question Is that reasonable?

Wesson T hroughout the 1 tubule seems reason
able under the abnormal arcumstances of heavy osmotic Joading
At feast the amount of water which must be transferred fo assure
isotorsaity of prodmal unne with plasma is quite smafl and there
15 no reason to suspect that the osmotic agent opposes a barrier
to equihbration However we do not feel yustified 1n extending this
reasonng to normal conditions where the osmotic load 15 very small

T would app Dr Sh s on this senes of
expeniments  Suppose 1t 15 observed that the total merement m
urtne flow when antid h 15 withdrawn from ammals
under a heavy water load 15 constant and mdependent of the magm
tude of a simultaneous osmotic load Could that be interpreted as
evidence that the volume of the iicrement mensures a specific
reabsorptne process?

Slannon 1 should think so Howeser the setup 1s s0 compheated
that it 15 diffeult to make use of the information Let us start with
asimple system with a normal glomernlar fltration rate and remove
the antidiretic hormone either operatn ely or through the admums
tration of water One obtuns a vnne lugh i volume essentially
Tow 1 efectrolyte concentration 1 behieve everybodh has assumed
unts] recently that ths sitration 1s due to the absence of the pastenar
ptuitary hormone in which case the distal segment does not
actively reabsorb water What appears as unne may be essentinlly
the same type of fimd a5 Jerves the provimal segment T am wonder
g f we can take the newer mformation that we hive now and
add onto such a rather smple worlang hypothesss If we accept
Dr Wessons view and accept 15 probable an addisonal senes of
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o W that the Water of ter diyre, Casures g, ¢ farly
SPecific reqp, Ve proces, I nter Cuttersm of this
Viewpoins Suce acceptanee Or rejection, of thyg type of ata coylg
¢ critieq] ¢, Mterproga, f other e Ments
s VWae there any change 1 osmog, Pressure of the uripe

Unng g supenmposed Water diype, P

Weman € contro] Urine, dunng Osmotye duregs alone, was
essentxally Isotonze Wath the onset o, Water Uresis, 5t became
Strongly, } Otonse

Pates Vhat g Yyour Concept then? 1¢ it that ghe flud dehs ered
Into the ¢, ta] Segment ;5 hypatomc and wate, is absorbeq to brmg

Wesso, We Cannot e anything 4, these €¥Periments Which
5

[
=€ Unne 15 COncentrate Unti] v have data o the Contrary, i s
Mpler ¢, think terms of fractiong of water Teabsorption rather

© put wage, nto an osmohcally loaded amma] The
by the Continugys admxm.stmhon of

€]
Brtresin D uning gy, and Composityopn Stabilized, the Pitressip

Shannopn What vy the uripe flow before the wager diures;sp
Eighteg, ¢C per Munute and 5 T0se to aboyt 28 cc per

Minute
Shannop, Did g change of OSmotie pressyre reflect just ghos

dlﬁ”erenceP
Wesson »
Mudg, Dud e sodim, exeretion change dium excretion

when the itressin Wfusion yyae stopped

S/zamump Idg not thip}, that thay €XDerment o4 not fea]stxblle
becnuse I assume, You did ,¢ when You descrpeq the resy, "
beleyeq 1t was difficult 4o devise an C¥penment ¢, 1solate a‘su‘)ﬁs
Segment for Yaminatgp on the functxonal basis 1 one accép ‘sh i
E¥Deniment o 2 vahd DPrototype of , Mumber of cvpenr}wn ;‘ et
You probably are gomng 1o do, would not they argue for 5 1y
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tonserty of tubular unne before 1t reaches the site of secondary
water reabsorption?

Wesson It could argne for hypotomcity at that pomt but 1
dont think 1t 15 a necessary corollary

Shannon No

Wesson I we exclude from consideration the secretson of water
it 18 evident that at some pomt the reabsorption of solute sodium
chlonde mostly from the tubular urme has outstripped water reab
sorption in order to form hypotome unne On the basis of the few
expenments which we have done the hypotomscity seems to be
measured better m absolnte terms than 1 terms relative to some
other variable such as filtration rate osmotic load or total sodim
or water reabsorphon Hence we would infer tentatuely that the
magntude of water duresis 15 more closely related to a certain
small fraction of solute than to a hypotomaty developing from
the begmming of proumal reabsorption of solute Whether this
smalf fraction. of solute and the water are normally reabsorbed 1
the same segment or whether on the contrary the solute 1s
normally reabsorbed 1 one region leaving 2 hypotonte fluid to be
facultatively reabsorbed 1n a lower region 15 somethmg we have
no xdea of

