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PREFACE

For several years T have given a few lectures upon the physio-
logy of the kidney to a small class reading physiology for Part It
of the Natural Sciences Tripos 1a Cambnidge, and have often
been nrged to have the lectures published. There 1s no conven-
1ent book to bridge the gap between the chapters 1n general test-
books and larger treatises such as that of Homer Smith, and so I
have ventured to publish, not the lectures exactly as they were
gven, but 2 small and rather 1nformal book wrtten in the spanit
of the lectures from the same notes. This 15 niot intended to be 2
comprehensive review of the literatute of renal physiology, but
aims at presenting 10 moderate compass a picture, sometimes an
impressiomstic one, of the wotking of the kidneys and of 1ts
adjustment to meet the changing needs of the body.

Renal physiology 13 controversial, and pethaps ought to be
mote so There 1s a temptation, espectally when teaching, to
seck clanty by a too well organtzed presentation which gives the

of a greater und ding than we really have. I
have tried to steer a middle coutse, and to present a clear picture
without concealing sts incompleteness and its lack of finality,
In so far as fundamentals have been sttessed, the approach ts
elementary; but a certain amount of new mtcrpx:tzuon and

as well as of empt on the 1
of the processes which underly renal funcuon at the cellulag level,
makes ¢t 10 some ways advanced at the same time. T cannot claim
1n 50 short an account to have been completely farr to all parties
in controversy, but I hope that important pornts at issue have
not been 1gnored, and ask the indulgence of any whose views
have been too Uightly passed over.
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Friends suggested that 2 book without references would be re-
freshing, but the reader needs some gnidance to sources. A few
important secondary sources have therefore been mentioned in
an introductory note, and primary sources which they quote
have not been included in the text unless they are of especial
interest; but references to some more recent work have been
included. The references quoted during a lecture cannot be con-
sulted until 2 later occasion, and it is hoped that the picture out-
lined in this book can be grasped s 2 whole without consulting
the bibliography for the filling in of detail.

It is a pleasure to ack ledge the constant
of Prof. R. A. McCance, C.B.E., F.R.S, and of other members
of the Department of Experimental Medicine. My thinking
about the kidneys has grown up in the atmosphere of this De-
partment, and without its stumulus the book would pever have
been written. Ialso wish to thank the publishers for the friendly
co-operation which made the path to print so smooth.

Cambndge, January 1954.
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Friends suggested that 2 hook without references would be re-
freshing, but the reader needs some guidance to sourees. A few
important dary sources have t} been mentioned in
an introductory note, and primary sources which they quote
have not been included in the text unless they are of especial
1nterest; but references to some more recent work have been
included, The references quoted during a lectute cannot be con-
sulted until  later occasion, and it is hoped that the picture out-
lined in this book can be grasped as a whole without consulting
the bibliography for the filling in of detail.

It is a pleasure to acknowledge the constant encouragement
of Prof. R. A. McCance, C.B.E., F.R.S., and of other members
of the Dep of Exp 1 Medicine. My thinking
about the kidneys has grown up in the atmosphere of this De-
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L INTRODUCTION

A NOTE ON SOURCES

The K of renal p logy 1 and widely
dispersed through a lasge numbu of ;oumats pnmaniy dewoted
to physiology, zcology, anatomy, patholagy, chnical medsane
and pacdiatrics, Homer Smuhy’s treatise 8 55 an valuable guade to
the contents of more than 2,006 oniginal contrtbutions pubbished
up o 1051, The shoxter and more closely knit acconnt of senal
physiology sn the first edwion (1937) 1s sull worth reading, @
Some special aspects are treated more fally and make pleasantes
zeading ta the “Lectutes on the Kedney™ published in 1943, 88
Cushny's classical monograph ¥ revizws some earhes matessal
which ts sull mteresting, Another treatise by Wolf, 33 with over
1,000 references, surveys the field m somewhat different fastuon,
Thus 15  sumulating book because 1t 15 entical, provocative, and

X 1 and although the of 2 new and unfamuliar
jargon makes it also at tiaes writating, some parsts of the book
are extremely xllumxmung Dunng 1950 the Amencan Journal
of“ & blished 2 senes of S an Renal Physiolo-
27" which pxovxdc <ompact reviews of particular aspects of the
subject; some of these will be quoted individually sn the sext

FUNCTIONS OF THE KIDNEY

‘The ponepal fanctions of the kudney are converently sum-
mansed undes three headings:
1. Exeretion The kidneys exerve, aqueous saluton m the
unge, end-products of metabolism such as urea, voe acid and
Treatinune, as well as soluble foreign substances which have been
B (51
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introduced into the body, or products of their detoxicatton. They
also excrete the surplus of normal constituents of the body such
as sodium chloride and water which have been absorbed in
excess of reqs The urine ins small of
other soluble constituents of the body, such as amuno acids,
espectally glycme, serine, threonine, lysine and histidine, but
these are thaught of as leaking out or escaping rather than as
beng excreted In so far as only the sutplus of many solutes is
excreted, and the rest 1s retaned, the kidneys perform a second
major function:

2. Tke conservation of the soluble constituents of the body, such
as glucose, organic salts, ammo acids and other metabolites,
and of the water which holds all of these 1 solution By striking
a balance between the conservation and the excretion of water
and of the substances dissolved in 1t, the kidneys perform a third
most 1mportant functton

3. Regulation of the chemical structure of the body fluids. This

ncludes regulation not only of the ot/ concentration ot osmotic -
pressure of these fluds, and of their detailed cherical composition,

1ncluding therr pH, but also of their solume. Provided that intake

10 the deet 1s suffictent, the kidneys play 2 major role in regulating

the concentrations of water, sodium, potassium, chloride, phos-

phate, calcrum, glucose and utea in the plasma, and they take 2

large pzn n the long-term regulatton of acid-base balance.

L slae candnin sha nmmnant Af wrarar in tha

the cells 1 thc body, ‘not mcrely of those withmn the kidney.
So long as metabolism continues normally in the tissues, the
sodium of the body 1s mostly extracellular, whilst most of the
potassiam 1s i the intracellular fluids. This distributton is main-
tained 1n defiance of a concentration gradient across every cell
membtane by energy derived from metabolic processes in the
cells in a manner which still remains to be elucidated. But while
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this unequal distribution of tons persists, the cell membranes
beh: #f they wer: ;: ble, and the vol f the cells
is deterruned by the osmotic pressure of the furds outside them,
most of which s contributed by sodwm salts. Hence if the
amount of sodium 10 the body remans constant, the kudneys can
regulate the asmoric pressure of the extracellular fuids by adjust-
ing the excretion of water, and tn dowag thus they can contral
the valume of the cells. On the other hand, so long as the osmo-
10 pressure of the extracellular flusds 55 kept constant by controb
ling the excretion of water, the total volume of the extracellutar
Ruids {plastma, lymph and the 1aterstrual flmds) can be increased
or decreased by retaming or excretng sodum. The kidneys can
thesefore regulate the volume of flud inside the cells by the
controlled excretion of watet, and the volume of fud outside
the cells by the controlied excretton of sodm.

The kidaeys may be regarded as organs which help to stabilize
the internal environment of the body and to keep it chemically
distinct {rom sts dings The el £ product
15 but one aspect of this much larger task. Other functions, such
23 the long-term regulation of blood pressure, have been postu-
tated, but will not be discussed here, The two maie questions to
be coasidered are, frst, how the kidneys do what they do, and,
secondly, how they know what to do, or more properly, how
they ace directed to do 1t. Thus second quesuon 1s concemed
snsth the kidney as one patt of the body 10 relation to other parts,
and is foe that reason mare complex. The sumpler quesuon of
the mechanssm of the kidney stself will be taken up first,

STAUCTURE AS A CLUE TO FUNCTION

Cestain structural features of the hiduey which beas upon
its mechanism wilt now be summansed. Each humaa kidaey
consists of about 2 million more or less simular units, called
“nephroas”, aceanged ta paratlel, Each nephron commences tn g
glomerulus, which leads i turn toa proximal convolated tubale,
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2 loop of Henle, and a distal convoluted tubule. The loop of
Henle includes a thin descending ltmb which varies in length
from one nephron to another and a thicker ascending limb lined
by a col i with that of the distal con-
voluted tubule. The proximal and distal convoluted tubules lie
neat the corresponding glomerulus 1n the cortex of the kidney;
the descending limb of the loop of Henle runs down radially into
the medulla, to turn back upon 1tself at a hair-pin bend. The
distal convoluted tubules end tn collecting tubules which descend
again into the medulla but do not return; they dram instead into
the renal pelvis.

Although they are similar in pattern the nephtons are not all
alike. They differ most strikingly in their vascular arrangements,
which depend upon the position of their glomerult within the
kidney. Nephrons with glomeruli lying in the outer two-thicds
of the cortex — called corsscal nephrons — ate the more numerous
They were developed embryologically later than the nephrons
more deeply placed in the kidney, and their loops of Henle do
not descend so far into the medulla; the thin segments are short,
and may be altogether absent. The blood leaving a cortical
glomerulus by 1ts efferent arteriole 1s collected into an intertubu-

PR R B S I SRS D SN

medullary nephrons. These have larger glomeruli than the cortical
nephrons, thetr loops of Henle plunge more deeply tnto the
medulla, and have longer thin segments. The efferent artertoles
of juxta-medullary glomerult differ in two ways from those of
the corttcal glomerul, They are wider, instead of natrower,
than the afferent arterioles, and they do not lead into mtertubu-
lar captilartes, but dram instead into wide, straight, thin-walled
venous channels called vasa recta which run in bundles parallel
to the loops of Henle 1n the medulla. Like the loops of Henle
the vasa recta descend for a vatiable distance tmto the medulla
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and then furn abruptly back towards the cortex, wherte they end
101 veins. Bath sets of tubes run radially, the bundles of vasa recta
ate embedded in the mass of loops of Henle, and individual lnops
are also intetposed between the vasa recta within the buadies.
The vasa recta are wider than capilianes, bue their walls are made
of the same kand of endothelium, so that this whole arsangement
appears well susted to promate equilibnium by diffuston between
the flud 10 the loops and the venous blood in the vasa reeta

The convoluted tubules have a "secretory” type of epithelum.
The cells are columnar with basal sterations formed by 2 paralle}
packing of rutochondtia at nght angles to the basement mem-
brane  The proxmal convoluted tubules show i addstton 2
bush border at the lununal peles of the cells. The cells kmng
the thick ascending bmb of the loop of Henle resemble those of
the distal convoluted tabule. Those of the thin bab are not
much thucker than a capidisry endothelium, but their nucler may
be seen bulgmg out into the lumen. Sfostrand & Rhodin {1953)
haye published it of ! detatls revealed by the
dlectron miceoscope in epithelial cells of the kadneys of mice 3
Histological evidence therefote suggests that the eclls haung the
tabules mught secrete Like those of other glands; the glomeruls,
on the other hand, Jook Like ultrafilters, and thesr simpler fune-
tron will be consideced before the more compley processes of
whalar secrenion.




II. GLOMERULAR FILTRATION AND TUBULAR
REABSORPTION

GLOMERULAR FILTRATION

Over a century ago the structure of the glomerult suggested to
Bowman that they might excrete the water and salts of the urine.
Bowman’s capsule encloses a tuft of capillary loops arranged in
parallel between a wider afferent and a narrower efferent arte-
ntole. The afferent vessel artses from an interlobular artery, which
has anisen fairly directly from the renal artery. The renal arteties
themselves are short and wide and arise from the abdominal
aorta. By this asrangement, blood at a pressure of one-half to
two-thirds of that in the aorta 1s exposed in 2 layer a few microns
1n thick over a thin b w}uch conststs of a smglc
layer of endothelial cells supp donab
Ths thin membrane in man has about the same total area as the
external surface of the body. The glomerulus thus preseats the
appearance of an ultrafilter, and the fact that no urne is formed
unless the head of pressure available for ultrafiltration exceeds
the colloid osmotic pressure of the plasma proteins suggests that
it functions as such. More direct evidence has been obtained in

Amphibia, whose gt 1 ble those of Is in struc-
ture but ate nearer to the surface of the kidney; Richards and his
L the gl far fluid in tiny quartz plpcttcs

pushed into the capsular space, and analysed it chemically. ?%

No more than a trace of protein was present, and although the
quantittes of fluid obtained were too small to be analysed with
great accuracy, the glomerular fluid had the composition of an
ultrafilerate of plasma within the limits of the methods employed.

{10]
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In patticular, it contatned ghicose whea the usiae s the bladdar
did not, and about as much chlonde and urea as the plasma when
the urine contaned Jess chlonde and more urea. The general
simifarity to plasma suggests filtratson of protem-free flurd as
2 whole, sather than taanspiration by diffusion, which mught be
expected to ﬂtcr the pmpomons of the various so!u::s accor-
ding to theie o i’ 1o the
square oot of the molecular weight).

The glomeruh of mammalan kidneps are fess accessible to
puncture than those of Amplubta, but Walker, Bort, Oliver &
MacDowell 19 managed to withdraw flud from different pares
of the nephran i rats and SUREIPIgS, and found that the ﬂmd
obtained when the p tuted tubule was p
nearest to the g!omcmlus resesnbled an ultra-flteate of plasma
most closely. If the mammalan kidney 1s clulled ot poisonad
with cyanide, etther of which might be expected to stop the
scorctory activity of the epithebal cells, the unne comas to
sesemble an ultrafiltrate of plasma 1o chemucal makewp. It s

bie t lade that the gl diin ban kedneys,

hike the sumilat ones sn the kudacys of Amphibua, produce an
uhrafiltrate of the blood plasma by a physieal process which 1s
lective for sub of fow mofecuiar wesght. No work

need be dane by the glomerular cells 1n this process. Energy
sropacted to the blood by the beating heart and stored in the
distended elastic walls of the 20t and renal astestes sepplies
the hydrostattc pressuse required to separate the protens from
the other consttuents of the plasma  Although this process 1s
sunctly one of ulirsfiltranon, common wsage, which will row
be followcd refess t0 5 as “glomerular filtranon™ and to the

1 d as the g} dar filtrate”,

GLOMERULAR FILTRATION IN ATAMALS

Although the capsular Suid of the mammaban kudney cannot
be colleced and analysed, the rate at which it 1s formed can be
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estimated in (ntact animals including man without drastic surgt-
cal procedures  Apart from its practical value in the assessment
of renal function for clintcal purposes, a knowledge of the rate at
which the glomerular filtrate is formed is important theoretscally
because 1t enables the part played by the tubules in the elabora-
tonof the unine to be discovered. If the rate at which a substance
appears 1n the glomerular filtrate exceeds its rate of excretion in
the urine, then the cells which kine the tubules must be reabsorb-
1ng 1t; on the other hand a substance which appears in the urine
more rapidly than it 1s filtered by the glomerult must be actively
excreted by the tubular epithelium Most workers are content to
assume that the composition of the glomerular filtrate may be
determined by analysing plasma or serum. Non-electrolytes ate
taken to have the same concentratton in the filttate as in arterial
plasma, but the concentrations of electrolytes in the plasma are
o e K . RS T e

and 0 90 for potasstum, when there are 6 grams of protein in each
100 ml. of plasma. Because an appreciable fraction of the volume
of the plasma 1s occupied by the proteins, the concentrations of
solutes 1n the watery phase of the plasma are about 69, greater
than their concentrations in whole plasma. Hence 1n order to
obtain the actual concentrations of solutes in the glomerular
filtrate, 1t would be necessary to multtply all concentrations de-
termined by the analysis of whole plasma bya factor of about 1 06
as well as by any Donnan factor which might be required. This is
a correction which s hardly ever made for a reason which will
shortly become apparent

EXCRETION RATES AND CLEARANCES

The tate which a substance X 1s excreted in the utine is U, . V,
wherelJ,1s the concentration of X in the urine, and /is the rate
at which unne is formed. 1 is most commonly expressed in ml.
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pez minute, and 15 known 23 the “minute volume”. I U, 1s ex-
pressed 1 mg. per mb, I, . I will be the rate of exeretion of X
mmg per munute. Unless &, and I are both canstaat through-
out the peniod dunng which utine is collected for analyss, U, ¥
will be an average and will not necessanly represent accusately
the mte of excretion of X at any actual moment during that
pettod. The tenal pelvis and ueeter constitute 2 “dead space™
interposed besween the nephrons and the bladder, Consequently
there 15 a delay of severat munures before a substance whuch reach~
¢s the kidneys 1 the astenal blood appears in the unne in the
bladder. A stll longer delay, which may be 2s much as 2010 20
munutes, 35 required for the concentration of a substance i the
bladder utine to become constant after a steady concentration
hias been established sn the astenal blood  Because of the delays
introduced by the renal dead space, expertments petformed
while the concentration of 2 test substanez in the plasma is using.
or faling may give musleading resules M, are best
made after a steady state has been seached in which 1713 constant
and the composttion of the utine and of the plasma ate n6 longer

changing. Thus 1s ansdeal state of affarrs which may be approached

more or less closely ia actual expenmental work, but whichss

assumed 10 the subsequent discussion, In such a steady state, the
average rate of excrenon . I becomes wdenucal with the

actual rate of h hout the exp ! pertod

The rate of excretion U, IV mught be expected to depend,

among ather factors, upon the concentratton P, of X i the

plasma  For many substances, at least 1f 2, 15 within certun e~

s, U, ¥ has teea found to be proportional t0 £, Tt s

ble, when the of these

substances by the kxdncys of different tndividuals of on diffesent

ocezstons, to “cotrect”™ the ate of excretion for the concentra-

tion presented to the kidneys 1 the plasma, end to caleutare the

U, v
3o .P + Thus gives the rate of exeretion of X" perun of
[
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its concentratton 1n the plasma, Since it is a rate of excretion
divided by a concentration, it is not merely a numerical rato, but
has the dimensions of a volume per unit time. IfU, . Visinmg.
per runute, and P, is in mg. per ml,, then U/, . VP, is in ml. of
plasma per muute. It 15 in fact the smallest volume of plasma
from which the kidneys could obtain the amount of X which they
excrete each munute. If every minute the kidneys cleared the
substance out of this volume of plasma completely, and trans-
ferred 1t to the urtne, the obsetved rate of excretion would be
accounted for; and so U, . V[P has come to be knawn as the
“Plasma clearance of X™. This must not be taken to imply that
the kudneys do in fact clear U, . V[P, ml. of plasma completely;
1n general they clear a larger volume incompletely. The “Clear-
ance” 15 to this extent an abstraction, not a real but 2 vinual
volume of plasma, and a property of the substance X rather than
of the rate at which plasma crrculates thmugh the kidneys.

When many sut are being d ly, each
has 1ts own clearance, and these may differ widely from each
other, but there 15 only one rate of circulation of plasma through
the kidncys

are frequently di ined, and may be employed
for any of the following purposes —
1) To the ion of a sub by the kidneys

under different conditions or on dfferent occasions; for in-
stance dunog exerase ot fever, ot during the course of 2
progresstve disease.
2) To compare the excretion of a given substance by the kid-
neys of different individuals or species.
3) ‘To compate the renal excretion of different substances
stmultaneously or under similar conditions.
With switahle choice of substances, to determine the rate at
which the glomerular filtrate 1s formed, or the rate at which
blood circulates through the kidneys.

4

K
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‘THE DETERMINATION OF GLOMERULAR FILTRATION RATES

Any substance which has the same concentration in the glome-
rular filtrate as in the plasma, and which 1s nesther added to the
utine nor removed from it by the whular epithelium, may be

loyed to d the gl Jar filtratron rate Such a
submncc can only enter the nephrons by filtration through the
glomerular membtane, and its only way aut is by conductton
along the tubules into the urine. It must therefore be excreted at
the same rate s st 33 filtered. The sate of excrenon 15, as before,
U, . V. The rate of fltration 13 F. P, where Fis the volume of
plasma filtered each munute  Since these two rates are equal,

F.Po=Uf W vr e e o (1)

arF:U;V.,. Peer e s @

Hence the plasma cleanance of a substance which is excreted
only by glomerutaz filtration with no parncipation by the tubules
is equal 1o the rate at which plasma 1s filtered  This 15 by com-
mon consent referred to as the glomerular filtration rate, abbre-
vizted GFR, It 1s tmportant to notice that it ts not the same as
the tate at which the glomerular fltrate 1s formed. This would
be obtained by dividiag the rate of excsetion, U, . I, by the
concentrauon of X in the filtrate, which if X 15 a non-electrofyre
35 the same a3 1ts concentration 1 the plasma water and about 6%
greater than P,. £, may be regarded as the average concentrz-
tion of X in 4 plasma which conststs of —
1) 94% of water which contains X at a concen-
tratton P, [0 94 and 1s filtered, and
1) 6% of plasma pratern which coneans no X
and s not filtered,
The actual rate at which thc glomerular flirate 15 formed i
therefore about 949, of the g lag filtration rate d
by equatton (2), which defines the least volume of plasma from
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1ts concentratton in the plasma  Since it 1s a rate of excretton
divided by 2 concentration, it is not metely a numerical ratio, but
has the dimensions of a volume per unit ttme, U, . Visinmg.
per munute, and P, is 1n mg. per ml, then U, . VJP_ is in ml. of
plasma per muute. It 15 in fact the smallest volume of plasma
from which the kidneys could obtain the amount of X which they
excrete each minute. If every minute the kidneys cleared the
substance out of this volume of plasma completely, and trans-
ferred 1t to the urine, the observed rate of excretion would be
accounted for; and so U, . /P, has come to be known as the
“Plasma clearance of X™. This must not be taken to imply that
the kidneys do 1n fact clear U, . V/P, ml. of plasma completely;
1n general they clear a larger volume incompletely, The “Clear-
ance” 1s to this extent an abstraction, not a real but 2 virtual
volume of plasma, and a property of the substance X rather than
of the rate at which plasma arculates through the kidaeys.

‘When many sub are being d ly, each

has its own clearance, and these may differ widely fmm each

other, but there 1s only one rate of circulation of plasma through
the kidneys.

Cl are frequently d ined, and may be employed
for any of the following purposes:—

1) To compare the excretion of a substance by the kidneys
under different condittons or on different occasions; for in-
stance during exercise or fever, or durng the course of 2
progressive disease.

2) To compare the excretion of a given substance by the kid-
neys of different individuals ot species.

3) To compare the renal excretion of different substances

simultaneously or under similar condittons.

With suitable chotce of substances, to determune the rate at

which the glomerular filtrate is formed, or the rate at which

blood circulates through the kidaeys.

4
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It should not be metabolized, for a substance which is meta-
bolized cannot be presumcd unable to enter cells, and mlght
cross the tubulat epithelium 1n esther d Inp
1t must not be synthesized, destroyed or stored Wlth.ln the
kidney.
It should not be excreted by animals whose kidneys lack
glomeruli This criterion gives a guarantee against tubular
excretion only 1n so far as 1t 1s safe to assume simulac behav-
sour in different species, and gives no guarantee at all agamnst
mbular reabsorption. Glucose, whlch ls not excreted by
lar kidneys, 15 eff 1 dby 1
tubules,
Tt must not combine with plasma protems, and must be
freely filtrable 11 ulra through membranes of compar:blc
bility to the gl 1 1k for the cl
ofa substance which 15 not complc(ely filtrable must under-
estimate the glomerular filtration rate,
The clearance of a substance suitable for measuring glomer-
ular filtration rates should remain constant despite large
vartations 1n the minute volume of the unne, and of its
concentrattons 1n the plasma and 1n the urme. This would
exclude 2 substance whose admunstration affected the
filtration rate even 1f 1ts clearance measured that rate perfect-
ly, and 1t would seem to require the glomerular fileration
tate to be constant as 2 condttion of 1ts being measurable.
Any substance which was known to 1nfluence the glomeru-
lar filtration rate would be excluded by (1), but the filtration
rate might vary for other reasons than effects of the test
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which the protemn-free filtrate formed in each munute could be
dertved. The rate at which any non-electrolyte enters the nephe-
ons by filtration ts 1ts concentration in fe filtrate multiplied by
the rate at whuch the fi/trate 1s formed. But since the concentra-
tion 1n the plasma underestimates the concentration in the filtrate
as much as the glomerular filtration rate of equation (2) overestt-
mates the rate of formation of filtrate, the rate at which any
substance enters the nephrons by glomerular filtration is correctly
given by the product of its concentration in 2be plasma and the
rate at which plasma 1s converted to glomerular filtrate, that is,
by the product of the plasma concentration and the conventional
glomerular filtration rate, Since the correction of the conven-
tional GFR to give the true rate of formation of filtrate would
cancel out the correction of the plasma concentration to give the
actual concentration 1 the filtrate, both corrections may be
ignored. It 1s 1ndeed important not to correct for the smaller
water content of the plasma compared with the filtrate, for if this
correctton ts applied and the conventional glomerular filtration
rate 1s taken to be the rate of formation of filtrate, the amounts
of the vartous solutes entering the nephron by filtratton will be
over-estimated.

The 1mportant question next arises whether any substances
exsst which are excreted solely by glomerular filtration and can
be employed to determine glomerular filtration rates. The
seatch for suttable substances has been governed by a number of
cniterta which have been developed and discussed 1n detail by
Homer Smth, 5 and which need only be summansed with few
comments.

1) A substance swtable for the determination of glomerular
filtration rates must be non-toxic and physiologically inert.
In pattscular, 1t must not be known to mnfluence renal func-
tron.

2) It must be capable of accurate chemical estimation 1 blood
and unne,
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It should not be metabolized, for a substance which 15 meta-
bolized eannot be presumed unable to enter cclls and Imgbz
cross the tubular epithelium in ether ¢

it must not be syathesized, destroyed or norcd thla the
kedaey.

It shou!d nat be excrered by animals whose kidneys lack
glomerul. This extenton gives a guaranice against tubulax
excretion only tn 5o far as &t is safe 1o assume symudac behav-
jout in diffesent speacs, and pives 16 guarantee atalt agamst
mbuhr reabsorption, Glucose, which s nos excreted by

Lz kedacys, 15 fenth bsarbed by

tbules.
Tt must not combe with plasma protens, and muse be
frealy filtrable s mra (hraugh metabranes of companble
hlity to the gl 1 for the cl
of 2 substance whxch 15 not complcu:l) filtrable must undes-
estimate the glomerulae Glecaton rate,
The ¢l of a suk suitzble for 2 glomer-
uiat filtratton rates should reman constant despire large
varatians  the susute volume of the usims, and of its
concentrations mn the plasma and i the urine. This would
cxclude a substance whose admuintstranon affected the
fltration rate even sf sty cletrance measured that rate pecfect-
1y, and 1t would seem to require the glomenlar flrsatton
¥3t¢ 1o be constant as a condition of sts baing measarable
Any substance which was kaawn to waifluence the glomeru-
far filtration rate would be excluded by (1), but the filtraton
sate mupht vary for other reasons than coffects of the test
substance, and might concervably vare without altering the
1 of that sut Asn independent measurement
of the filtration rate by some quite different aethod would
therefore be required 10 arder o establish absolutedy that
any one substance was excreted solely by g!om:ruhr fltrat-
1w, The nearest approach to an tnd
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rather than with 1ts weight. The glomerular filtration rate per
unit of body surface turns out to be about the same at all ages
greater than two years. This method of expressing the result is
however less sausfactory for small babies, because it leads to the
lusion that their gl lar filtration rates are lower than
those of adults until they reach about two years of age; whereas
the kidneys of infants are adequate for their smaller needs, as
judged by other standards. Thus they excrete urea at a sufficient
rate to keep the blood urea of infants no higher than that of
adults. The question therefore arises whether the kidneys of
1nfants are really infertor to those of adults n respect of glomer-
ular filtration, or whether they have merely been made to appear
50 by the unsurtable choice of a basis of compartson. McCance
and Widdowson %8 have recently suggested that since water
forms 2 larger percentage of the body weight of infants than of
adults, the greater proportion of extracellular fluid in their
bodies might be associated with a different order of renal
function. If the total amount of water in the body 1s used as 2
basis of comparison 1n place of the surface atea, then babies at
birth still have a lower GFR than adults, but the GFR per unit
of total body water reaches adult values 1n about two weeks.
Thereafter, for the first yeat or so of life, infants have higher
filtration rates than adults on this basis, whtch may be appro-
priate to the peculiarities of body composition and metabolism
during infancy. Two teviews by McCance may be consulted for
further information on the renal physiology of infants. 82 8.

A filtration rate of over 100 ml. per minute seems large when
compated with ordinary figures for the output of urine, but it
does not seem so large 1n relation to the area of the filtering
sutface, which has been estimated to be from 1 to 2 square
metres, Pappenheimer 8 has pornted out that filtration is much
more tapid through the glomerular capillaties than through
capullastes elsewhere in the body. The absolute rate of filtration
per unit of hydrostatic driving force is also much larger than the
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permeability to water of most cell membranes, This difference
it in harmony with the curzent tonception of fileration 2s a
process which takes place thraugh pores in the mtercelbolar
cement sather thaa thzough two layess of membrane and across
the intervening cytoplatm of the endothelsal cells,

VARZATTONS IN GLOMERULAR FILTRATION RATE

‘The following ase some of the factors which have beea found
to mnfluence the rate of glomerular fleration. (See & tecent review
by Brod ¥ for more details of many of these.)

1} The rate of glomesular filtration may fall to very fow vatues

in shock or after severe haemotthage, when the volume

of creulating blood 1s grossly diminsshed,

Smaller reducttons 1n glomerular filtratton tate have been

observed dunng the severe dehydration whuch follows

depletion of the body’s stores of extraceliular sodium.,

3) The glomerular filtration fate 15 reduced by muscolar
exercise, in rough proportion to its severity.

4) Hypophystctomy 1o expenmentat asumals s followed bya
dinunution 1 glomerslar filtration fzte,

5} The glomerular filtration rate falls when the aumbert of fanc-
uoning gh fi 15 reduced by prog renal desease.

6) ‘The glomeratar filtration rate depends to some extent upon
the basal metabolic 7ate It seems to be relared particularly
1o the metaboltsm of proten, and has also been found 1o
increase after taking food.

T Dimivanatons have been descrtbed, the glomeralae filtra.
105 ate tending to be somewhar lower by right than by day.

8) Alerations 1n blood pressure often produce smatter changes

m filtraton rare than nught be expested  Infusions of

sdrenaline may increase the artemal blood pressure and

seduce the Bow of blood through the kadaey without

altenng the glomerulas filtration rate. Since the volume of

the ksdney has been found toincrease under these conditions,

2

=

=
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adrenaline 1s believed to reduce the circulation through the
kidney by a vasoconstrictor action primarly upon the
efferent arterioles, which increases the filtration pressure at
the same time.

There are indications that the rate of glomerular filtration
follows alterattons 1n the volume of crreulating blood or of
extracellular fluid within the physiological range.

10) It is generally accepted that the glomerular filtration rate is

affected by the colloid osmotic pressure of the plasma
proteins, although there seems to be hardly any experimental
evidence on this pomt, Starling showed in 1899 that no
urine was formed by the dog’s kidney, presumably because
glomerular filtration ceased, when the filtration pressure
was reduced below the oncotic pressure of the plasma
protemns by obstructing the ureter, and he suggested that
the glomerular filtration rate should be proportional to the
excess of hydrostatic pressure over oncotic pressure. ®
This reasonable hypothests has never been proved experi-
mentally. Indeed Homer Smuth 8 has remarked “It seems
to be generally true that changes in oncotic pressure, ltke
changes 1 arterial pressure, are not directly reflected in
changes 1n renal fanctton because they are wholly offset by
autonomous changes 1 the renal circulation, or by changes
1 the latter brought abont by factors the natute of which
rematns unknown”, .

Thus stability of glomerular filtration has been put forward as

one of its most charactertstic features. The glomerular filtration
rate seems to be a physiological constant, at least under basal
conditions; but 1t must be remembered that the most reliable
measutements require conttuous infusions of wuln, and so
cannot be made under condutions far removed from basal. The
constancy of the glomerular filtration rate may have beea over-

stressed formerly because 1t could only be measured
when 1t was A sp lar d

satisfactorily
tion of the
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variability of the human glomerular filtratian rate was provided
by 2 student whose inubin clearance tacteased 10 a peak vatue of
285 ml, pes munure (more than twice its amtsal vatoe) after the
intravenous wmfusion of a 10% solunon of sedim chlonde. But
all too Litle ss known about vasiations ta fhuration ate over shory
pertods of divesse physiologicat acusity. End
clearznces do not Stem able to yield much informaton on this
point, for althaugh they can be d d without
the activity of the sub;ects they atre most sustable for msnsuung
avesage tates over ong petods of ime — if indeed they measure
glomerufar Bltration rates at all. It may be concluded that
extoeme vanations i glamezuhz filirarion rate are not knowen w
octur under physiok ! Gl far intermuttence
of the kind famibar in the frog probably does not ocvur
mammals, with the postible exception of the c2bbnt, whose
vasmotor activity and renal funciion ate rematkably labe. Since
mammals lack 2 renal portal arculauon they cannot close
down glomenult withont depriving tubules of blood If restung
b exist at all han Ladneys, they are pethaps
glomerul whose efferent 2nenales are dilsted fasher than
glomeruli whose afferent vessels and capilary loops ate cone
stricted.

TUBULAR REABSORPTION.

A glomerular fileeation tate of 130 ml pes munute 1s equivalent
0 almost one half the volume of the kidneys per nuante, 3nd
amounts te 187 beres in & day. This s mare than 2 dozen tumes
the total volume of the extracellutar Buids, and 1t means that the
amounts of a aumber of constituears of the plasma which leave
the troulation every day sn the glomerlar filtrate ase approws-
mattly as shown on the left o Table .

“The gquantities of the sxme substances which appeat tn the unae
wre shoun on the nght for companson. 1t 15 clear that the
tubules remove most of the glomerulae Altrare formed, and
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TABLE 1
A compatison of one day’s gl lar filtrate and urine,

Substance Amount 1n glomerular Amount excreted in

filtrate urine
Sodmum 600 grams 6 grams
Potassium 35 grams 2 grams
Calerum 5 grams 200 mg.
Glucose 200 grams Trace.
Utsea 60 grams 35 grams
Water 180 htres 1.5 litres.

stnce 1t does not accumulate in the kidneys it must be reabsorbed
and returned to the blood. In this way the tubules reabsotb 99%
of the sodrum and water, all the glucose, most of the potassium
and calcrum, and rather less than half of the urea of the glomer-
ular filtrate. The mam function of the tubules is therefore the
conservation of the soluble constituents of the body. The first of
the three principal functions Lsted on page 5 appears to be
performed by the glomerul, and the second by the tobules.
Thus sequence of glomerular filtration and tubular reabsorbtion
may apply to a limnted extent to the plasma proteins, for although
1t 15 often stated that the capsular fluid is a protein-free ultrafil-
trate of the plasma, some of the specimens analysed have
contatned small amounts of protein, which might have been the
fesult of traumz or might sigmufy the normal presence of 2
quantity of protein near the limits of sensitvity of the methods
employed to detect 1t If the capsular fluid contained as little as
20mg of protetn per 100 ml., which 1s less than the cerebrospinal
flud may contatn, this would be small enough in compartsont
with the 6,000 to 7,000 mg. per 100 ml, in the plasma for the
capsular flud still to be regarded as an ultrafiltrate for most
puroses, but it would have the important consequence that the
datly excretion of over 30 grams of protein might be attributed
to glomerular filtration alone It follows that even gross
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necd xmply na d in the permea-
bxhty of the g t and might be produced by
the falure of 2 nosmal process of tubular reabsorpion Dogs
seem to have a renal threshold for plasma protein at abous 10 g,
per 300 ml,, shove whuch plasma protein appears 1 the unae,
1f mammalizn glomerular fuds do contain small amounts of
plasma protens which ate normally reabsorbed by the tubules,
the tubular damage seen hustologeally in the kidneys of patients
who have died with nephrosss might be the motphological
counterpart of a dusorder of function which had destroyed the
normat capacity of the tubules to scabsorh proters, or 1t mighe
be the result of reabsorbing unusually Jarge amounts of proten
10 compensate for an merease 10 glomerular pcrmeszluy Bae
sy 1n nept 152 q af i glomer-~
ol permeability, the wonder s that the amount of proten
appeanng i the urine s not much geeater.  And if ramemabaa
capsulae flurds do ot aormally contaia pratan, the glomerulat
aapillaries which have n other cespects a greater permeabihity
than capillares elsewhere must be the only capillaties im the
body which atc wholly impermeable to protesn, This whole top-
@ has rt:ccnd) been :cvmwed by Rather, ™ and Squire has
d d the in gl T bility which may
be desected 15 nephrotic pmems »

Tubulir seabsorption may be active or passtve. Glucose ts
nomully always present in lower concentration m the urns than
10 the bload, and & mast be reabsotbed by an scuve process
whichcan supply encrgy to transpar it through the eolis of the
tubular eprthehum. The rabsorphion of urez, o the other fand,
18 regarded as a passive protess ;n mammals, and to emphasise
this st 13 usually spoken of as *‘back-dsffusion™. Unltke glucose,
the reabsorpion of whuch always takes place against a concen-

traton gradiene and 15 abolished by phlonzin, urea 1s aiways
bed fromatughertoa b

Athupnmuaut

volumes the clearance of urea 15 wdependent of tae munute
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volume, and about two-thirds that of inulin; but when Vs less
than 2 ml. per mimute, the urea clearance falls, and is approxi-
mately proportional to the square root of V. Hence most urea
is reabsorbed when the urine is most concentrated and the flow
along the tubules 1s slowest, — that is, when the concentration
gradient from tubular lumen to blood s steepest and the time
avatlable for back-diffusion to occur 1s longest, Some expeti-
ments of Shannon showed that as the minute volume became
larger and the conc: ion gradient diminished duting extreme
diurests 10 dogs, the clearance of urea approached that of creatt-
mne. 7 Dole has shown by calculations based upon a simple
model system, that back-diffuston, determined by the concen-
tration gradient and the time avadable for it, could account for
all the observed relations between the minute volume and the
clearance of urea. 18

If the kndney 1s regarded as an organ with the ptimary function
of excreting waste-products from the body, this combined
mechanism of glomerular filtration and tubular reabsotption
seems round-about and needlessl b It may however
be a legacy of the evolutton of modern mammals from ancestors
which dwelt 1 fresh water, Their problem must have been to
get 1id of the water which continually diffused into thesr more
concentrated body fluids from diluter surroundings, Glomeruli
provided an econonucal means of eliminating water at the expense
of the mechanical energy of the heart. But though water might
convenently be elimnated 1n this way, it catried with 1t the
essentral solutes of the body 25 well as unwanted end-products,
and there was need of 2 further mechantsm to recapture those
solutes which were required to sustain the ltfe of the cells.
Compared with arumals which inhabit fresh water, the matine
teleostean fishes are faced with the opposite problem of conser-
ving water which therr more concentrated habutat tends to
abstract from them by osmosis; they have developed kidneys
with relatively few glomeruly, and some have lost their glomer-
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aly altogether  Sumilarly, the reptdes which colonrzed and
places and had need to conserve water, and the birds which have
been developed from them, have kidneys wich relatively few
glomemalt “Their capacity to econonuze in water ts assisted by
the adoption of uric aad as an insoluble end-product of niteo.
genous metabolism, which, unbike the extremely soluble uree,
can be excreted wathourt sater, and whose insolubnbty has made
possible the development of these species tn water-tight {cleadorc)
eggs. The modern mammal, which, duteg s embryonic
development may be said, through the placents, to have the use
of its mother's kidneys, excretes ity artrogenous wastes as the
tughly solubsle urea It has therefore to lose water 1n order to
excrete this s solution, 2ad it sull has a kidney with a large
number of glomerult. Unlike its carly sncestors 1 has acquired
the pawer to cconomuze water by excreting 2 hypertonic unine,
Water has been added to the Iist of substances which can be
actively conserved by the tubules.