I think that Dr Shannons data on the cffects of water and
osmotic durens on urea clearance are stll pertinent with ther
suggestion that the permetbility to urea of that portion of the
tubule normally reahsorbmg facultative water s Jow It 1 tempting
to infer that this may indicate a low permeability to water also
whence 1t would follow that the normal reabsorption of facultatne
water 15 an active instead of a passne process

B'crhv:cr We were rather disappomted \:\'ﬁx’e fish Jadney for the

m the unne

White You spole about the of a more 2!
reabsorption of sodwm and potassum both as ¥ understood you
m the p 1 tubule quite hyp unmne and then
the distal putting bach whatever salts were needed ¥ was not clear
how you proposed to put this to expenmental test

Shannon Dr Wesson gave one such evpenment which would
fit 1n wath the concept that there are two general areas o the
nephron one that is pomanly concerned with reabsorpion of
soiwm and potrssiem and one distal to that revbsorptive arer
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and wfluenced by the osmotic gradient where a sizable proportion of
water 15 reabsorbed One may speculate that reabsorption of water
15 not complete to the point of osmotic equilbnum The more distal
portion of the nephron may be assigned three specific functions
the active secrehon of potasswm perhaps the actwe secretion of
sodmm and third the facultatnve reabsorption of water

White Even though the flnd issung from the prowmnl tubule
were quite hypotonic 1t still would not recessanly follow that alf
of the sodium 1s gone

Shannen Oh no!

Wute There could still be more than enough sodium to account
for what appears m the urme I dont see why we have to have any
secretion of sodium

Shannon One docs not have to assume 1t However 1t 1s difficult
to be certam it does not occur wnd equally difficult to design an
expeniment to demonstrate the presence of such secretion

White Until there 1s some reason for beleving it does take place
we can only speculate that it might Of course that 1s permissible

Puts T think you have cleared up the question I diwected at
Dr Mudge Dr Wesson I was not questiomng necessanly 1508
mosity of the proxyimal fud but rather the argument that smee
the urme 1s 1sosmotic the distal tubule 1s domg nothing It may
very well be ahsorbing water and whatever else 1t absorbs more
or less 1sosmotseally too As your own evpeniment would mdieate
1t 15 absorbing some five to six ce of water What you get cut i
the unne 15 not what entered the distal tubule yolome hns been
reduced by activity of the distal tubule and since osmotic pressure
1s unchanged solute must be removed. Both pracesses appwently
oceur 1n osmotie diuresis

Mudge 1 would like to sk Dr Wesson how he expinns the fact
that m acute experiments such as those with salne wfusions the
increased excretion of sodum 18 almost always associated with
Increase m the amount reabsorbed The amounts fltered retb:
sorhed and escreted all merease I do not see how the increased
excretion can be exphuned on the basis of saturation of 2 hmited

reabsorptive mechanism

Sclhurt Peshaps our work may throw some light on this qucsb«;n
We infused dogs with hypertonic sodmm chionde and related the
excretion to the load m the sense 1t can be done for glucose This
was an attempt to sec whether an actie mechanism such as that
Inted might be d

P



Watcr Reabsorption 163

Imes) and sodium excretion {lower lmnes) expressed i miiunols
per mmute are plotted agamst the filtered loads of sodmum ex-
pressed m millimols per mmute The sohd circles or tnangles repre-
sent the ascending loads as we rapidly mfused the sodm chlonde
The first two values on the left are the control values After stop-

ammal No 26 where reabsorption 1s less during the phase of
decreasing load

A® INCREASING LOAD -
A0 DECREASING LOAD

o 10 T
5 Loap MMM 20
FIGURE 36

Figure 37 N N N o
plotted as 1r
hrmting fact R
but 1n others 1t continues to nse continuously

Shannon Is there anvthing peculiar n the way the o, #

on dog 26 was set up?
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MM
MIN]
10F

10
LOAD MM MIN.
FIGURE 87

Selkurt No, dog 25 shows a similar response We are wondering
if thns does not indicate some bmitation of the transfer mechansm
I 1t does, of course all the explanabons that mght be given here
would have to mclude the possibility of changes hormonal
balance resulting from the hypertomc mfusion

Shonnon What was the time relationship mn the expenment?

Selkurt This has to be done rapdly As you kmow, when you
Joad with sodwm, sooner or later the plasma sodum Jevel begins
to stabrlize It 15 very dafficult to increase the sodwm load sufficiently

o produce elevated plasma sodwm concentrations Each expen
nent takes about two hours about an hour for each phase

We mfuse five percent sodim chlonde at a rate of about 10 cc

jer minute gving from 500 cc to 1000 co Then we half the mfu
won and follow the descending relationship m the same manner

Mudge Were any dogs studied twice?