Tour of thus d-about filtrat: bsorption
mechamsm of the mammalian kidney may be noted.
1} Smnce so large a proportion of the glomerular filirase 1g
reabsorbed, the reabsorbed flud cannot differ greatly
average chenucal composiion from the filtezte, or from
the plasma except ta protesn content. I cesernbles the athee
extraceiiutar fluds of the body.
Relatevely shght alteravons in tubular actuvity may lead to
latge chanpges 10 the unne. I, for example, the tubules
teabsorbed 19 less sodinm than shown n Table 1, the
amount 10 the unine would be increased by 100%,.
Conversely, large alterations 1a the volume 20d compositson
of the uttge may smply only small alterations . tubufar
actyry. It follaws that chinges 1 the funcuon of the
tubules are relatvely difficult 10 detect, and even more
difficult 1o measure with any degree of precision. The Xmux

of sccumcy 15 d d by exp ! esrors

2)

£

3)

=
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1n measurtag the glomerular filtration rate, about which
there may be constderable uncertainty; and by the errorsin
analysing the plasma, some constituents of which are preseat
only 1n small concentrations.
If “secretion” 1s taken to mean active transport through cells
at the expense of metabolic energy made available within
them, then most secretion 1n the kidney, unltke that in other
glands, 1s directed “backwards”, from duct to bload. The
urine 1s from this point of view a by-product, contamning
chiefly substances left over from the real process of tubular
secretion, This seems parad Lif the kidney is regarded as
anexcretory organ, but it makes sense 1f the kidney is thought
of as an organ whose main function is to safeguard the
positton of the extracellular fluds by conserving the
soluble constituents of the body. The tubular epithelium
mught even be described as the greatest of all the glands of
inteenal secretion, for it sectetes no less than 180 htres of
extracellular flud 1nto the blood every day. The eather
that the reabsorbed fluid r bles the other extra-
cellular fluds in composition hardly went fat enough. The
reabsotbed Auid 15 a most important source of all other
extracellular flds; and the renal tubules regulate the com-
positton of the extracellular flud by secreting it. To
look upon the kidney 1n this way may seem topsy-turvy,
but 1t 1s tmportant for the avoidance of muddled thinking
about renal functron. One of 1ts important consequences is
that a diuretic which mcreases the output of urine without
increastng the glomerular filtration rate 1s to be classed as
an inhtbitor, and not as a stimulant, of renal activity —
at least of that kind of renal activity which depends upon
work done by the secreting cells inside the kidney. The
clinical observation that the falling kidney may first declare
1tself by producing too great a volume of urine 1s not para-
doxtcal when considered from this standpoint.




HI. TUBULAR SECRETION

The csmphasis so far has been upan resbsospion as the major
lmvxry of the tubules — upon thess conservative functions. The
of a sub which 14 reabsorbed by the twbufes 15
less then the of mnuln & d iy, or,
as this 55 often expressed, the “Clearance Rato™ (Clearance of
KXfClearance of Inubn dererrmaed 21 the same tune) s less than
unity. When such a substance 1s being excreted the utiae con-
12ins fess of 12 than the plomerular filseate from which the wnne
is formed, so that the epithehal cells must semove the sabstance
from the tubular fluid as 1t flows past them.  Glucose, with 2
cleatance tatio close to zero, sodiumn chionde, with a clearance
ratio of about 801, oftea expressed as 194 and urez with a
clearance ap ordipary munute volumes of sbout 60% of the
filtration tate, are examples. There are other substances whose
tlearanes ratios are greater than vnty, The unne coptuns maote
of these substances than the glomerular fleate from which st s
formied, so that shey must be transported from the plasma 2o the
tubnlaz fwd by the epithehal cells In so far as bular excrenon
of thus kend takes place agamst concenteation pradients, it 1s x
process of active stcretion, like the reabsorption of glacose, but
directed outwards tnstead of inwards
The enure unine of those ammals whose kidneys possess o
glomeruly must be excreted by the wheles, and aglomerufar
fudneys can exerere most of the fanulias wnaaty constizuents,
Horner Smath 3 lists water, creatne, creassmne, ured, ung acd,
magnestum, sulphate, potassistn aad chlorde.  Even the water
sppears to be cxercted scuvely and not merely withdmwn
passively from the cells by the oxmonie acuvity of sohutes seereted
(3]
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in measuring the glomerular filtration rate, about which
there may be considerable uncertainty; and by the errorsin
analysing the plasma, some constituents of which are presenat
only 1n small concentrations.

If “seeretion™ is taken to mean active transport through cells
at the expense of metabolic encrgy made available within
them, then most secretion in the kidney, unlike that 1n other
glands, 15 directed “backwards”, from duct to blood. The
unne 15 from this pont of view a by-product, contatning
chiefly substances left over from the real process of tubular
secretion, This séems paradoxucal if the kidney is regarded as
an excretory organ, but st makes sense if the kidney is thought
of as 2n organ whose main function is to safegnard the
composttion of the extracellular fluids by conserving the
soluble constituents of the body. The tubular epithelum
nught even be described as the greatest of all the glands of
internal secretion, for 1t secretes no less than 180 litres of
extracellular flud into the blood every day. The earler
statement that the reabsorbed fluid resembles the other extra-
cellular flurds 1n compositton hardly went far enough. The
reabsorbed fluid 15 a most 1mportant source of all othet
extracellular fluds, and the renal tubules regulate the com~
position of the extracellular fluid by it. To
look upon the kidney mn this way may seem topsy-turvy,
but 1t 15 1mportant for the avoidance of muddled thinking
about renal function. One of its important consequences is
that a diurettc which tncreases the output of urine without
increasing the glomerular filtration rate is to be classed as
an inhibitor, and not as a stmulant, of renal acttvity —
at least of that kind of renal activity which depends upon
work done by the secreting cells mside the kidney. The
clinical observation that the failtng kidney may ficst declare
1tself by producing too great a volume of urine is not para-
doxical when considered from this standpotnt.




III. TUBULAR SECRETION

The emphasis so far has been upon reabsorption as the major
activity of the tubules — upon their conservative functions The
clearance of a substance which 15 :eabsoxbcd by the tubules 15
less then the cl of mulin d ly, or,
as this is often expressed, the “Clearance Rat1o” (Clearance of
XjClearance of Inulin determuned at the same time) 1s less than
uraty. When such a substance is betng excreted the urine con-
tains less of st than the glomerulat filtrate from which the unine
15 formed, so that the epithelial cells must temove the substance
from the tubular flud as 12 flows past them. Glucose, with a
clearance rano close to zero, sodium chlonde, with a clearance
ratio of about 0.01, often expressed 2s 19%; and urea with a
clearance at ordinary minute volumes of about 60% of the
filtration rate, are examples There are other substances whose
cleatance rattos are greater than unsty. ‘The unine contatns mote
of these substances than the glomerular filtrate from which it 1s
formed, so that they must be transported from the plasma to the
tubular flurd by the epithelial cells. In so faras tubular excretion
of this kind takes place against concentration gradients, it 15 2
process of active secretton, like the reabsorption of glucose, but
directed outwards 1nstead of mwards.

‘The entite unine of those ammals whose kidneys possess no
glomeruli must be excreted by the tubules, and aglomerular
kidneys can exerete most of the familiar unnary constituents.
Homer Smuth ® lists water, ereatine, creatnune, ure2, unc acid,
tmagnesium, sulphate, potassium and chlonde, Even the water
appears to be excreted acuvely and not merely wathdrawn
passively from the cells by the osmotc acuvity of solutes secreted

313
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first, because urine may be secreted against a pressure several
umes greater than that of the blood perfusing the kidneys.

Tubular excretion of utic acid occurs in birds and reptiles, and
tubular excretion of urea 1n frogs.

TUBULAR SECRETION IN MAMMALS
A Plysalogeeal Substances

Since the proximal convoluted tubules of mammalian kidneys
have the same cytologtcal structure as the tubules of aglomerular
kidneys, and the proximal tubnles are regarded as homologous
n all vertebrates, the behaviour of the aglomerular kidney
cannot but raise a suspicion that tubular excretion might occur
n mammazhan kidneys along with glomerular filtration and
tubular rezbsorption. Such excretion could never be detected
with certainty unless 1t gave rise to a clearance greater than the
glomerular filtration rate, otherwise the difference between the
rate of filtration (F.P,) and the rate of excretion (U . V)
would merely under-estimate the rate of tubular reabsorption
“The possibility that most constituents of the urine ar¢ excreted
by the proximal tubule as well as filtered through the glomerulus,
and then largely reabsotbed from lower segments of the nephron,
1s therefore one which cannot readily be either proved or dis-
proved. It may be necessary to postulate a “Three-component
system™ of this kind (filtration + tubular excretion - tubular
reabsorption) to account for the excretion of potassiut, which
has a clearance 1n man sometimes greatet, although usnally less,
than the clearance of 1nulin, but as applted to substances whos.c
clearances ate always less than the glomerular filtration rate, it
1s rather an unprofitable hypothesis so long as it leads to n0
unequtvocal evidence for or against it.
The following are iples of phystok ! suk which
have been found to be excreted by mammalian renal tubules.
1. N-methylnicotinamude. This is a metabolic detwvative of

ncotnic acid and of nicottnamide which 1s excreted by dogs
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and may have a clearance vp to three imes that of creatiazne,
Creaunige, Creatnine is degved from the creatne of the
muscles, and may be acuvely exereted by the tubules of the
human kedney, bur perhaps only when tts concenteation in
the plasma 1s asusficaally elevated, The discrepancy, appareny
of zeal, between the handbng of endogenous and exogenous
creaunine by the kidneys has been discussed on page 19
conn¢chon with the problem of finding substances whose
dearances measuee the glomerular filtration fae.

Potassium.  This cavon can someunws be shown to be
exceted by the tubules of ment and dogs. Usually nts clear~
ance 15 only 2 feacuon of that of creaumint ot tnultn, but
learance rauos greates than naity have been encountered
with diseased kidneys, and with heshhy kudneys under
rather specal expenmental conditions, as for example
B after the adaunsstration of lacge amauats of the potas-
sium salts of foresgn aatons.

8y dunng osmout dmress, and

w) when nhibitots of carbomic aahydrase have been ad-
rupistered durnng acdosts.

Ammonua. This son occurs sa tbe unne of maay aarmals;
o cleatance can be caleutated, beeause the ammontum
the utne is not deerved from the blood, but from ammont
$)ntk 1 the tubular epichel Mast of the 2mmona
formed 1 the kidney ts excrered 1n this way in the unne, bug
some ewters the blood, and the venous bload from the
kidneys contatas more than the 2etenal blood, though both
contaw so little 2mmanta tha sensipve methods of analysis

are requited 10 esumate st

Hydrogen tons, The mammalan renal wbule 15 able to
£xcrete hydrogen 20ns 25 5 mesns of aaddsiag the weae,

Lske the ammonium excreted by the kidneys, the hydrogen

sons in the unhne are not denved from the blood but are

genuted 15 the tubults eputheliam. The exerctan of and,
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of ammonium and of potassium will be discussed in more

detail in a later chapter on the contribution of the kidneys

to the mamtenance of the acid-base balance of the organism.

It may be concluded that with the exception of hydrogen ions

and ammonium, which are synthesized in the kidney, tubular

excretion does not play an important part in the fabrication of

normal mammalian urtne. The excretory functions of the kidney
are performed almost entirely by the glomeruli.

B. Foreign Substances

The kidney responds in a completely different manner to &
number of foreign substances, which the tubules excrete with
remarkable effictency. This behaviour is the more striking
because the kidney can hardly have encountered these substances
during 1ts long evoluttonary history. Phenolsulphonephthalein
(the ndicator, phenol red, often abbreviated to PSP in climcal
writings on the kidney) was among the first to be investigated
It 15 2 dye which 1s bound by plasma proteins, and is therefore
only partially filtrable. About 209, of it ts free when the plasma
contains 1 mg. per 100 ml, yet when it 1s present at this low
concentration 1ts clearance in notmal mer 1s a ittle over three
tmes that of mulin  The urtne therefore contains about 15
times as much phenol red as the glomerular fltrate from which
1t 15 formed, and the dye must be excteted by the tubules to 2 far
preater extent than any normal ofganic constituent of the urine.
When the concentration of phenol red in the plasma is raised, its
clearance falls, 2 pomnt which will be taken up later (p. 45).

Thete 1s a group of substances which are excreted even more
completely than phenol red. Diodone, para-aminohippurate and
penteillin have clearances 1n man which ate between 600 20d 700
ml. pet munute, a httle over 5 times the simultancously deter-
mined clearance of mubn. As with phenol red these high rates
of excretion are observed only when the concentration in the
plasma 1s low. Diodone, (called diodrast in American publ-
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cations) is 3,5 mdo#—pyndon:‘Nae:nc 2ad, and 15 used to
allow the renal tract to be 1ezed or pt phed radiol
cally. Itiscxcreted in high concentravon withsn a few minutes of
1ts administration by intravenous tajection, and the iodine which
1t contains makes st radso-apaque. It can also be used to measure
the excretosy capacity of the tubules, but for this purpose para-
amino-luppurate, (PAH) which has the same clesrance, 15 now
preferred because 15 Iess toxie, bound less by plasma protewns,
and easter to esumate. The rapid excretton of peneilim by the
kidoeys sesves no useful purpose except m the treatment of
safoctions of the unnary tract. It 13 a spurce of inconventence
when systemuc tnfections 2re being treated, because st ts sespon-
sible far the need 1o admnster kazge and frequent doses in order
to maintain an adequate level of bacteriostatic actvity tn the
bloed,

There 13 2 natural upper limut o the raee of excretion of zay
substance which 1s not synthesized within the kidney, 1t cannor
exceed the rate at which the substance 15 brought to the kidneys
by the anenal blood  Thus 1f the concentretion wn the renal
antenal plasima 15 P, and the totai rate of arculation of plasma
through both kidaeys 15 R, the tate of excretton L7 V canniat be
greater than R.P. I the whole of the substance reaching the
kidneys 10 the artennal blood were transferred o the unne, we
should have

UV = RP . e (3}
vy
sotht R = e . . -(4)

In words, the clearance of 2 substance which was completely
temoved from the plismz dunng one pavsage through the
Tadneys would be cqual to the tatal rate of arcolaton of plasma
through both kidneys  “Thes 13 usually seferred to as the “Renal
plastma flow™, or by the abbreviation "RPF” 1 Usnd Pasein
mg per ml, and 1715 &5 usual sn mb. per aunute, & 15 2lso grven
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in ml. per minute. Since the blood is never in fact completely
cleared by once circulating through the kidney, all actual clear-
ances under-estimate the renal plasma flow.

Even if the cells ning the tubules were able to take all the
diodone or PAH which reached them 1n the blood circulating
through the watertubuar capillary plexus, and to transfer it to
the urine, some of the test substances would remain it the blood
emerging from the renal veins, because not all the blood which
circulates thtough the kidneys is presented to the tubular epithe-
Lum; a portion of 1t perfuses non-secretory tissues within the
kidney. The blood 1ssung from the renal vetns can be sampled
in animal experiments by direct puncture, and in man by means
of a flexible catheter introduced 1nto a vein in the arm, steered
through the heart into the infetior vena cava, and finally directed
nto the fenal vein. Analysts of blood obtained in this way
while the the kidneys have been excreting diodone or p-amino-
lippurate has shown renal venous blood to contain only
about one-tenth of the concentratton present in the renal
atteniz] blood, so that approxzimately 90% of the dtodone or
p-amunohippurate present in the astesial blood can be removed
from 1t and transfersed to the urine duting one passage of the
blood through the kidney. This result 15 generally expressed
by saying that the “Extraction” is 90%, complete, of that the
“Extraction 1atio” of the test substance is 90%. The remaining
109 which 1s not extracted must include both the substance
left behind by tncomplete clearance of blood presented to Ehe
tubular epithelum, and also that contamned in the blood which
perfuses non-secreting ussue. Stace the sum of these is so lutle
as 109, of the total, 1t follows that the tubular epithelium must
remove these substances from the blood which petfuses 1t with
remarkable efficiency.

There are two ways in which the rate of excretion of' pata-

hupp or diodone may be employed to d the
crreulation rate of plasma through the kidneys.
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1. It may be assumed that the tubular epithelium clears the
test substance completely from all the blood which teaches
it, Thisis to g that the ratio
for blood which petfuses secreting tissue 15 always 100%,.
The plastna cleatance of p-amnohippurate or diodone 15
then deternuned, and equated with the “Effecuve renal
plasma flow”, which 13, by definttron, the sate of cuculation
of plasma through secretory ussue with s assumed extrace
tion rauo of 1009, It 15 important to note that the effecuve
renal plasma flow determined in this way is aot the same a5
the 1ora! ate of flow of plasmz through the kedneys, bur it
does represent the greates pact of that wotal flow aumenically,
and the patt which 15 phy siologically most important Ths
method does not require 2 determunation of the extracuon
310, and since the extraction ratto c2n ondy be determined
0 man by sub the panent ot exp 1 subject to
czrdiac catheterization, the effective remal plasma flow ss the
one usually determned 1n practce.

2. The watal rate of circulation of plasma throngh the kidneys
may be caleulated accurately and without any assumpuon
about the completeness with wiuch the tubulac epithelium
clears the blood which petfases 1t of an extrzction rateo 1s
determined at the same time as the plasma clearance. For
then

Cleasance x 100 5

o, Extraction 77T &
Thus for example, if the extraction rato 13 889, then the
nate of excretion Ul V1s BBY, of the sate at which the test
substance armives at the kudneys i the arterial plasmz. The
plasma clearance 15 thesefore B89, of the senal plasma flow,
and RPF = Clearance/088, It will be nouced that this
procedure 15 equevalent o a straghtforsard apphcation of
Fick's panaple. It dacs not depend upon any assumphion
about the completeness of clearance by the whules, beeause

True RPT =
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3.4,

the in oxygen content of
the blood flowing through the kidney is low, of the ordez of
1 m). 0 per 100 mb. of blood in man. The rapid renat ciecul-
ation is the expression of services rendered to the blood by the
$idneys, rather than of the reverse From cach 650 md. of plisma
which flawrs through them the kidaeys fortm about 136 m! of
glomenar filteate. One-fifth of the plasma 15 therefore filtered
through the glomerular espillaries. Amang ather results of this
reduction 1o <he volume of the phsma withour the toss of us
prateins 15 an racrease in collord osmotic prassute to perhaps
40 mm Hg., which may be a factor o bunging filtration toan
end when 209, of the plasma has been converted mnto filtrate, It
is unhkely to be the onty factor, howeses, because cven though
the pmpomum( ncrease 10 cellord osmotic pressure 15 greater
‘than that in concentearion, there should sull be an ample head
of filtration p and a.geeater peop of the
plasma pusmg through the glomerub s convested into glomer-
ular filtrate. The extent to which the plasma v concentrzied by
glomesular filktanon 15 thought to be determuned latgely by the
relative vasomotor tone of the afferent and efferent antenoles.
Hence the rauo. of the inubn clesrance to the dm:nce of drodone
or of 1 It d i studies
of ccm\ hzemodvmnucs This nuo of filtranon rate to plasma
flow 13 known as the “Piltmatton Fractuon”, sbbreviated to FF,
and tts narmal «2ue, 21 suated abo\'c 18, about 0 2. Higher
walues ase usvally §
tone of the plomerclar cffumr amnolcs “The ftrtian frcuan
is chanctensueally wnereased duning infusions of adrenabine and
decreased duning hypetiems of the ksdaeps. Reviews by
Winton 1% 3% should be Itad for further about
the part played by physieat factors g the workanp of the kidneya.

FHY REGLLATION QF THE REN AL CIRCELATION

The development of tearance methods for measuang the
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allowance 1s made for the amount of test substance remaia-
ing in the renal venous blood. If, by way of illustration,
one half of the tubule cells ceased to function, but there was
no change 1 the amount of blood cirenlaung through the
kidneys each munute, the first method would show an effec-
twve renal plasma flow of half the normal value, which might
be musinterpreted as a 50%, reduction tn the renal circulation
rate. The second method would show that the extraction
ratto had fallen, and would give the correct value for the
renal arculation rate.

It should be pointed out that (5) is only an approximate for-
mula because 1t neglects the fact that the excretion into the urine
of some of the water which enters the kidneys in the arterial
blood taises the concentrattons of all solutes in the renal venous
blood. This has the effect or reducing the apparent extraction
ratto and makes the renal plasma flow calculated from it too
latge, When the extraction ratio is high, as it 1s with diodone or
p-amnohipputate, the error from using equation (5) is small
enough to be neglected A slightly mote complicated formula
developed by Wolf (Reference 112, p. 65) must however be
employed to calculate the renal circulatton rate from the excre-
tion of substances like inulin or urea which have smaller extrac-
tion ratios.

THE CIRCULATION THROUGH THE KIDNEYS

The ctrculatton rate determined in this way in man is found
to average 650 ml of plasma per minute, which corzresponds to
a citculation rate through both kidneys of about 1,200 ml, of
whole blood per munute. This rate is large, over two pints per
munute; 1t 15 almost one quarter of the cardiac output at rest;
about one quarter of the blood in the body passes thmu.gh the
kidneys each minute. So rapid a curculation is not required to
supply the kidneys with oxygen Although the renal paren-
chyma is among those tissues which have high rates of oxygen
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effect of foreign protein proved to be reproducible with other
pymgzmc bzxchcs of snulin or with typhoid vaccine admxmstcxcd
The renal 1 e ws

as muchas 100% Even if the challs, the headache and the rise of
temperature assocated with the reaction were prevented by the
ptior ad of Jopytine, the renal 1 ate
ancreased a3 wsual The b d with w0
p3rogens 15 not confined to the ktdneys, for the cardiac output
and the arculanion through the kver also merease. A stmular
weezase o renat arculation dunng pyresa mn dogs bas been
shown to be umffecred by denervation of the kedaeys

A few drugs, such as deavauves of adenyhc 2ad, and hydra-
zino-phthalazine hydrochlonde (Ciba 5968, Apresolne) have
been found to merease the arculavion through the kidneys, but
most teputed vasodiators do not  Xanthune denvauves such as
caffetne and theophyline scem only to produce a trapsient
sncrease followed by a sustamed decrease, and ntntes reduce the
1enal arculauon rate

More factors are known which reduce the ceculanon sate
through the kidneys than which inczease it 1t 1s reduced dunng
vgorous musculae oxercise, dunng dehvdrauoe, when the
volume of latng blood 15 & hed by h k and
shock, and also by paxn and frght, Of pharmacalogical agents
adrenalin reduces senal blood flow, but ephednae does not.
Posteniar proutary extracts, a phystalogical doses which pro-
duce maxsmal anudioretic effects, do not reduce the renal
wrculation rate. Remn and angiotonn reduce the flow of blood
through the kidaey. The curcumseances by which the renad
cisculation 1ate 13 reduced suggest that the kidneys provide a
sort of arculatory depat from which the flow of blood may be
divested when other needs are temporanly more urgent than
the production of atine. The actuz! volume of blood contzmed
1 theic sessels 15 too smalt for the kidneys to funcuion 35 3 blood
depot in the ordinary sense, but the closing down of theie
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crculatton through the kidneys was a great advance. Formerdy,
because of the relative inaccessibility of the kidneys and their
blood vessels, measurements could only be made upon animals
after they had been submitted to considerable surgical trauma.
A number of the earlier measurements were nevitably made
upon antmals suffering from shock, and the application of such
methods to normal human subjects was unthinkable. Clearance
methods enabled the circulation of blood through the kidneys
to be studied in intact animals and in human patients and expeti-
mental subjects without the complicating effects of trauma or
anaesthetics. Even with these methods however, emotional
disturbances and effects of conditioned reflexes (to be discussed
latet, p. 37) cannot be avoided. Moreover by the very natuze of
the techniques, thetr application is limsted to expertments upoa
relatively placid individuals under fairly quiet and non-strenuous
conditions This perhaps partly explatns why the renal circuls-
tion rate, like the glomerular filtration rate, has seemed to be
rather stable,

The kidneys are gichly supplied with sympathetic nerves,
which are believed to be distrrbuted mainly to the blood vessels,
although there 1s some evidence that they also supply the tubulat
epithelial cells. There does not appear to be any normal vaso-
constrictor tone, for the circulation through the kidneys does
not increase when they are denervated, In fact few factors ?mvc
so far heen discovered which cause a large increase in the circu-
latton of blood through the kidneys, and the first of these was
discovered by accident. Although Homer Smith and hus col-
leagues found that the circulation through the kidneys was not
1ncreased by some fashionable diurettcs or by substances which
were known to act as vasodilators 1n other situations, a batch of
tnulin used for the determination of glomerular filtration rates
chanced to be contaminated with pyrogenic matetial, 2nd during
the febrile reactton which followed its admintstration the tcn?l
plasma flow was increased constderably for several hours. This
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physiologrsts, sad its imporiance Is at present hard 10 assess.
For fuller trearrnent of the problems which it raises the reader
should read Trueta’s book, Homer Smuth’s critical discussion 8%, 8¢
and 2 tecent arsele and a book by Sophtn 1n defence of the
shung 97 33,

One criticism of the thesis that the iatea-renal divession of
blood desenbed by the Oxfotd workers has an impormant part
to play in mammahan renal physiology  has been thay deastic
procedures, quite outside the phymislogical range, have been
requiced to produce st, and that the effects have not always beea
eproducible even 1o tabbits No compeliing evidence seems to
fave been adduced that the blood can be divested 1a & simular
mannee by physiological stimals 19 any other mammal, with the
possible exception of the rat. The rabbit, on which most of the
wark has been done, s sotoripus for the labilisy of ity vasomorar
and renal function.  Morcover 1t ts an ammal assocsated by an
unforrunate tradstron with conpurors, and theee 15 2 saspicion
abroad that it can be pcnuadcd to yzc]d any desired result by

hoosing, the night exp

Tructa znd hus cafleaguey tcg:td the convoluted tubules of the

as dded 1n and s shanng the same
ntertubulzr mpx\hry plexus as those of the coral nephrons,
but they clum that the I through the p duliary

plomerul and the vasa rects 1s = short path from renal anery to
temal van which by-passes the secretory tissae in the costex. The
opesation of the shunt ought therefore to reduce the cxtnrattion
aatio of diodone or of pamunotuppurate, for diversion of bload
to the medulla shoudd reduce the fraction of blood preseated
to the proumal whular tissue which s beheved to exerete
these substances  The most convincng evidence of 2 short-
oroutting of blood withia the kidneys would, at first uight, be a
reduction n the evimction 1ato of say, pamsnolppurate,
whilst at the same umc the renal airculaton tate way mctv:nmi

of 2t least was not < hed, and the
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circulation would zllow a rapid circulation of blood to be
mamntatned 1n other parts of the body with an appreciably
smaller total cardiac output. The small reductions in rensl
circulation which occur under phystologieal condittons and
after nfusions of adrenalin or renin are achieved without reduc-
tion in glomerular filtration rate, and arc therefore accompanted
by an increase in fltration fraction. The manner in which these
adjustments are brought about is not fully understood They
probably depend in part upon intrinsic mechanisms within the
kdney, for they are not abolished wholly by denervation.

REDISTRIBUTION OF BLOOD WITHIN THE KIDNEYS

Apart altogether from vatiations in the overall rate of cireula-
tion, a redistrbutton of the flow of blood within the kidoeys
may occur. This phenomenon was descrtbed and rllustrated ina
book by Trueta and his colleagues * published i 1947. The
fundamental observation was that certain drastic procedures
such as strong electrical stimulation of the sciatic nerve, large
doses of patressin, or the application of tourniquets to the limbs,
were followed in rabbits by a shunting of blood within the
kidney, such that the outer two-thirds of the cortex became
isct and the lation was maintained through the juxta-

Jullary gl b Ths d ion of blood from the cortex
to the deeper parts of the kidney has come to be known popu-
latly as the “Oxford shunt”. ‘The shunt is a short circuit because
when 1t 15 10 operatron the time taken for blood to get through
the kidney from the renal attery to the renal vein is rcduc.ed,
as was demonstrated by radiographs taken in rapid succession
after the ntroduction of radio-opaque material into the renal
artery The appearance of streaks of bright red artertal blood 1
the renal vein provided further evidence of the opening up ofa
short path through the kidney. The possibtlity that this mecha-
nism plays an important part 1 regulating the function of the
Iadneys has not yet found favour with the majority of renal
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will stifl fave to be done to establich thar the phenomenon
which has beea <learly descnbed m rabbats ocouss and is ime
pomans in ather mammals, sncluding man,

THE CHARACTERISTICS OF TUBULAR SLCRETION

It has zlready been stated that substances which are excreted
s efficiently that they can be used to measure the renal decyl-
tion rate when thyyr concentration i the plasma s Jow, ae less
completely cleared fram the plasma when ther concenteation i
1015 hugher. The inf of the of a sub n
the plasma upoa ws sceection by the tubules wilf aow be ton-
ndeted in more dewst as 3 prelumnary o 2 discussion of the
underly g mechamsm of tubular secretton

€ the mte of excretion U of diodone or paminoluppurate
15 plotted agatosy the concentration of the substates 1n the
artenal plasma, a cutve 18 obtawned of the general form ilustested
in Figuce 1, Thus curve, labeled UV, consists of three scgmeats,
of which the first and theed are stoaght haes joned by a corveof
transicion (Segment 2) between the steeper slope af the first
segment and the smaller slope of the third. The actual raee of
excretion UV may be considered as made up of two fractions
“The smaller of these, ar Jeast ar Jow plasma toncenssations, s
that due to glome rubar filtzanon, which leads o excreuonatarate

1to the of the sub myhe plasmu,
10 lnn;; 3% the filtration e sematns constant. The seraght fine
F 1w Faguree 1 cepresents the fraction of the tord excretion sate
which is attnbutable to glomeralar fiftranon, In actual expen-
raents this hac denoting the rate of excrerion by the glomegultss
found to have the same slope a¢ the thurd segment of the curve
U3 which shows the sotal rate of excecuon by glomerul: and
tubules combraed, ¥ for cach vafue of the plasma concentration,
P, the rae of excretion by the glomeruh (obtamed from the
straight bne £} 15 subtracted from 1he total rate of excrevon
{curve U17) the dotred cutve 7 13 obtatned. This curve shows
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for oxygen was diminished, This combination of changes does
pot seem to have been demonstrated, On the contrasy, Smith
mentions observations made upen dogs duzing expetimental
shock, 1 which the renal cisculation rate fell to 25 Tirde as 3% of
the control value, but in which the extraction ratio of p-amino-
ippurate was undiminished, and the kidneys appeared to be
evenly perfused,

The negative evid from cl and fon ratios
may however be Jess conclusive than at first appears. A substan-
tial fraction of the nephrons 1n human kidneys must possess
juxtamedullary glomeruli. If the efferent blood from these
justamedullary glomeruli by-passes the intertubular capitlaty
plexus, so that the juxtamedullary nephrons are unable to excrete
p-aminohipg and diod how is the normal extraction
ratio of 90% to be explaned? Somchow or other the justa-
medullary nephrons must be able to participate in the tubular
excrenion of sub whose ¢l renat plasm2
fiow. It may be that the juxtamedullary nephrons secrete from
the blood an the vasa recta to the fiuid in the loop of Henle
much as the corhical nephrons secrete from the blood in the
petitubular capiflaties mto the Jumen of the convoluted tubule.
Another possibility 15 that solutes diffuse from the blood in the
vasa secta and ate carned to the epithelium of the convolutcfi
tubules by ascending streams of interstitial fluid. Be this as it
smay, the tmportant point is that if the tubules of justamedullary
nephrons can excrete as well as those of cortical nephrosis, 80
natter how they do 1t, shunting of blood within the kidaey
can not be disproved by the failure to demonstsate 8 depression
of the extraction ratio of p-aminchippurate of diodone. But
if the persistence of 3 high extraction ratic does not imply
that the renal shunt is not in operation, 1t seems (0 imply tastead
that it 1 impossible to distinguish botween the activity of justa:

dulary and cortical neph and that it makes no differcnce

P

whether the shunt ss in operation or not. A great deal of work
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will still have to be done to establish that the phenomenon
which bas been clearly described in tabbuts occurs and 15 im-
portant in other mammals, ncluding man.

THE CHARACTERISTICS OF TUBULAR SECRETION

It has already been stated that substances which are excreted
so efficiently that they can be used to measute the remal circula-
tion rate when their concentration 1n the plasma 15 low, are less
completely cleared from the plasma when their concentration in
itishigher. Theinfi of the of a sut n
the ylumﬂ upon its secrevon by the tubules will now be con-
slducd in more detatl as a preliminary to a discussion of the

h of wbular

IE the rate of excrenion UV of diodone ot p-aminolippurate
is plotted against the concentration of the substance i the
atterial plasma, a curve 1s obtatned of the general form tlustrated
in Figure 1. This curve, labelled UV, consists of three segments,
of which the first and thyrd ase straight incs joined by a curve of
transition (Segment 2) between the steeper slope of the first
segment and the smaller slope of the third. The actual rate of
excretion U1 may be considered as made up of two fractions
‘The smaller of these, at least at Jow plasma concentrations, 1s
that duc to glom:mhx filtration, whichleads to excretton ata rate

ional to the of the suk 1 the plasma,
0 Iong as the filtration rate rematns constant. The straight line
Fin Figure 1 represents the fraction of the total excreuon rate
which is attnbutable to glomerular filtration. In actual expen-
ments this line denoting the rate of excretion by the glomeruliis
found to have the same slope as the third segment of the curve
UV which shows the total rate of excreton by glomeruli and
tubules combined, If for each value of the plasma concentranion,
P, the rate of fon by the gl b 1 from the
straight Iine F) is subtracted from the tofal rate of excretion
{curve UV) the dotted cune T 1s obtaned  This curve shows
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for oxygen was dimsnished. This combination of changes does
ot seem to have been demonstrated, On the contraty, Smith
mentions observations made upon dogs during exp:rimcml
shock, 1 which the renal cireulation rate fell to as ttle as 3% of
the control value, but m which the extraction ratio of p-amine-
hippusate was undimsmshed, and the kidaegs appeated to be
evenly perfused

The neganve evidence from clearances and cxtraction ratios
may however be less conchusive than at first appears. A substan-
tal fraction of the sephrons m human Lidneys must PoSsEss
juxtamedullary glomensls. If the efferent blood from thes

duit : 4 b i

Juxt: v gl the bular capifiaty
plexus, so tharthe suxtamedutlary nephrons arc usable to exerett
p-aminohupy and diod how is the normal extraction

satio of 90% to be explained? Somchow of other the juxta-
medullary nephrons must be able to partieipate i the tobular
excretron of substances whose clearance mieasures senal plasms
fiow. It may be that the juxtamedullacy nephrons secrete from
the blood in the vasa recta to the fiuid in the loop of Henle
smich as the cortical nephrons seexete from the blood in the
pesitubular capillaties into the tumen of the convoluted robule.
Ancther possbility 15 that solutes iffuse from the blood in the
vasa recta and are cateied to the epithehum of the convolut
subules by ascending streams of interstitial fluid, Be this 3% it
may, the 1mpontant point1s that if the tubules of ustameduliay
nephrons can excrete as well as those of cortical nephrons, 10
matter how they do st, shunting of blood within the kidney
can niot be disproved by the failure to demonstzae 8 depressiont
of the exteaction ratio of p-aminohippurate of diodone. But
if the pessistence of a hugh ratio does ot imply
dut the renal shunt 1s not in opesation, itseems toimply nstex
that st is impossible to distinguish between the activity of jox-
dullary and cortical nephrons, and that it makes no diffesence
whether the shunt 1s 1 operation or a0t A great deal of work
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will sull have to be donc to establish that the phenomenon
which has been clearly deseribed in rabbits ocenrs and is im-
portant 1n other mammals, mctadng man.

THE CHARACTERISTICS OF TUBULAR SECRETION

Tt has alteady been stated that substances which are exercted
so efficzently that they can be used to meavate the renal arcula-
tion rate when their concentration w the plasma 1s low, are less
completely cleared from the plasina when their concentration i
it 15 hugher. The of the of asub n
the plasaui wpon ss secretton by the tubsles will aow he con-
sxdcrcd in mote detai] as 2 prebminary to a discusston of the

i h of tubular

If the rate of excrenion UV of diodone or pamuaohippurate

ts plotted aganst the concentration of the substmcc e the

asternal plasma, 2 corve 15 obtaned of the pera=-t |
mFigure 1. This cugee 4 7 o f
of which the fi Cae
transition (Seg * gL vope of the first

segment and tF vt S1OpE of the thurd, The acrual rase of
excretion UV may be considered as made up of two fractions,
The smaller of these, at least at low plasnwa concentrations, 18
that due to glomcmhr fltration, which leads to excretion ata rate
i Lo the of the sub 1a the plasma,
s long as the filtration ate rematns constaat  The straighe bne
F 1n Figute 1 represents the fraction of the totl excreuon rate
which 15 attnbutable to glomerular filtranon. In actual expen
ments this line denoting the mte of excretion by the glomeruls 15
fouad 1o have the same slope a5 the thurd segment of the curve
UV which shows the total rate of exesenon by glomereks aad
tubules combned. 1f for each value of the plzsmz concentraton,
P, the mte of by the gl 1 { from the
strasght Line F) 15 subtracted from the total mte of excrenon
{cutve UV the dotted curve T ts obtained  Thus cutve shows
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for oxygen was diminished, This combination of changes does
not seem to have been demonstrated. On the contrasy, Smith
mentions observations made upon dogs during experimental
shock, 1n which the renal circulation rate fell to as little as 3% of
the control value, but m which the extraction ratio of p-ammo-
htppurate was undimunished, and the kidneys appeared to be
evenly perfused.