Selkurt No These dogs were anesthetized with pentabartutal

ind sacnficed at the end
d notes and we find that

Wesson Dr Selkurt and I have compare
p kit beexf studying the earber phases

have been mterested 1 some ©
awn from pooled data on

wur data agree very well He has
»f one of these mfusions and we
he later phased These are curves dr;
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several dogs with several experments on each dog (Figure 38}
All of the data has been put together m order to gue some 1dea of
the order of vanation observed The figures do not represent the
consistency with which datz can be obtamed in a smgle ammal

WMUTEAR o SearTaad 0 wstes £30
-
ar.
L Py carjan
2] BN
{ o
H
1
S 16 i courg 5
4 i
1 oy s
I
2
-
7 +37 94 ot 318
5 o208 SO 10
§ ;\.,,____——-———-—-—-\ a3
adcer "‘I"
“ Aoy
T a sES e b
FICURE 38

Average ralues for unne How (V) lirabon fste (wCF) venal phsma flow
(Coany i Mmoo (F F ) following’ erpansan of the extracelufar fund
yolume bt 18 expestnents oo six normral dogs Numbers are means and mean devia
tions from the mesn Betore aseragng the indwidual cunes the tme scales of the
expersments on 2ach amimal were adyusted 30 that their infectioas comesde with the
average mflectron fimes for all eypenments

since repeated evperiments on 2 smgle ammal will show far Jess
varibon Our procedure was to admuuster saline w the form of
Lockes solution, and as fast as the ammnl ewcreted water and
electrolyte in the unne we put back into 1t more fuid of the same
volume and compositon as the unne so that plasma volume and
3 essentinlly unch d from the beguning
to the end of the cxpenmey © 7 77 o Tt S 2 -
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about sixty mmautes after beginmog the wfusion we find that the
increase 1 wone flow (V) 15 of the same order of magnitude, 1n
general as the merease m creatmme clearance (wCr), but averages
somewhat less Since this wrne 1s rich in sodum, most of the
ncreased filtered sodmm Joad has appeared 1n the unne Conse-
quently, if we plot Bltered load agamst reabsorption durng this
perod, we find a fattening out, just as Dr Selkurt, suggesting a
resistance to mereased reabsorption If, however, one follows these
dogs § or 8 hours after the mfusion, then one finds a different prc-
ture The creatimne clearance goes through a dip and about & hours

99

»
u
28
z
: roTAL
N\ REABSORPTION
o
W)
=
»
o o O MWUTE M0 20 X0 30 40

FIGURE 3%
The ﬁkersd load of sadwm (K/;lgz l;r;; xd‘;g)f)f oalnhc}u x‘:k; ?is:o\:l\’:::(l’n;lm:’ f!eﬁu}wwh;
two dogs (two expenment e
B, The witerval betseen load and yeabsorton measures 106 TR Loy o
B and € Glomergla
than 2 wEq /L The
end to Figure 38
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after the begnming of the expenment has nsen agaun very nearly
to the maxamum (Figure 38) The late unne flow, however 1s
qute different from what it 1s at the peak of creatmwme clearance
early i the expenment

Figure 39 shows that sodwum reabsarption was following a course
toa derable degree 1nd; dent of the glomerular filtration
ate At the pomts A B and C the plisma sodum concentration
and the filtration rate and therefore the fitered Joad all have essen
tally the same magnstude Yet the rate of excretion of sodm at
these pomts of equal load progressnely dummwshes from 4 to C

COMTI oS 1

P raaTI RavE
1PN couT OF CoNTHRS

»
* e o
.-
0 wearts L 3
FIGURE 40

Lrae sodiam (Lwa) sodium per umt of glm;’n'ml.\r

5 s
Sltrate {oCry and nonunat concentration of sodiunt 1o the tatat prabsochate “yriey

<aleulated from the mean values f t the six longest experiment by tle same procedure
for the cunvis n Figure 37 Lrine flow and flration rate are repeated from
Figwe 3 for con puson Numbers are means and men deviations from the 1
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Recprocally the rate of reabsorphon of sodmm at constant load
was mcreasing

What 15 probably a consequence of mereasmng tubular reabsorp
hon of sodwm 15 the mterestng observation that 1t was usual 10
our expeniments to detect a transitory penod when the unne 1
hypotonie to plasma (Figure 40) The urine miy hive an osmotic
U/P ratio as measured by freezing pomt as low as 085 Infusion
of pitressin does not prevent hypotomaity

With three sem independent vanables Hltration rate sodmm
reabsorption and water reabsorption 1t 1s hardly surpnsing that
the rabio of sodsum reabsorpion to fltration rate (Tna/Ce) and
the rat10 of sodum reabsorphon to water reabsorphon (Tiva/TH o)
(Figure 40) show pecuhar curves