The negative evidence from clearances and estraction ratios
may however be less conclusive than at first appears. A substan-
tial fractton of the nephrons in human kidneys must possess
justamedullary glomeruli, If the efferent blood from these
yuxtamedullary glomerult by-passes the intertubular capillary
plexus, so that the justamedullary nephrons ate unable to excrete
p-amunohippurate and diodone, how is the normal extraction
£2tio of 90% to be exphined? Somehow or other the justa-
medullary nephrons must be able to participate in the tubular
excretion of substances whose clearance measures renal plasma
flow. It may be that the juxtamedullary nephrons secrete from
the blood 1n the vasa recta to the fluid in the loop of Henle
much as the cortical nephrons secrete from the blood 1 the
pentubular capillaries into the lumen of the convoluted nfbulc
Another possibility 1 that solutes diffuse from the blood in the
vasa recta and are catried to the epithelium of the cunvolutcfi
tubules by ascending streams of interstinal flud Be this as it
may, the impottant point s that if the tubules of juxtamedullary
nephrons can excrete as well as those of cortical ncPh“’“_s’ no
matter how they do it, shunting of blood within the Kidney
caa not be disproved by the fature to demonstrate 2 depression
of the extraction ratio of p-aminohippurate or diodone. But
if the persistence of 2 high jon ratio does not imply
that the renal shunt 1s not in operation, it seems to imply tastead
that it is impossible to distinguish between the activity of puxta-
medullary and cortrcal nephrons, and that it makes no difference
whether the shunt 1s in operation or not. A great deal of work
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18 raised, but more slowly. When still lugher concentrations are
sreached (segment 3') the rate of excretion by the tubules becomes

constant, maxumal, and independent of the plasma
There is no difficulty n interpreting the straght segments af
the curve of tubnlat excretion. In the range of nsing plasma
concentrations covered by the fixst segment, all the tubules must
be excreting whatever 15 left behied e the plasma after the
process of glomerular filation  In this range, all the tabules
ate capable of increastng their rate of transfer when the biood
brings more of the test substance to them. In the tange of
concenteations covered by the thurd segrnent of the curve st is
equally clear that none of the wbules can secrere any faster,
bowever much mare 1s offered to 1t by the plasma, The capacity
of the transferring mechamsm m all the tobules 18 now saturated.
Tu the range covered by the trausitional curve {segment 27 the
plasma concentration 15 sufficrent to saturate the transfecsing
mechanism 1n some bat not 1 alf of the tubules. Those which
are already satusated can secrete no faster 1n response to 2 further
elevation of the plasma concentratson, whersas the ones which
ate not yet saturated can do so. But as the plasma coneentrauon
increases, the proportton of tubules i which the secretory
mechanism 15 saturated hecomes greater, the number of mbules
which can still mcrease their rate of transfer becomes less, and as
it does 50 the cutve faitens out to become honzontal when ait
aze saturated. The rate of total excretion (segment 3 of curve I/17)
conunues 1o nse after the tubular secreuon has awaned s
rate because by gl dar filtraton can

st by 1 by a fusther el of plasma
As the concentration mn the plasma is rased, the clearance,
which 1s ZVJP, remains constant up to the point of wfiecuon
between the first and second sepments of the curve of tubular
excretion {Curve C) Thercaftes 1t falls becanse the total rate of
excretion no longes sises in proportion to the tncreasing plasma,
concentration. The clearance must conunue to falk as the plasma
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the rate of excretton by the tubules as a function of the concen-
tration at which the substance is presented to them 1n the plasma.

Like the curve of total excretion, the cucve of excretion by the
tubules has three segments. Along the first of these (1), the rate
of ion 15 p ional to the fon in the plasma.

Over the tmnsmoml range indicated by segment 2’ the rate of
excretton by the tubules still increases as the plasma concentration
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15 rassed, bue more slowly. When sull hugher concenteztions ace
reached ( ¥)the ratg of ion by the tubules hecornes
constant, maximal, znd independent of the plasma concentration,
There 15 no difficulty tn interpreting the strught segiments of
the cusve of tubvlar excrenon  In the range of rising plasma
conventrations covered by the fiest segment, all the wbules must
be exereting whatever 15 left beluod in the plasms after the
process of glomerular filtratson. Is this range, all the tubules
are capable of mncreasing thess tate of transfer when the blood
brings mote of the test substance to them. 1o the range of
concentrationy covered by the thued segment of the curve 1t 15
equally clear that none of the tubules can secrete any faster,
however much more 1s offered t0 1t by the plasma  The capaciry
of the transfernng mecharysm tn all the tubules is now saturated.
In the raage cavered by the transional enrve {segment 2) the
plasma concentraion s sufficent to saturate the tuansferring
mechamst in some bat ot 1 alf of the tobules, Those which
arealeeady satucited can secrete no fastes in resposise to @ fusther
elevation of the plastma concentration, whereas the ones which
ate nat yet saturated can do so But as the plasma copcentration
tnereases, the proportton of tubules in which the secretoty
mechatusm 13 saturated becomes greater, the number of tubules
whuch can stal} increase their rate of transfer breomes Jess, and as
1t does 50 the carve Ratteas out ta becoms horizontal when all
ace saturaced The rate of total excrenion (segment 3 of curve UFY
continues to sise after the tubufac sceretion has attuned 1ts
mammum sate hecause excretion by glowerular filtranon can
still be acoelorated by 2 further elevaron of plasma concentration
As the concenttation 1 the plasta ts rased, the clearance,
which 1s U¥JP, semuns constant up ta the pomnt of inflection
Dbetween the Esst and secand segments af the curve of tabulr
excretsan, {Carve C) Thetcafter ot falls because the toral rate of
excestion 00 langer nises tn proportion o the increasing plasma
concenteaton The clearance must conuaue 1o fall as the plasma
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level rises until, as glomerular filtration accounts for an ever
1ncreasing fractton of the total excretion, the clearance begins to
approach the glomerular filtration rate as an asymptote. The
clearance of a substance like phenol red which is bound to plas-
ma proteins will of course fall below the glomerular filtratton
rate and will approach a fraction of the filtration rate which
depends upon the proportion which 1s free in the plasma.
Special names have been adopted for the plasma concentrations
at which the two potnts of inflection occur. The concentration at
which the first potnt of inflection is reached is known as the “self-
depression lmut” (SDL), Ths is the concentration at which the
plasma clearance, hitherto constant, begins to be depressed by
higher concentrations of the same substance, 2 phenomenon
referred to as the “self-depression of the clearance”. The con-
centration at which the second inflection occurs 2nd the cutve
of excretion 3 out again, indicating that the transfer
mechanism has been saturated in all tubules, is appropnately
known as the “Saturation limit” (SL). When the plasma concen-
tratton 15 below the sclf-depression limit, the clearagce is
maximal, independent of plasma 10n, and

renal plasma flow; the extraction ratio is also maximal. But
extraction becomes less complete at concentrattons above the
self-depression Limit, so that measurements of effective renal
plasma flow, which do not require separate determunations of
the extraction rate, can only be made by working at plasma
levels below the self-depression limit. At higher levels the true
renal plasma flow can still be estimated if the extraction ratio Is
determined 1 addition to the clearance, At plasma concentra-
tions above the saturation limit, the rate of tubular excretion
(UV —FP)b constant, maximal, and independent of the
plasma concentration The value of (UV — FP) detcrmiu.cd
under these condstions 1s a measure of the total secretory capacity
of the entre mass of tubular tissue in the two kidneys. It is
denoted by 7, with a further subscript to indicate the substance
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to thch it refers, ¢.g. Tmn for diodone Of Ty for pars-

These ate ly spoken of as the “dio-
done T ” or “PAH . Somctxmcs ¢his quantty s ceferced
to as the “Tubular excretory mass”, which might appear 1o
suggest that all tubular ussue ts equally efficient m the process
of excretion, and although thus may be true 1a health, 1t ought
not to be assumed when the kidneys are diseased 1t is safer to
speak of “maxima) tubulas eacretory eapscity™

Thus 2 d of the rate of of 2 sub
Like diodone or p-amineluppurne may be used to give two
quite distact kinds of teformation about the kdaey. By wotk-
1ng with somall doses and keeping the concentration n the plasma
below the self-depression hmit, & clearance may be determuned
which is a measuze of the tenal circulation rate By unog lasge
enough doses to give plasma concentrattons above the satura-
tion limut, 20d by determirung the glomerular filtration mate at
the same ttme as the cleatance of dodone ar p-amunohippurate,
the maximal tabulae exceetory capacity can be determiaed with
the same test substance A few scrual figares may add reality 1o
s rather abstract expesinon. Diodone 1n man reaches us
self-d ion limgt ar a conc of 5 mg, of 1dine per
100 ml of plasma, and tts saturaton kst at 40-30 mg 1odwe
per 100 ml plasma. The diodane T,, 15 approximately 50 mg.
sodine per minute, equivalent to appsoxumately 0 2 mM diodose
jmin, Other excretory T, valats are 70-80 mg (0.4 mA() pes
manute for p-amnohippurate, 16 mg. (0.14 mb{) per minute for
Creatinmne and 36 mg per munute for phenot red.

The 4 1 plasma co; between the self-
depression herut and the saturation hmut depends upon the
dispersion of excretary capacity between the different tubules —
13 3 measure of the wequality of the bers of 2 popul
of more or less wimilar units, Qne sught venture tc speculate
that the first tubules to be ssturated would be those of juxta-
medullary nephrons. With thetr shomer length of secretng
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epithelium, and possibly the less effective perfusion of their
secreting tissue by blood, these should only equal the cortical
nephrons in secretory acttvity at plasma concentrations below
the self-depresston limit, and should soon cease to respond to
higher concentrations with a greater output. The operation of
the renal shunt should not affect the extraction ratio at low plas-
ma concentrations, but 1t might do so at concentrations above
the self-depresston limit,

Tubular excretion has been treated at so great 2 length not
because of tts importance in the daily work of the kidney, which
appears to be trval, but because by exploiting the excretion of
foreign substances, physiologists have gained so much informa-
tion about what goes on beneath the capsule, A little must be
added about the mfluence of the concentration of glucose in the
plasma upon its reabsorptron by the tubules, for this 15 a0
everyday example of tubular secretion, although in the opposite
direction  Glomerult and tubules co-operate in the excretion of
p-amtnohippurate and diodone, which are excreted partly by the
tubules and partly by glomerular filtration, In their handling of
glucose the glomeruli and tubules work in opposition, for at
normal blood sugar levels, the glucose which enters the nephrons
in the glomerular filtrate is removed by the tubular epithelum
and restored to the blood.

The rate at which glomerular filtration delivers glucose to the
tubules 1s F . P,, where F1s the glomerular filtration rate and P,
the concentratton of glucose in the plasma; it 1s therefore
proportional to the plasma jon if the gl it
filiration rate rematns constant. If the concentsation in the
plasma 1s gradually raised by infusing glucose tato 2 vein, at v‘7hat
corresponds to the self-depression limut of diodone ot p-amino-
hippurate some tubules begia to receive glucose faster than their
epithelium can reabsorb 1t, and glucose begtns to appear in t}tc
urine, The critical plasma concentration at which this occuts is
known mn this case as a “Threshold of appearance” or simply as
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2 “Theeshold”, It is important to adke that the threshold does
not necessarily sndscae & cateeal concentration, but a cntical
rate of delvery of glucose to the tubales, 2nd that thes depends
upon the filtratton rate F a5 well as upon P, Bven of the maw-
mal reabsorptve capacity of the tubules 1s constant, the threshold
plasma concentrayon must vaey inversely with the glomensiar
filtratson rate, znd wall not be constaat anless thus 15 also fived.
Patients 1n diabstic coma with blood glucose concentrations of
several hundreds of mg per 100 ml somentmes excrets ne glus
cose in thetr urtne because severe dehydration has so fat reduced
the glomerular filttapon rate that the mbules can sull resbsorh
all the glucose whxch reaches them  Glycosutia may occur
without hyp as well as hypergl witkoat
glycosana thn the wiular epsthelium 15 powsoned wih
phionzn, its capacty to reabsorb ghicose s smpatred, and glu.
tose appears i the utine even though the blood level a0d the
glomerular filiration rate may be sormal. ‘The reabsorpiive
capacity of the tubules 1 subnarmal m some otherwise heaithy
sndiwiduals, who excrete glicose tn thew unine although thewr
bload sugar and glomerolar fliration rate are both normal. The
only smportance of the conditian, which may be famuhal ot may
eccur 2s an madent duttng pregrancy, and is knowa as renal
glycosuria, ss that 1t may be confused with the much more sexious
diahetes mellirus unkess the blood 15 examined as well as the
unne. Tubules normally begia to be saturated in man when the
concentration of phatose 1o the plasma 15 clevated to about
180 mg, per 100 ml, At 2 normal rate of glomeratar filtration the
tubules o5 1 whole are then reabsothing 18 x 130, or about
230 g, of glucose per minute, As the consentration of glucase
in the plasma 15 rased above the threshold, mose and more
tubules become saturated, unnl a saturatton kit s teached
shove which the ate of reabsorption (F 2 — U 1) becomes
consteant 2ad maximal, Dogs, like men, show 2 saurtson fomt
above which the rate of reabsorpuon of ghacose by the tubules
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ceases to increase as the concentranon in the plasma s elevated
still further, but cats do not. 22 In man and the dog, therefore,
but not 1n the cat, a reabsoptive 7, or glucose 7;,, T, can
be defined, which the maximal reabsotptive capacity
of the aggregate of tubular tissue, The value of the glucose T, in
man 1s about 350 mg. per minute, or almost 2 mM. per minute.

The maximal tubular secretory capacities measured by the
excretion of p- hipp or by the reabsorption of glucose
ase relatively constant and reproducible in repeated determinz-
tons in the same healthy individual. There is a somewhat
greater vatiability between different ndividuals within a species,
and there are naturally much lazger differences between mem-
bers of different species. A large amount of comparative datz
has been assembled 0 Chapter XVIT of Homer Smuh’s book. #

There 15 an tmportant difference between the maximal tubular
secretory capactty measured with diodone and that measured
with glucose. Drodone can be excreted by all tubules which are
perfused with blood, whereas glucose cannot be reabsotbed
unless it has previously gained entry to the nephrons by glomer-
ular fltration Hence the diodone 7}, is a measure of all the
tubular tissue 1 the kidneys which 1s perfused with blood,
whereas the glucose 7, takes account only of tubules attached to
notmally fanctioning glomeruls, If some disease process destroys
glomerult but spares the tubules to which they were attached,
converting them into aglomerular tubules, the glucose 7, will
be depressed but the diodone 7,, may still be normal. On the
basts of comparisons such as this Homer Smith has developed
“saturatton methods” whereby 1t is possible to perform a sort
of physiological dissection of the kidneys of a human patient
without seeing or touching them, 3

THE MECHANISM OF TUBULAR TRANSFERRING PROCESSES

There is little that can be said with any confidence about fhe
derl; h of tubular jon, for hardly anything

ying
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is known gbout it. The secrenon of norganic lons will be dis-
cnssed 1n connecuion with the transport of waret and the regula-
tion of acid-base batane. The following is a bref account of the
sectetion of orgame componnds which may be supplemented by
reference to reviews by Beyer ® znd Taggast, 3498
The of organuic compounds by the tubalar epithel
the followsag feue et —
Tt has 2 lionsted capacity
It is suppressed by posons,
It requices 2 soutce of energy, for many of the substances
whick are secreted are transported aganst congentsation
gradients.
4, Tt exiubis compeuuve whibiwon 1 the sense thar mutwal
can be d d between the sport of
different subsrances sumultaneonsly. For example the four
substances, pemiati, pheno! red, diodone and pamuno-
hippurate intetfere with each other's excreon, I the
d age established for g the excretory T,
of 2ny one of these substuanees, and another 15 then edded to
the blopd, the tubules commence to excrete the sscond
substance, 2nd the tate of exceenon of the first falls below
Is 7, Swmilar competon hay been described for reab-
sorption, between glocose sad other sugars, between
levane and 1solencine, and berween the basic amino-acids
argeamne, histdine and Iysine  Nesther leuaine not isoleacine
campetes with any of the basic amuno-acrds, sad glycine
does not compete with any of these five amunoacids, but
petes wath creaune. Comp has even been observed
between the excretson of some substances and che reab
sorpnon of others; for example, the seabsorption of
glucose and of ascorbic acid may be depressed when large
amounts of p-anunoltpputate are heng excreted,
ese ples of 3 b form 100 hetero-
geacous 4 collection to be covered by a single explananon, They
B

W
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might anise from competitton for 2 common chemical mechanism
or pathway of excretton — 2n enzyme or a carrfer substance
common to several processes; or from competition for available
energy. Competition for excretion hetween phenof red, drodone,
p-anunohippurate and penicillin is probably competition for a
common mechanism, These substances may all be excreted by
the epithelium of the proximal convoluted tubule, because oaly
the proximal tubules secrete phenol red in tissue culture; and the
competition which can be demonstrated between phenol red on
the one hand, and p-amunohtppurate and diodone on the othet,
suggests that they are all excreted by the same cells. Competitton
within this group s, as Beyer pointed out, analogous to the
competition of two substrates for oxidation by an enzyme; the
maxtmum tate of oxidation of either when it ts sharing the
enzyme with the other 1s less than its maximal rate when present
alone. When two members of this group compete for maxmal
tubular excretion, 1t may be presumed that the transport system
remains saturated, but that tts capacity has to be shared by the
competing substances. Competition for reabsorption between
sugars or between amno-actds 15 probably of the same nature.
It 1s 1nteresting to note 1 this connection that the T, values
of pentcilltn, diodone and p-aminohippurate are of the same
order of magnutude when expressed 1 mM. per minute. 12m
indebted to Prof G. M. Bull for drawing my attention to this
piece of additonal evidence suggesting that the three sub-
stances ate excreted by 2 common mechanism.

Enzymes can also be inhtbited S
which resemble their natural substrates sufficiently to combine
with them, but not suffictently to undergo the reactions cataly-
sed. These substances compete with the normal substrate for
possesston of the active groups of the enzyme molecules, and
since they are not removed by reacting, they are more powerful
nhubstors than competing substrates which merely divert some
of the catalytic acuvity of the enzyme from other substrates

wely by
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without reducing 15 total capacity. Beyer supgested thatthus type
of inhibitton had 1ts counterpast 1 the 2ction of carinamide on
renal tubular secrenon  Cartnamide 15 2 drug which was deve-
loped to reduce the excreton of penicdlin by the adueys so that
adequate therapenuc fevels could ba mantaned m the blaod
with smaller doses. o and 1 adeq
doses may completely suppress, the tubuhr excrepon of diodone,
p-aminchippurate and phenot red as well a5 of pentallin, yetit
did not at first appear ta compete with them for excrenon i the
same way as they compete with each other, because s clearance
suggested that 1 was sxcreted by glomerular filiration only,
Although th:xcfmc canmamude seemed to provide an example
of camp hub: by a3 sut which was not stself

d, 12 15 not diately obvious how a substance
which does not enter the tubule cells can unterfere with reactrons
which take place snside them, and subseguent work has disclosed
a considezable binding of de by plasma protesns, 5o that
1ts elearance, whuch t¢ of the same order as that of creaticune 1
the dog, tndicates that tt 15 excreted by the tabwles

Muatual between the of ane sub
2nd the reabsorption of others is perhaps most ltkely to bean
cxample of competition for avadable eaeegy  But tt 1s difficule
10 52y anythang defimte about this type of mtecference, for glu-
eose 3nd parminohippurste have been found to react with gach
other and fum a seadily hydmlysablc complex, and this fact

of exp whuch appear to
dcmomtm: !hM the excration of p-aminchippurate snterferes
wnth the reabsorption of glucose.  Ascorbic aud 15 ordinanty
handled by the kudneys 1n such smalt amounts that 1ts transport
can hardly make 2 major claum upon supphes of energy.

The faslure of tubular funcron which follows potsomng with
¢yanide 15 presumably 2 resale of cattng off supphes of the
eoeegy required by transparung mechanssms  Pldonzin, which
Suppresses both the reabsorption of ghicose, and the excretton
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essentral phosphorylating reactions. The energy which is releas-
ed from substrates by oxtdation is not in general used drectly
in brological systems, but 1s believed to be utilized primatily for
the synthests of labile phosphoric esters which contain what have
come to be known as “high-energy” phosphate bonds. These
are not extremely stable bonds as the name suggests; 1n fact they
are extremely easily broken, They have two peculianties, that
when they are broken by hydrolysis the amount of free energy
degraded and released as heat ts unusually large, of the order of
12,000 cal./Mol, compared with 3,000 cal. for hydrolysis of
ordinary phosphoric ester Iinks; and that when they participate
1n chemucal reactions a considerable part of this energy need not
be degraded, but can be employed with the catalyuc assistance
of suttable enzymes to perform synthetic operations for which 2
supply of enetgy 1s required  Compounds like adenosine-
tuphosphate and tine-phosph: which contain “high-
energy” bonds of tlus kind, appear to serve as mtracellular
stotes of available energy which may be utilized for most of the
energy-requuning purposes of the cells Cellular actvities which
depend upon a source of energy may therefore be suppressed by
inhibiting the respiratton upon which the supply of enetgy
ultimately depends, by preventing the energy released 1n respira-
tion from betng used to synthestze compounds containing “high-
encrgy phosphate bonds”, or by inhibiting the reactions wheerY
the energy stored 1n these compounds is released and applied

Beyer pornted out that carinamide, and also the related compound
benemud, can depress the tubular secretion of phenol red or of
p-aminohippurate in concentrations which are too small eit?xcr
to nhubit the uptake of oxygen, or to uncouple phosphotylation
from oxedation, so that these nhibitors might act by interfering
with the utdlization of energy in the cell. They have since turoed
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">N——CH,——COOH Diodone

"_\/CO-NH—CH,—COOH p-amunohippuric acid

B CH, CH,
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| >CH—COOH
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R.CO . NH—CH—CO Penteillin

C oo, 50, NH@COOH Cannamude

CH, . CH,.CH,
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nism could account for the dependence of tubular transport
upon energy stored in phosphate compounds like adenosine
ttsphosphate, as well as for acetate as a imtting factor in the
rate of transport, because adenosine teiphosphate 1s required for
the synthesis of acetyl-coenzyme A in the cells. It might also
account for the fact that these foreign substances are excretedat
all, for metabolites with carboxyl groups presumably participate
in the normal metabolism of the renal cells, and the foreign
substances may, so to speak, get caught up by their carbozyl
groups tn chemical machinery which 1s always running for
some quite other puspose  But although a carboxyl group may
be necessary to gam entry into the metabolic conveyor which
leads to excretton, 1t cannot be sufficient, for many more sub-
stances possess catboxyl groups than are secreted by the tubular
epitheltum. The carboxyl group may provide a point of attach-
ment, but other structural features of the molecule must also fit
1nto the bol iy v 1 a still unk manner. No
simple formula can adequately represent the structure of pheno!
ted, but 1t 15 of interest to compare the stractures of diodone,
p-amunohippuric sctd and penicillin with those of the tw¥o

Tl deand b d

The problem rematns how far it is justifiable to argue from
accumulation by slices i vs770 to tubular excretion s viro. These
processes appear to have something in common, for not only
does the addition of acetate to the medium stimulate the accums-
lation of p-aminohippurate by kidney slices, but the infusio{x of
acetate after condi: have been blished for the determina-
101 Of Tppss 10 the dog and also in man has been shown to
increase the maximal tubular excretory capacity by 2s m“d‘_ as
100%. Moreover 2,4-duutrophenol which inhubits accumulation
by tissue slices sz t##ro also nbubits the tubular excretion of
p-aminohippurate, diodone and phenol red in the dog; althought
curtously st does not depress the reabsorptive T, of glucose. It
cannot be db that ) is a necessary

'PE
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part of any possible proeess of tubular secretion, There seem to
be three major possibtlhines: 1) The substance betng excreted 15
acuvely transported into the epithebial cells through the basat
poles, thus bulding up 2 high concentration wmnde the cells,
from which it can duffuse passtvely across the cell membrane at
the apposite pole tato the lumen of the tubule. Accumulation
is an essenual pant of this mechansm 1} The substance is
actively ds across the b at the lumi-
n3i pole of the epithelial cells, and diffuses 1nto the cells passively
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rusm could account for the dependence of tubular transport
upon energy stored in phosphate compounds like adenosine
triphosphate, as well as for acetate as a limiting factor i the
rate of transport, because adenostne triphosphate is required for
the synthests of acetyl-coenzgme A in the cells. T might also
account for the fact that these foreign substances are excretedat
all, for metabolites with carboxyl groups ptesumably participate
in the normal metabolism of the renal cells, and the foreige
substances may, so to speak, get caught up by their carboyyl
groups in chetmucal machinety which is always runaing for
some quite other purpose. But although 2 carboxyl group may
be necessary to gain entry into the metabolic conveyor which
leads to excretion, it cannot be suffictent, for many more sub-
stances possess carboxyl groups than are secreted by the tubular
epithelium. The carboxyl group may provide a point of attach-
ment, but other structural features of the molecule must also fit
into the metaboltc machinery in 2 still unknown manner. No
sumple formula can adequately represent the structure of phenol
sed, but 1t 15 of interest to compare the structures of diodone,
p-aminohsppuric acid and penicillin with those of the 0

b ide and b

The problem remains how far 1t s justifiable to argue from
accumulation by slices # 2#fr0 to tubular excretion 7 ivo, These
processes appear to have something in common, for not only
does the additton of acetate to the medium stimulate the accumt-
lation of p-amnoluppurate by kidney skices, but the infuston of
acetate after condittons have been established for the determiaa-
11011 Of Tompay in the dog and also 1n man has been shown to
1ncrease the maximal tubular excretory capactty by as much' as
100%. Moreover 2,4-dinitrophenol which mlubits accumulation
by tissue slices sz iro also inhibits the tubular excretion of
p-aminchippurate, diodone and phenol red tn the dog; although
curiously 1t does not depress the reabsorpttve 7, of glucose. It'
cannot be supposed however that L isa ary
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flwd by reabsorption of water occurs after the substance has
been added to it Just what concentration would have to be
built up 1 the cells 1 hnrdly calcuhblc, but 2 mechanism which
requires that sub d tn both d
through the eptthelil ccHs musr be held 1o high concentrations
1aside them seems to leave too little room for the normal consti-
tuents of the cytoplasm, and to carry too great a tisk of tatec-
ference with essentiaf metabolic processes wathin the cells by
high concentratons of substances tn transit  These difficaiues
mught become less sertous if future work confirmed a suggestion
that the osmotic pressure of the intracellular fuds of the kedney
is substantially greater thaa that of the plasma, but this questton,
which will be referred to sgan, 1s still unsettled. Such evidence
as there 15 rather favours the second mechanism, and 2 mode of
secretion which ensures that substances 10 tansit are present in
Iow conccnmuons m the cytoplasm seems to have obvious
Frag) of pheic tubules of the cluck
form qsts tn tissue culture; if these ate supplied with axygen
and phenot red 15 added to the medium, the dye 15 seereted 1ata
the fuid mnstde the cysts It 1s not however accumulated within
the cells, which remain uncolonred; and dye 1troduced into the
tumen of the cysts by micro-mection also fatls to enter the cells,
whach argues agamnst free diffuston across thesr lummal poles.
Motcover i two recent studtes by chemical and micro-radio-
graphte methods the accumulation of diodone within the tubule
cells dusing 1ts excretion by the rabbte was demonstrated, * but
only when large doses were emplayed and the teansport system
was saturated. 47 Here again tt appears that sccumulation withia
the tubule cells did nat play an essentsal past 1n the mechamsm
of secretion. A number of observations have been made of the
sate of excretion of substances ke phenol red and p-amuno-
hipy while ther 1n the plasma was rapedly
changing. The ume relaions between changes in excretton and
changes in plasma concentration make it improbable that sub-
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from the blood mn the intertubular caprllaties. Accumulaion
plays no part n this process, indeed the concentration of the
substance betng excreted must be kept below that in the plasma
These mechanisms are not mutually exclusive for they mght
extst in combination, with active transport taking place across
the membrane at both ends of the cells; some substances might
be handled by one, and some by the other mechantsm 1) The
substance is converted by an enzyme system located at the basal
pole of the cell into another form, for example a phosphotic
ester, 50 that the concentration of the free substance is kept low
just within the cell membrane, thus maintatning a steep concea-
tration gradient across the membrane, down which the free
substance can diffuse passively into the cell. Another enzyme
system is requured at the lummnal pole of the cell to release the
ortginal substance 1n high concentration and allow it to diffase
10to the lumen of the tubule. Transpott of the phosphoylated
complex across the cell might occur by diffuston from a hugh
concentration 1n the region of its formatton to the lower concent-
ration produced by 1ts decomposttion at the opposite pole. It
has been supposed that glucose is transported tn this way across
the intestinal mucosa and the tenal tubular epsthelum, but 2
recent study with 1sotopic tracers revealed that the phosphate
radicals of phosphoric esters of glucose 1n the cat’s kidney €x-
t ] with Ll phosphate so slowly as t0
suggest that phosphorylatton can play no part 1 the geabsotp-
tion of glucose. 9
Studies of the accumulation of metabolites by slices # v{'/fv
may only serve as valid models of the process of tubular secretion
1f thus 15 carried out by the first of the three hypothetical mecha-
nisms outhned above. This mechantsm requires a high concen-
tration of cach substance which is being secreted (10 etther
direction) to be maintained mside the tubular cells, although this
concentration need not be as great as the concentration finally
reached in the urine, because further concentration of the tubulat
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fold by the reabsorption of two-thirds of the water, 2 The
concentration of chioride at the end of the proximal tubule was
about 40% higher than in the plasma This was attributed partly
t0 2 Donman distrsbutton of 1ons and partly to replacement by
chloride of bicathonate which had been reabsorbed. As tn the
frog, there was no change of pH and no change 10 osmouc
pressure in the prowimal tubule, so that water and solutes
must have been reabsorbed together 1n prop to make
2 solution isotonic with the plasma; and since sodmm salts
are respoasible for the greater part of the osmotic pressure of the
plasma and of the glomerulas flirate, it follows that water and
sodwm salts must have been seabsorbed together ta approw
mately thetr proporttons wmn the extraceliular fluds  Ir has already
been pointed out on other grounds (p 26) that the composition
of the reabsorbed fuid as 2 whole cannot be very different from
that of protein-frec plasma  The equality of osmotic pressure
between ¢he plasmz 2nd the tubular flud, and therefore also
between these two and the reabsorbed fluid, was confined to the
proximal parts of the nephron Hypotonie flmsd was found 1n the
distal tubule of the rat, so that the flud reabsorbed by the drstal
tubular epitheltum must have been more concentrated than the
plasea, and the epithelum of thus part of the nephron must be
able o reabsorb water and solutes tndepeadently. These experi-
ments also shawed that hydrostatic pressute was high 1 the
proximal part of the asphron, and low 1n the distal tubule

A division of labour between diffeseat segments of the aeph-
son is also indcated by work of a completely different kand  In
ordinary histological sections the tubules ase most often seen cut
ACTOSS 40 transverse sechion; it 15 not certain to whuch pare of the
nephron any given cross-section belongs, and the tubules of one
aephron cannot be disunguished from those of others.  Jean
Oliver has perfected  techmque whereby whole nephrans can
be isolated, stained in the usual manaer, or treated by more
subtle histochemscal methods, 2ad mounted oa slides so that
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stances undergoing tubular secretion ate stored in the cells to
an appreciable extent.

It must be concluded that 1t is not yet possible to give a
detatled account of the metabolic processes employed by the
epithelial cells to transport organic compounds between the
blood and the urne.

LOCALIZATION OF FUNCTION IN THE TUBULE
Proximal tubnle

Hitherto the renal tubules have been considered as 2 whole
and no attempt has been made to assign particular sites to 2
vattety of tubular functions. There 1s however evidence of 2
diviston of labour between different parts of any one tubule.
Bestdes establishing the composition of the glomerular filtrate,
the analysis of small samples obtained by puncturing the nephrons
with quartz micropipettes yielded information about the compo-
sttion of the tubular flurd at various stages on its journey towards
the coll ducts, By withdrawing fluid from different points
along the tubules of the frog and Necturus, Richards and his
colleagues found that glucose was reabsorbed in the proximal
tubule; there was normally none left i fluid which had travelled
half-way along this segment. 1f1t5 reabsorption was suppressed
by phlotizin, glucose became more concentrated instead of
disappearing from the tubule, thus providing an indicatton that
water was reabsorbed. No change in osmotic pressure occurred
throughout the length of the proximal tubule, so that the reab-
sorption of water must have been accompanted by 2 correspond-
g reabsotption of salts ot other solutes. Osmotzc pressure and
pH remained constant until the distal tubule was reached. Here
the flud became acid, and it also hecame hypotonic, indrcating
a disproportion between the reabsorption of solutes and of water-

Walker and co-workers found similarly in the rat that all
the glucose of the glomerular filtrate was reabsorbed from
the proximal tubule, and that creatinine was concentrated three-
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Tt may be concluded that, apart from 1ts more spectacular
ional function of ing foreiga sub like diodone,

the everyday activity of the p tubule 15 the reabsorp
of the glucose and most of the water, salts, and amuno-acids
which were contamed i the glomerular filtrate, whilst the
substances to be excreted are retaned within s lumen. The
prosimal tubules reduce the bulk of flutd tn the nephron by a
process which mught be descutbed as “Routine conservatian™,

Loosp of Henke

After the proumal convoluted tubule comes the loop of Henle,
the function of which 15 onie of the mysterics of tenal physiology.
Tt was once suggestad that the loop 1s the site of the concentrating
process which enables mammals to conserve water by excreting
2 urine hypertonse to thetr plasma  This suggestion was based
upon stuches of the comparative morphology of the kidney,
which revealed a strking correlation between the presence of
the thin limb, which 15 the characterisuc part of the loop of
Henle, and the abuity of the kidney ta elaborate hypertome
l:tine under the infl of an antd! h secreted

RO

concentration 15 cartied out there The loop of Henle mught
perform some preparatory function which 15 necessaty to enable
2 more dista} segment to concenecate the uene. The thia lmb
does not present the appeatance of a secteting epithelum and
doubts have been exp dwhether it could petform th

work required to abstract water from the urine and make 3t
concenteated. This argument has Little weight in atself, for the
chlatide-secreting epitheliam 1n the galls of certan fishes 15 also
thin, bust there 1s 1o doubt that 2t performs a great deal of seere-
tory wotk. The proposal that the usine 1s concentrated by a
process of through the epithelium of the thin
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they can be examuined undet the mtcroscope from glomerulus to
collecting duct tn inuity. This techntque has disclosed that
the division of labour between different parts of the same tubule
may be so sharply demarcated that even adjacent cells often
seem to be transporting quite different substances. Two 1nte-
resting results of these investigations may be mentioned as
cxamples They have shown by the appearance of droplets in
the cells that the middle third of the proximal tubule i rats can
reabsorb p such as h lobin, egg albumin, and
proteins which have been coloured with dyes. They have also
shed light on the hanism of tubular in the reab-
sorption of glucose, for when the amount of glucose entering
the tubule 1s increased, the point at which reabsorption 15
completed shifts down the tubule. By sufficient loading with
glucose 1t may be shifted 1nto the distal half of the proximal
tubule, the cells of which take up the task of reabsorption, and
become loaded with glycogen, These cells seem able to take up
glucose from the lumen when 1t reaches their level of the
nephron, but unlke the cells of the proximal tubule whose

d task 1t s to reabsorb glucose, they do not appear to
get rid of 1t so readily 1nto the blood. Depostts of glycogen are
also found in the distal part of the proximal tubule in clintcal and
in experimental diabetes mellitus. If the length of proxtmal
tubule required for complete reabsorption of the glucose of the
glomerular filtrate 15 proportional to the 2mount delwvered per
unit time, and so to the concentration of glucose in the plasma,
nephrons will become saturated at blood sugar levels which are
1nversely proportional to the lengths of thetr proximal segments.
‘The interval of plasma concentration which separates the thres-
hold of apy fromtt ion hmitmighttk flect
the vatiability 1n length of the proximal segments of different
aephrons. Further detatls of this fascinating technique for fhc
investigatton of the cytology of the kidney, and of the results which

have been obtatned with it may be found inarticles by Oliver. % o
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assist the bulk-reductag fuaction of the proxmal tubules by 2
further, eatiely passive stage of reabsorption of water and salts,
which would require no secretory work from the epithelivm,
and would be an economical method of returning 2 fraction of
the glomerular filtrate to the blood, The attainment of osmotic
equiibrium between the flurd passing through the thin imb and
the blaod in the vasa rect2 would moreover ensure that a flud
of undform osmottc pressure was delivered tato the drstal tubule.
If the loops of Henle do function 1n this way, there must be
one very important difference between thetr epithehnm znd the
glomerular filtertng membrane. If these two membranes kad
the same permeability thete 1s na reason why the whole of the
glomerular filtrate should not return from the loops of Henle to
the blood, The epithchum lining the thin lmb must display 2
selective impermeabulity for substances of jow molecular weight
which is quite absent from the glomerular captllaries, 1t must
indeed be 2 most peculiar membrane, for st must be almost
“urea-proof™, Back-diffusion of urea does occur, as has already
been menttoned, but urea never returns to the blood to the same
extent as water and sodtum salts, and other organic solutes do
not aormally seem to return to the blood by back-diffusion to
any appreciable extent. Urea s the most freely diffustble of all
the solutes of the body; 1t 15 not supposed to be excluded from
any territory, and 1ts volume of distribution can be used to
determine the total amount of water i the body. Free diffust-
bility theough ¢ell membranes everywhere mnside the body 1s 2
valuable propert y of a substance which scrves as an end-product
of protein catabol forat izes osmotic drstust of
the water bafance of the cells  Bur the end-product has to be
excreted, and the renal tubules must ctcher exceete 1t actively ot
be able fo restriet its free diffuston. OF all animals examined
only the frog shows cwidence of rubular excretion of urea,
th“Sh the manne elasmobranch fishes, which employ urea to
increase the asmotc pressure af thee body fluds to balance the
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Itmb by hyd P has i been made * bu
is ruled out by the constderation that to produce utine of 2
total concentratton of 1.3 osmols per litre when the concentrz-
tion of the plasma 1s 0.30 osmols per litre would requirea pressure
difference of 22.4 Atmospheres, or about 17,000 mm. of metcury.
There 1s moreover an obvious disadvantage in concentraung the
urine 5o far from the collecting ducts. The further upstream that
the urine 1s made concentrated, with a proportionate reduction
11 the volume of flurd in the lumen of the tubule, the slower is
the flow beyond the site of concentration, and the longer the
time spent by concentrated fluid in contact with the epithelmm
Concentratron in the loop of Henle would leave the constituents
of the concentrated urine a lasge area of epithelium through
which to diffuse back passively imnto the blood, and would allow
a long time for them to do so. It is a fandamental propetty of
the kidney that the greatest concentratton of the utine can only
be attamned when the flow 1s slowest, which suggests that back-
diffusion does not serously intetfere with the concentrating
process, and that this 1s a late, 1f not the last operation pcrformcd
before the tubular fluid enters the bladder as urine, The findiag
of hypotonic fluid 1 the distal tubule when the bladder urine
was hypertonsc also suggests that concentration was carnied out
far downsteeam 1n the nephron, 102 The anatomical relations of
the thin Limbs appeat to allow for a free exchange of diffusible
substances between thetr contents and the blood mn the vasa
recta, The arrangement is in some ways analogous to that
1n the glomeruly, but the phystcal forces are orentated to move

filtrable suk mn the opp ion, for in the glomer-
ult the excess of hydrostatic pressure 15 on the same side of the
brane as the blood. Hyd ic pressure is inthe

vasa recta, but 15 known to be high in the proximal convoluted
tubule, and the colloid osmotic pressure of the blood in the
vasa recta has been rased by the loss of an almost protein
free glomerular filtrate. The loops of Henle might therefore
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assist the bulk-reducing function of the proximal tubules by 2
further, eatirely passive stage of reabsorption of water and salts,
which would require no secretory work from the epithelumn,
and would be an economical method of returning a fraction of

sl sl pentan Blemnta tn the Lland  Tha nesarnomant nf acmatis

of uniform osmotic pressure was delivered tnto the distal tubule,
If the loops of Henle do functiont 1a thes way, there must be
one very important difference between therr epithebum 2od the
glomeralar filteing membrane  If these two membeanes had
the same permeability there ts no reason why the whole of the
glomerular filtrate should not rezurn From the loops of Henle to
the blood, The cpnhelmm )mmg the thin Lmb mast display a
selectve imp for of low molecular werght
which is quite absent from the glomerular capllasies, 1t must
indeed be 2 most peculiar membrane, for st must be almost
“utea-proof ™. Back-diffusion of urea does occur, as has already
been mentioned, but urea never returns to the blood to the same
extent as water and sodwm salts, 2and other orgamc solutes do
not norraally seem to teturn to the blood by back-diffusion to
any appreciable extent, Urea 1s the moast freely diffusible of all
the solures of the body; 1t is not supposed to be excluded from
any tersitory, and 1ts volume of distribution can be used to
determine the total amount of water in the body. Free dffusi-
biliy through cell merabranes everywhete 1aside the body 1s 2
valuable property of a substance which sexves as an end-product
of protemn catabolism, for 1t osmotic disturb of
the water balance of the cells  But the end-product has to be
excreted, and the renal tubules must either excrete it actively az
be able to restrict its frec diffy Of all animals
only the frog shows evidence of tubular excretton of urea,
‘h““sh the marine elasmobranch fishes, which employ vrea to
Increase the asmotic pressure of thetr bady flurds to balance the
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total concentration of the sea-water in which they live, have 2
special segment devoted to its reabsorption. The mammalian
kidney, with its fileration-reabsorption mechanism, must restrict
the diffusion of urea through all parts of the nephron where
flud 1s reabsorbed. It may not be an unreasonable guess that
the loop of Henle serves to reduce further the bulk of flud
issuing from the proximal tubule; to allow the water and salts in
the flud whuch remains to come into equilbrium by diffusion
with the blood in the vasa recta; but at the same time to etzin
the organic constituents of the urine within its lnmen, for unless
these were left behind the kidneys must farl 1n thetr exctetory
function.