It 18 hard to escape the conclusion that elevation of the fltrabion
rate represents an important means of excreting sodum n the
dog The work of Ladd and Raisz (Ladd M and Rasz L G
Response of the normal dog to dietary sodium chlonde Am J
Physiol 159 149 (1949)) m our laboratory showed that 50 grams
of sodium given by mouth to a 15 lilogram dog were at least 90%
excreted m 20 hours The process of excretion was accompamed by
a great nse m filtration rate and urne flow Furthermore thus rate
of salt mgeston for a week resulted m no change m weight Snee
the available data for man does not mdicate any comparable 1n
crease 1n filtration rate under 1sotonc salt load one wonders whether
a profound species difference does not ewst and whether man may
not tely for control of sodm escretion pnmanly on changing
reabsorptive capacity rather than changing load

Shannon I want to comment on certamn feedmg expenments
where the only thing measured was the weight of patients placed
on lugh or low salt diets The patents retumed to ther mubal
weight about three days after the change m sodum load an(}l i
would appear that the tume requured for the patient to accommo ate

Iumself to the new situation 1 terms of excretory mechamsms 15
of that order though it depends 1n part upon the preceding salt Jf
take Actually we were led to do those expenuments gecausc d:;:
observed pretty much what Dr Wesson has desmbzi1 he:he th
is a five to ten percent espansion of exhacellul:g glmt m tur:; wa%
Jed to a five or ten percent dituton of plasma and tha :n pri
accompamed by merease m the glomerular ﬁltmuonvra t; [van
bles retumed to normal at about the same hmi‘ \fe thoug t e
;ad Fnally found a that was resp or the co
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will soon mcrease their reabsorption so that the amount excreted
1s essentially the same as before the filtration was doubled The
wcereases m salt output seen with pure increases in filtration rate
do not last very long When a man hes down he begins to put out
3 times as much salt as while standing but so far as I know there
1s no evidence that one goes nto any measurable negative sodim
balance merely by gomng to bed for a week although there 1s
negative balance for the first few hours The sequence of events
15 that on lymng down one quickly gets to the pomt where the plasma
sodum level drops 2 little bat, the tubules recogmze this and start
taking back a Iittle more sodium I dont know how the tubules
now, but they will reabsorb the amount they need to reabsorb to
Leep plasma levels about constant if they didn't, you would soon
die If they fail for a short time, as they do when ltration rate 15
first mcreased, to reabsorb sodm 1n the proper amount, the plasma
level will soon fall and that signals them, through hormonal influ-
ences or m some more direct way, to mncrease the amount taken back
Fluctuations m fltration rate are not the primary cause of fuctua-
tions 1n reabsorption Reabsorption conbinues unchanged for a
while after fltration rate is mereased 1t 1s the resultant shght drop
1n plasma level which soon arouses the tubules to mereased reab

sorption The change 1o plasma level need not be great, just as the
change m plasma hydrogen 1on concentration necessary to effect
changes m respiration need not be great A further pomt 15 that
such changes m plasma level m order to be effective, must be
acutely produced, the rate of change may be the decisive factor

The plasma sodum level today may be 4 percent Tigher tha({l 2
week ago with no change m output, but so may the plasma hy: to‘:
gen ion concentration show changes that are great from onlehwefh
to the next without any change n respuratory volume, althoug!

t effects To sum

such changes acutely produced ymght show grea
true, m the long run _that changes
manize these remarks while 1t 15 true, g e

1n filtration rate are )t )y COrTesp

amount of sodium reabsorbed the changes xeabsorp‘timn i\re sr:lor:
the direct result of the changes 10 fltration but ?‘n ;1“)5“5:8 éfrcct
brought on by the shght change 1 plasma level it ch b eed To-
result of changed filtration rate with temporanly unchang

abs‘;J;l;]t:;r; There 15 one that disturbed me As I
understand 1t Dr Wesson's hypot that as lon%l un: é!flesr: ml:
any excretion of sodium 1 the ur
mechamsm

thing about this
hesis 1§
ne there 1s a satura
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than the normal ammal He excretes less and thus has
excretory tolerance

Luetscher We heard from Dr Taggart that Tm 1s not
sacred and fived pomt that 1t has to stand still under all con
Not only may there be vanations below a certam Joad, but e
maxmum may change with the action of vanous stimul on !
I think that we should tum more of our thought to some
factors which somehow got down at the end of the hst of var
for our consideration Endocrine secretions are known to
renal functions and 1t seems almost certain that there are cb
m endocrime function during epenments which involve str
of the types described We still need a great deal of fundam
data, and we need better methods for the assay of endocrne f
tion so that we can measure these factors which can shuft the
and remove the fixed point of calculations

Pitts As the Chairman of this group 1 want to thank all ofy

for your participation m the conference Your contributions to
have made 1t a success
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