Distal tubule

The divsston of labour proposed so far leaves to the distal
tubule the intrtcate task of adjusting the final composition and
concentratton of the urmne, Excretion by glomerular filtration
and reabsorption by the proximal convoluted tubule and the
loop of Henle seem to be relatively tvatiable. The distal tubu-
les must employ selective processes, capable of fine adjustment,
and which 1t would be uneconomical to apply to the whole bulk
of the glomerular filtrate. It is difficult to concetve how these
selecttve processes could be regulated if the fluid upon which
the distal tubules had to operate varied 1 total concentration of
10 composition. This may be a fusther reason for preferning the
view that the loops of Henle serve to ensure that the flud
entering the distal tubules 15 always isotontc with the plasma,
to the view that they concentrate ths flud on some occasions
under the mfluence of the antidwretic hormone, A consider-
able past of the rematming sections of this book will be devoted
y which are ily attibuted to the

to reg
distal tubules




V. THE EXCRETION OF WATER AND SODIUM

The composition and volume of the flwid entering the distal
tubules of the human kudney caanot be known with certainty,
but this fluid 15 Iikely to have the same osmotic pressure 45 the
plasma, and the volume which enters each munute 15 probably
about one-sexth of the glomerular filtrauon rate The output of
some constituents of the vrine ss extremely variable, but these 15
4 fairly sigid upper bmut to the rate at whuch water and sodwm
salts can be exctered The munute volume 1 man ranges from
alirtle below 0.5 mi per munute undes condstions of dehydnation
'0 20 upper Limut a hietle above 20 ml. per minute, which 1s not
sxceeded even n Dubetes Insipidus. Since the minute volume
of urine aever ordinardy exceeds seh of the gl 1
Sltration ate, 1t follows that at least five-sisths of the wates
of the glomerular filteate 15 seabsorbed This has been refereed
to by Homer Sruth as the “Obligatory Phase” in the reab-
sorption of water It 1s believed to take place in the proximal
convoluted tubule and the loop of Henle, and corresponds
to the “bulk-reducing” phase of reabsorption which has beea

mentioned.  Thys normally invamable phase of reabsotpuon
[ET0] Lt SRR B SO S R P S

doses ¢

therefc - . e B
system 18 expermeable to glucose 1a excess of the amoune whick
€an be teabsorbed, and to the other theee substances named, vy
that these remain 1 the tubule where their osmotie aciie
prevents the reabsorption of water Wesson and Asvipr
obtained runute volumes up to two-thirds of the rateof; e
vlaz fltration in dogs by the intravenous nfusion of concarzesead
® 1691



70 REFLECTIONS ON RENAL FUNCTION

solutions of mannitol. 95 This would correspond to munute
volumes greater than 80 ml. in man. During this spectacular
diurests the osmotic pressute of the urine was approximately
equal to that of the plasma, and a considerable fraction of the
osmotic pressure of the urine was contributed by mannitol.
Stnce mannitol and sodrum salts were the principal solid consti-
tuents of 2n almost 1sotonic urine, the concentration of sodmum
in the unne was considerably below its concentration in the
plasma; the difference reached as much as 60 meq. per litre in
some experuments. The utine contained between 40 and 65% of
the water of the glomerular filtrate from which 1t was formed, but
1t only contatned from 20 to 27%, of the filtered sodmm. Hence
sodsum was being reabsorbed; moreover it was betng reabsotbed
1n excess of water, and against a concentration gradient. The
water which would normally have been reabsorbed with the
sodum remained 1n the tubular lumen because of the osmotic
actevity of the mannutol. Thrs dissociation between the reabsorp-
tron of sodium and that of water has been taken to indtcate that
active reabsorption of sodtum underltes the obligatory phase
of reabsorption of water. 298 The experiment with mannitol
demonstrated that the reabsorptton of sodium was active by
showing that 1t could still take place against a concentratton
gradient. If sodtum 15 reabsorbed 1 the same way under normal
conditions, water will leave the tubules passtvely by osmosis
because 1f 1t did not do so the flutd in the tubules would be left
more dilute than the plasma, and an osmotic gradient would be
set up. In the expetiments with mannttol the flud in the tubule
did not become hypotonic when sodium was reabsorbed because
mannitol, which could not be reabsorbed, was left behind and
replaced the sodium, so that the reabsorption of water did not
keep pace with that of sodium, )

If the obligatory reabsorptton of water occurs in this way 8
a passive process secondaty to primary transport of sodum by
some kind of sodium pump, the fact that water and sodium move
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tagether in this phase of reabsarption 15 readily explained, for
the process s in effect a reabsorption of normal saline. There is
thus an obligatory reabsorption of sodium i the proximal
tubules, and to sigaify the change 1 outlook, Homer Smuth
10w tefers to the proamal reabsorpuion of water 25 2 phase of
“passive water reabsorpuon” to disunguish 1t from the active
eabsorption which concentrates the unine ta the distal tubule.

‘The distal reabsorption of water differs from the proximal
phase most obviously 10 its wide vamability under physiological
condittons. About 20 ml. of watet per auaute are left over after
the obligatory phase of reabsorption and enter the distal tubule.
Siace the muinute volume varies fromabout 20ml tolessthant m!
1t follows that up ta 19 m per munute of the water entenng the
distal tubule may be reabsorbed, in what 1s approp referred
2o as a phase of “facultative seabsorpuion of wates”  Since the
total concentration of the unne vartes within wide hmts,
facultative seabsorption cannot always be rsosmotic Water and
solutes must be reabsotbed 1n vaged proportons and so, 1
facultative reabsorption, warer and salt du not go together.
‘The reabsorption of water and that of salt are not however com-
Pletely independent, for +f sodium salts, or other soluzes, remun
uneesorbed in the lumen of the tubule, thesr osmotic actvity
bimits the reabsarpon of water. The independeat reabsorpron
of water and of sodtum 15 the means whereby the kidneys regulate
the osmotic psessure of the reabsorbed flsd, and so of us
“misrot image”, the unne, and of all the fuds of the body. The
fmechaqusms which alter the concestratson of the urtae will now
be discussed.

THE ELABORATION OF HYPOTONIC URINF

I one-spth of the volume of the glomerolar filtrate reaches
the distal wwbule, and thus fracuon contams all the urea which
Was present sn the onginal fiftrate, then the concentrasion of ures
it the fluid enteriang the distal tubule will be approxumately 6 x 30
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mg. per 100 ml, = 180 mg. per 100 ml or 0.03 molar, which
is equivalent to 0,03 osmols per litre, because nurea s undis-
sociated in solution. Hence if the fluid whuch enters the distat
tubule is 1sotonic with the plasma, 1t will have an osmotic
pressure corresponding to a total concentration of 0.30 osmols
per litre, and urea will be responsible for 109, of this osmotic
pressure. In reality some urea will have diffused back to the
plasma, but smaller quantities of other organic compourfds such
as creatinine will be present 1n additton to urea, and if their
contribution to osmotic pressure may be assumed to balance the
amount by which the contribution of urea ts over-estimated by
ignoring 1ts back-diffusion, 1t will be true to state that about 10%
of the osmotic pressure of the fluid entering the distal tubule is
due to 1ts content of “Urea etc.” Sodium salts contribute the
bulk of the rematning 90%. If 20 ml. of this isotonic flud enter
the distal tubule each minute, and of the distal eprthelum reab-
sotbs all the salts but no water and none of the organic constitu-
ents, 20 ml. of urine with an osmotic pressure one-tenth that.of
the plasma will be excreted each minute, This hypotonic usine
might be regarded tn tmagnation as a mture of 2 ml. of an
isotontc solution aud 18 ml of water. ‘This water which makes
the urme hypotontc to the plasma, has been referred to by
Homer Smuth as “Osmottcally free water”, made free by the
reabsorption of sodium salts 1n the distal tubule 8 Tt must be
emphastsed that this water was brought mto the distal tubul.c
by sodium salts which had not been reabsorbed in mote proxi-
mal patts of the nephron Unless it had thus been brought into
the distal tubule 1t could not have been released there by the
reabsorption of sodium, a constderation which may partly explain
the farlure of a normal water diutests to occur When the body’s
stotes of sodium are seriously depleted. The faculrative reab-
sorption of sodum which releases osmotically free water 1 the
lumen of the distal tubule depends upon an active transport of
sodwm through the epithelral cells, and 1t can proceed against
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2 greater cancentration geadient then the abligstory reabsorpe
tion of sodium which leads to 1sosmotic reabsarpnion of water
in the proximal system, for sodmm may at umes be almost
completely absent from the unne.

The distal whoular epathelrum has o puform two feats o
produce 2 dilure unne  Not only has it to reabsord sodiam
againgt 2 cansiderable concentration gradient but, pechaps even
more tematkable, « tas 1o avard reabsorbing water  The back.
diffusion of wates down ws concentzation gradient from the low
osmote pressure of the urine to the hrgher osmotic pressure of
the plasma has somchow to be prevented. It 15 2 theoretical
possihilsty shat water sughe be secreted catwards mto the urtge
1o dilute 1t, bus 1his ss 2t present an uanecessary hypothoss, for
which there 15 no uneguivocal evidence

THR ELABORATION OF FYPERTONIC URINE

When the body rens short of water, the osmouc pressace of
the extracetiular fhuds commences 1o sise, and Verney has showa
haw the inceease 1n osmotic pressuse causes the nearohypo-
physis ta secrete an f 8 hing wiil be
said later abous factors which regulate the refease of the hormone,
but this fascinatiag chapter of renal physiology should be read
in Veeney's awn wards % % When st animal ts excretng 2
concenteated usine, tts kudneys are acting under the mfluence of
the aotidiuretic hosmone seercted by 1ts own pitatiary, and the
tjection of exopenous hormone mey have no obvious effect,
The typical antidtaretic effect of axogenoos hommont 15 only
Observed when i 15 adenurustcred to an ammsl dustng Water
diuresis, for then the secretion of endogenons hormone 8 1
suspense,

Two main alterations 10 funcuan seem to oceur whea the
antdirene hacmane reaches the kidney dunag water diurests,
1. The osmotically free water formed in the distal tubule 15

reabsatbed Thus by reself would suffice 10 reduce the munute
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volume and would mise the concentration of the unne to
make 1t tsotonic with the plasma. :

2. An additional amount of water 15 reabsorbed by the tubula
epithelum actively, against an osmotic gradient, so that the
urine becomes hypertontc to the plasma, This second pro-
cess can proceed 10 man up to a maximal usinaty concen-
tration of 14 osmols per litre, a little over four times the
concentration of the plasma, Other animals such as dogs and
rats can achieve higher concentrations; the record seems to
be held by a desert mammal, the kangaroo rat, with a total
concentration of 5.7 osmols per litre, almost 20 trmes that
of 1ts plasma,

The first or “Isosmotte-making” phase, the reabsorption of

the water which was left behind in the tubule by the reabsorp-

tion of sodim salts, might be a phase of passive reabsorptton
so far as the water 1s concerned, ltke the reabsorption of water
along with obligatory reabsorption of sodium in the proximal

system The real problem which this phase presents is not 50

much how the antidruretic hormone causes the reabsorption of

the osmotically free water, but how it allows it; and how the
reabsotption, ot back-diffusion, of this water is prevented in the
absence of the hormone. Put crudely, the reabsorption of sodium

which leaves the urine hypotonic must take place through 2

ter-proof ) and the dfuretic k must
bly remove the waterproofing. Work done 1n Copet-
hagen on a very different organ, the skin of the frog, may provide

a clue to this action of the antdiuretic hormone within the

kidney. .

The permeability of 2 membrane to watet may be determined
by measuring the rate at which water flows through 1t under
osmotic o hydrostatic forces. Alternatively, if different isotopic
modificattons of water are initially present on opposite sides of
the membrane, the rates of diffusion of water through the

b 1n both directions can be d simult 1
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and a net flux caleulated which might be expected to agree with
the permeability determined by more ordinary methods. But
in porous membranes a discrepancy anses berween the permes-
bilities deteemuned by these two methods, because when the
fluid moves through the pores 1n bulk, tts flow assists diffusion
in the ditection of flow and hinders diffuston 1n the opposite
disection. Thete 15 thus a net flux by diffusion which becomes
added on to the ordinary viscous flow through the membrane,
and makes the p N d by acrual of
water under osmotic or hydrastatic forces larger than the
permeability dertved from the net flux measured with 1sotopes.
Kocford-Johnsen and Ussing employed both these methods
t0 study the permeability of frog skin, and found a dsscrepancy
of this kind which indicated thar the sken behaved as 2 posous
menibrane, 9 They also discovered that when frog skin,
mounted between Ranger's soluvon and a ten-old ddanon
of Ringer’s salution with water, was treated with posterior
pituitary extracts, the osmonc flow and the net flux through
the membrane were tncreased by as much as 100 to 2009,
but there was no comparable tacrease 1 the total flux (The
total flux 15 the sum of the rates of diffusion in the two
directions, and 15 1n general much greater than the net flux
which 15 the difference between them.) Now if the pores are
farge compared with the molecules of the iquid, the filtration,
ot flow through the membraae under hydrostatc or osmotie
forces, is 2 viscous flow governed by Poisealle’s law, and sts
fate 15 therefore proportional to the fourth power of the pore
Tadius. The rate of diffusion on the other hand depends upon
the total area of the potes through which it can take place, and
hence upon the square of the pore radins, Henee an sacrease 1
pore size withour alterauan tn the number of pores should
inerease the rate of filtranon through a porons membrane under
osmotic and hydrastatie forces in propotuon to 4, but should
ouly incsease the tora! flux by diffusion 10 prapatuon to /2 On
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the basss of such an argument the effect of the antidwretic
hormone has been interpreted as an increase in the pore size of
the frog skin, which allows a more rapid equalization of osmotic
pressure to take place across it. A stmilar opening up of pores
under the influence of the anttdiretic hormone might accouat
for the reabsorption of osmotteally free water in the distal tubule
of the kidney.

THE CONCENTRATING MECHANISM

Any attempt to explan the mechanism of the second, o
“hyperosmotic-making” phase of facultative water teabsorption
must statt from the observation that maxmmal urinary concen-
trations can only be attained at minimal rates of flow. This
fundamental propesty of the system which concentrates the
utine 15 dramatically demonstrated by the response of a dehyd-
rated man or antmal to the tatravenous infusion of 10% sodwm
chloride. When a person has taken no water for 24 hours he
produces about 05 ml. concentrated urine per mumute The
infuston of several hundred ml, of 10% sodium chlonde, which
is extremely hypertonic, raises the osmotic pressure of the
extracellular flurds and increases the need to conserve water. The
kidneys might be expected to compensate for this, ff they wete
able, by excreting a still smaller volume of more concentrated
urtne. Instead the minute volume increases enormously, and
at the same time the urtne becomes mote dilute, until its osmottc
pressure at the height of the diuresis is lutle greater than that
of the plasma, A normal student, who was producing 0.5 ml.
of concentrated urine per munute beforehand, responded to the
imtravenous mfusion of 250 ml, of 10% NaCl with a muaute
volume of 24 ml, a greater diuresss thaa could be obtained by
drinking water This paradoxscal duretic response when water
ought to be conserved more strenuously reveals a Limztation
which might be expected to throw light upon the way 1 wluc.h
the kidney does its work, The problem posed by this diuresis
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is of more than acad nterest, for 18 hyp
saline, and 1t 1 therefore relevant to the controversy about
whether survivors of shipwrecks, stranded for an indefinite
penod on fafts, should be told to drink sea-water or strongly
diseouraged from dotng so

It has been known that the kedney behaves in thus way for
more thaa half a2 centary, but it has taken 2 surpnsingly long
time to explain 50 striking 4 phenomenon. The eatliest workers
thought that only hypertonic mfustons were diuretic, and they
notieed that after the intravenons infusion of water the unne
became spatse and often bloodstamed, a result which would
now be attributed to fart ) Dreser descbed
divcesis with 2 all 10 wanary concentration followtng infusion
of 103, NaCl 1n rabbuts in a debghtful paper published
{81892, Thss paper 15 also notable as one of the first to advocate
the use of measurements of the freemng pownt i place of

b of the b lysis of erythrocytes for the de
tion of osmone pressure in physiological researches ®  As
tlustsations of the useflaess of this method he noted that the
freezing point of his usine on rising 1n the mormng was-2.30°C,
but it could be difuted ©0-0.2°C by drnking beer, whilst the
freezing point of his blood serum remamed at - 0 56°C ; and he
caloulated the amount of work hus kidaeys would have to do to
Produce these changes 1n total concentration, He used determi-
mtions of the depression of the freeziag pont to compare the
uninary concentrations of rabbits fed on dry and on fresh food,
and o show how the concentrated vane of a rabbit fed on dry
food incteased 10 volume and became more didute in sesponse to
Enfusions of 10%, NaCl. Galeotts fallawed this up in 1902 with
3 more detailed study of dogs tn which the same phenomenon
wat demonstrated m response to nfustons of 10 NaCl and
of ‘:lrptnumc solutions of glucose and urea, ¥ He also used 2
variety of deugs to damage the Lidneys and concluded that the
ability to produce a concentrated urne was not impaired by the
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destruction of glomeruls, but depended upon the integnity of the

tubules. Starling refetred in his book “The Fluids of the Body”,

published 111909, to the fact that concentrated mnfusions produced

2 copous flow of urine far more dilute than the solution which

was infused, and even mote dilute than the utine before the m-

fuston. He spoke of the phenomenon as well-known, and gave

no references. 9 After that, however, it seemed to be largely
forgotten until McCance rediscovered it in man 1n 1945 and set
out the problems which 1t rassed in an important paper which

needs to be read more than once, 51

The following are three factors which might limit the exteat
to which water can be abstracted from the tubular fud to make
a hypertonic urine
1. A lmut to the total concentration in the urine of each ndivt-

dual solute or group of solutes,

2. A lmut to the difference in osmotic pressure against which
the epithelium can transport water from uriae to plasma.
This would lead to a limtting total urinary concentsation,
or “osmotic cetling”, independent of the composttion of the
urine

3. A lumut to the rate at which the tubular epithelium can
provide energy to do the work of concentrating the ustae
‘This could lead to an mmpairment of concentrating power
at high minute volumes, because less work could be expend-
ed per umit volume of uaine formed.

The fisst posstbility was gested by some exp 3
Gamble and his assoctates who fed rats upon mixtuses contatning
high proportions of urea or of vatious salts, so that either urea
or salt could be made to appear at will as the predominant
urinary solute 3 The total concentration of 2 utine which had
sodum chloside as 1ts chref solute was found to be 0.6 osmols
per litre, whereas urines which contamned smainly ures bad
concentrations up to 12 osmols per litre, so that there appezred
to be a higher imiting concentration for urea thaa for salts.

s of
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Moreover the two limiting concentrations wete to some extent
independent because a geeater total concentration was attained
with suitable mixtures of urea and salt than with esther alone;
thus urine which contained urea and sodum chlonde in the
proportion of 2: 1 had a total concentration of 16 osmols per
litre,

‘The kidney seemed able to cffect 2 greater economy of water
‘when 1t was excreting urea than when 1t was excreting salts, and
this was taken to indicate 2 peculiar fitness of urea to be 2 metabo-
Le waste product. But 10 these expenments the rats had free
aceess to water, and although their urine was highly cancentrated
by human standards, 1t was mote dilute than that of rats deprived
of water, These were therefore optimal rather than maximal
concentrations and urea might have been excreted with less
water than sodim salts because 1t made the rats less thursty, and
not because their kidneys excreted 1t by a different mechansm,
Nothing in these observations 1s necessanly inconsistent with
the hypothesis that water can be reabsorbed up to a limiting
concentration which 15 indepeadent of the chemical composition
of the tubular fluid, because the conditions of the expertments
‘were not such as to test that hypothesis

Hetvey, McCance and Tayler 3 published 1n 1946 an 1mpor-
t2at addendum to MeCance’s paper of the previous year, in
which they reported the results of inducing diuresis i previously
dehydrated human subjects 1n such a way that the osmotic
Pressure of the urine was mainly due to suctose, sodium chloride
and urea in varying proportions. When drutests is tduced on
3 background of previous dehydration, 1t may be assumed that
the kidneys are conserving water to the limut of their capacaty
throughout the expeniment, and that the results are not compli~
cated by alterations in the output of anudmretc hormone from
the pituitary, The expenments indicated that the urine could be
Concentrated up to a limiung osmotc pressure which did not
depend upon the nature of the unnary solutes  This limuting
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osmotic pressure was, however, not constant, but was related in
an mverse manner to the minute volume. The osmotic cetling fell
as the output of urne rose, and since sodium chloride tcreased
the output of urine more than did osmotically equevalentamounts
of urea, the urea was excreted in a smaller volume of more
concentrated urine than the salt. The limiting concentratton of
a urine containing predominantly urea was greater than that of
2 uane containing predominantly salt because tts smaller minute
volume allowed it to be mote concentrated. Utea cannot be
concentrated more than salts at the same minute volume, 2ad
so the greater economy of water which Gamble observed 1s to
be explained by the smaller diuretic effect of urea. Hervey etal.
ventured the opinzon that the depression of the osmotic cetlng
might be due to a limit to the rate at which the tubules conld
perform osmotic work.

The main coricluston that there is 2n upper limit to the concen-
tration of the urtne which is independent of its compositton at
any minute volume, but which falls as the minute volume
i was abundantl d three years later by Rapo-
port and hus co-workers, ustng human subjects who were ﬁzft
prepared by deprivation of water and then received hypertonic
infusions of no less than eleven different duretic solutes ™7
{Glucose, urea, sorbose, itol, p hif
sodium chloride, sodium sulphate, xylose, sucrose and sorbitol.)
The results of all expertments of this kind fall close to a curve
of the general form shown 1a Fig. 2. A maxumal uninaty concea-
tration of 1.4 osmols pe litre is only reached in man at muute
volumes less than 1 ml.; at the height of osmotic diurests the
wrine, even of 2 dehydrated individual, is little more concentrated
than the plasma. Rapoport’s teamalso claimed to have established
that there was 2 “biological maximum” of osmotic work beyond
which the tubules could provide no more energy to concentrate
the urine. But thus upper limit of available energy could not
account for the dilution of the urine, because it was ot reached




THE EXCRETION OF WATER AND SODIUM 81

M/

S R 8
:
:
H

Maximal Greentration os,

10 20
Munute Volome V. mé)/minte

FIGURE 2. Relation of maximal unnary concentration to minute
volume,

until the minute volume had been raised to over 10 ml., and
the greater part of the fall in nrinary concentratian oceurred
while V was sncreasing from about 0.5 to 10 ml. per munute.
Failare of the supply of energy might therefore account for the
small depression of the osmotic cesling as the munute volume
increased from 10 10 20 ml,, but another explanation must be
found for the much grearer depression an the snterval from
V=05tV = 10m! per mmnute. I have caleutated from the
published data of Wesson and Anslow the osmotic wotk pec-
fm’m:d by the kudneys of their dogs during extreme diuresis
induced by infusing hypertonic mannttol solutrons, and found
that 1t was increastng mote of less 1n proportion to the minute
volume evenwhen this was two-thirds of the gl arfiltration
fite; there was no mndication whatever that an upper limit
might be reached
Caleulations of the work done by the kidneys ate however so
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unsatisfactory that it is doubtful whether they have any value 2s
evidence. The pioneers Dreser and Galeotti both used an over-
stmple formula which gave the theoretical minimum of free
energy required to produce the difference in total concentration
between the unine and the plasma  According to this formulz
no work need be performed to elaborate a urine isotontc with
the plasma, even though some of its constituents were diluted
and others concentrated. An improved formula, which takes
into account the work done in altering the concentration of all
the constituents of the urine indivzdually was developed by von
Rhorer in 1905, and subsequent workers have all employed
what 15 essentially this same formula, though they have arrdved
at 1t by different routes of varymng elegance. 20 It gives the
amount of osmotic wotk required to form each litre of unoe as

OW = RT. [z:c‘,.ln:—"-x-)::,—zz,].,...’ ©
»

where R 1s the gas constant and 7T the absolute temperature, 4,15
the concentration of any substance in the urine and ¢, the concen-
tration of the same substance in the plasma. This formula has
to be re-expressed 1 a form suitable for dealing with the
expenimental results by means of appropriate conversion factots.
Calculations made with its atd have agteed 1n showing that the
kidneys perform an amount of work of the order of 1t0 2
Caloties per day n their ordinary task of producing the e
During shotter periods of maxitnal drests rates up to 0.25
Caloties per hour have been recorded. Compared with the
oxygen consumption of the kidneys these figures are srfazﬂ, and
suggest that the kudneys work with an overall efficiency of
between 1 and 2%. Even this low efficiency is not discredztable
however, for the total energy expended (calculated fwm.thc
renal oxygen consumption) is about as much as could be obtained
by burning an ounce of alcohol in a spirit lamp. To produee 1}
Iitres of urine from 5 litres of blood in 24 hours with the eacfgy
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derivable from this small fuel allocation, and to leave the blood
fir for use at the end of it all, is a feat which no biochemust has
4 sight to despise.

The efficiency of the kidneys 15 bound to be undetestimated
by these calculations, for they ¢an only give the ideal mintmum
of wotk required on the assumption that all changes ate pmdu-
ced by p which are ble 10 the
sense, which means that they must proceed as an infinitely slow
succession of equilibrium states. It 15 also assumed that free
energy gained by the dilution of some constituents may be set
off apainst the work required to concentrate others, which is
most unltkely to be 5o 1n the kidney, especially 1f different solutes
are handled by cells 1n different parts of the ncphruns Gowland
Hopkins once ked that th It
biological possibilities, but they may not be used to predicr
biologscal probabilises. Until a new method of caleulatson is
devised they cannot finally answer the quesuon whether the
inability of the kidueys to produce 2 hughly concentrated unne
copiously 1s due to a lmit to the rate at which the tubular
epithelial cells can perform osmotic work or to some other
cause, This is not the only expl. possible, and two hithert
unmentioned will now be discussed

Kineuc factors as well as the avalability of energy may fimit
the extent to which a change can be completed  Black ¢ mention-
ed this possibilny 1n connection with the excretion of sodium,
and thc kineues of diffusion 1a the tubules might also provide
the kmitiag factor tesp e for the d of the maxsmal
cnnccnmuon of the nrne duning osmonc dwresis. 3 the
epithelral eells could abstract wates from the fluds 1n immedsate
ccmzct \vnlh xh:m and maintan 2 layer wath some mamimal

s at the peniphery of the tubular lumen, then
pmv:dcd that th: Hmd did not pass down the tubules too rapudly,
wter would have sufficsent ume to diffuse from the centre to the
marte d peripheral layer, and ion would

penp
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become equal to 4, tight across the lumen, During rapid
diurests the fluid in the axial stream mught be hustled out of the
concentrating segment before it had come into equiltbrrum with
the peripheral layer, and the subsequent equalization of concen-
tration across the tubule downstream would produce a more
dilute urimne.

Stace this ts 1n some espects an attractive hypothesss the rea-
sons which led to 1ts abandonment may be worth stating. The
difficulty of testing it by 2 quantitative comparison of the rate
of flow along the tubule with the rate of diffuston across 1t was
cased by the chance discovery of a formula derived by Grober
and Erk for the analogous problem of heat transfer to a flud
flowing along 2 pipe past a point at which the temperature of the
wall abruptly changes from T}, to 7. 35 The mean temperature
T of the flud at a distance g downstream from the change of
wall temperature is given by:—

T _1,
TD—le

k.
= 0819 exp <_ 146272 ;73

+ 0.0976 exp (— 89.22 %‘;) + smaller terms,  (7)
H

whence T'= T + (T, — Ty)-

k. '{) :| g
. —14.6272, —— S PP )
[0 819 exp ( 72 ] +
where %, = mean velocity of flow,
= thermometnic conductivity of fluid and
d = dameter of the pipe.

Since the equations governing transfer of matter by diffustont
are formally simlar to those for the conducﬁon.of heat, this
formula can be adapted to the problem of osmotic dauresis by
the following substitutions:—
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% is 10 be replaced by the diffusion coefficient D,

L wmow o , thelength of the distal tubule, L.
[ » »» the diameter of the distal tubule, 4
Toww » w » the concemnrion of the flud entenng

the distal tubule  This may be assumed
equal ta that of the glomerular filtsate,
030 osAL/L

» ”» » The concentration wihich 1 main-
taned at the penphery  This may be
taken 35 equal to the maxmum snnaey
concentration attaned at low values
of V', say, 1.2osM JL

Equation (B) is then replaced by the corresponding expression

F=12403—12). [08(9:(1) (* 14,6272 ITI:TI:)* }

D.r
= 1,2-\-0.9[0,819&)) (-— 146272 ;:‘;;)-{» ] e O}

whete ¥ is the meen concentratton of the flud emerging from
the distal tabule, and 4 and #, 2re now the dameter of the
istal tubufe and the mean hoear veloaty of Bow afong i,

‘The pute sumhiers in equation 9 depend upon the use of engi-
neenag units, with lengths i metres and times in hours, so that
the diffasion coefiicrent £ muse be expressed in square metres
pet hour, Temperatures are dimensionless rattos and do not
straly pond t which have the &
of mass diided by volume (Af L~%). The onginat equaton 7
however contains only ratios of temperatutes, so that whes it is
lpplfcd to concentsatons, the uruts in which these are expressed
e immatenal. Oty and Butler, usng deuterum hydeoxsde,
found the coefficient of self-ciffuston of water 10 be 3,88, 10-8
<m? por second 2z 35° G, of say, 4 X 10°% om 4sec. av body
c
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ure. © This cor ds to 4 x 10-* X 3,600

= 1.5 X 10~ m?, per hour approximately.

P 1%

The length of the distal tubule may be taken as 001 metre, 1ts
diameter (20p) as 2 x 10~5 m. If the aversge flow through the
distal tubules 15 20 ml. per minute, distributed evenly over two
million nephrons, the flow per nephron wll be 10-5 ml. per
munute, The cross sectton, 7 #% 1s approximately 3 X 10-%cm.?,
so that the linear velocity of flow comes to 10-5 <~ 3 X 10~4, 0t
3 cm. per mtnute, which means that the time taken to traverse
the distal tubule 1s of the ordet of 20 seconds. This i atself
would practically rule out the kinetics of diffuston as a limiting
factor, but 1t is interesting none-the-less to express the rate of
3 cm. per minute as Z metres per hour and insert it in equation
9. The result ts that the term

D.l 1.5x1077 ,
i Zx X

The exponentral term 15 therefore of the order of 0.819 280
which 15 vamshingly small, and the whole rather fearsome-
looking expression reduces itself to 7= 1.2, showing that
equilibrium 15 always reached by diffusion within the humen,
and that the average concentration 1s the same as the maxumal
concentration matntaned at the pertphery, Since ths is true for
any feastble dimensions or rate of flow, nothing 1s to be gained
by seeking a better expresston for #,, which takes account of its
vanatton with the minute volume V. The dimensions of the
tubular system are such that diffuston may always be presun‘xed
to proceed to equilibrium withta the lumen. This caIcuIAtEou
15 valuable because it completely excludes an expl which
could be made to sound plaustble so Jong as it was got put iato
quantitauve terms. The negative result 15 2 consequence of the
minuteness of the distances involved. Matter diffusing in bulk
takes a very long time to get far, but 1t can cover 2 short distance
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surpeisiaply quickly, because the distance coverad 15 propos-
tiona? ta the squarc root of the tme. “Ths 1s well stkostrated by
Table 2 which s taken from a valuable review by Jacobs, &t

TABLE 2

Time required to apptoack within 19, of a steady state of
diffosion 2t dutance H from the boundaty berween a solution of
fixed concenttatson and the pute solvent

" Trore
10 em. 5298 days
1em 12,72 hours
1 mm, 7.6 munutes
100 p 456 scconds
10 p 50456 sec,
[ © 000456 sec
(39 000000456 see

Twa rather compheated explananons of the mability of the
fadney 1o fahnesre songly hypertanic unne n farge quan-
titles have Doen discarded; there 1s another explanation which
13 50 simple that 1t appears alimost erzvaal, yet which 15 Iikely to
be cotrece. This ts that thete 1s an upper limit 1o the cate at
srhich watet can be reabsorbed by the segment of nephron which
can reabsorh 1 agamst a gradienr of osmotic pressute, there s
Likely to be sudh = ke of thus 15 2 selauvely short segment.
Ewidence has recently been ohraned 403 chat not more than
2013 ml. of water can be sesbsached per munute by the human
Jodaeys apaest an osmotic pressure gradient  The removat of
3 ml. of water from 4 ml. of soronic fwd would Jeave 1 ml. of
usiae with an osmotic pressure fout tumes that of the plassyg
bu.t the removal of 3 ml. of water from 23 ml of ssotonic tubular
fuid would feave 20 i, of unne with 2a osmotic pressute 23/20
wmes that of the plasma, ‘The osmonc pressure would have to
fall a5 the nunute volume mereased bevause the small volume
of concentrated nnne which conld be formed by 2 baued mate
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of reabsorptton of water unaccompanied by solutes would be
swamped 11 a flood of 1sotonic fluid. The reabsorptron of most
of the electrolytes from the flwd entering the distal tubule
would leave considerably less than 4 ml. of ssotontc fluid per
munute for the concentrating segment to operate upon, and the
amount of water reabsorbed would then be limited not by the
rate of transfer of water across the epithelium of this segment,
but by the greatest osmotic gradient which the epithelium could
generate; water would continue to be reabsorbed untl the
upper limit of osmotic pressure was reached in the tubule. Thus
there are two distinct limiting factors to the urinary concen-
tration. When the minute volume 1s low enough, urinary
concentration 1s limited by an osmotic ceiling only. This usually
ensures that the solutes which are not reabsorbed from the
tubules are accompaned by sufficient water to catry them into
the urne 1n solution, but 1t may fal to do so when relatively
nsoluble substances such as acetylated sulphonamtdes are being
excreted. Any freely soluble substance which enters the tubules
in the glomerular filtrate and cannot be reabsorbed (such as
mannitol), or 1n larger quantities than can be reabsorbed (such
as glucose 1n diabetes mellitus), or which is excreted by the tubu-
lar epithelum and cannot diffuse back (such as p-amino-
hippurate), will act as an osmotic diuretrc, Osmotic druretics
sncrease the output of urtne because they remain in the tubules
and increase the volume of fluid left behind after sodwm salts
have been reabsotbed and enough water has followed them to
leave the tubular flud 1sotonic with the plasma. A second
limiting factor determunes the concentration of the utine when
this residual volume of 1sotonic tubular flud exceeds about 4 mk:
per minute. Stace, even when the anudiuretic hormone 18
exerting 1ts full mfluence, the human kidney cansot reabsorb
more than 2 or 3 ml, of water per minute against an osmotic
gradient, the concentrating process comes to an end before the
osmotic ceiltng 15 reached It is smportant to emphasise that
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although the limiting concentration of the urine falls as the
minute volume rises, so that the limiting concentration may be
conventently plotted as a function of munute volume, the
inerease 1 munute volume must not be regarded as the rause of
the falling concentration. ‘The greater minute volume and the
stnaller concentration of the urine are both effects of changes
taking place upstream. The greater amount of solute remaining
unteabsotbed in the tubule must 1nevitably be contained 10 a
larger volume of 1sotonic solunion; and the removal from this
of the wsual 2 or 3 mll. of water per munute leaves a urine which
is at the same time both greater tn volume and less concentrated.
The fact that when more solutes are excreted water ceases to
be reabsotbed before the upper limit of osmotic pressure has
been feached has the smportant practieal consequence that
farge doses of osmotic diuretics temove more watet from the
Body than might be expected from their osmotic acuvity alone,
because they remove 1t in almost isotome tnstead of in concen-
trated urine. Thus a man must lose four times as much water
during an osmotic drurests 1 which the total conceatration of
Bis urine falls 1o 0,35 osM,/L as he would lose if tus kdneys
could exerete the same dose of druretic 1n 2 unne concentrated
to14osM.I.

The suggestion that the reabsorption of water agamnst an
osmotic gradient 15 Lmited to a few ml. per minure has a beanng
upon the action of the antidiuretic hormone upon the kidaey.
It was implied on page 73 that the hormone had two actions,
1) 1t permirted the bsorf of lly free
water” lefc behund by the reabsorption of sodwm, and, 1) it
switched on the active, “hypes-osmonic-making” phasc of water
seabsorption, 1f the segments of distal tubules which carry out
this second phase of water reabsorption tahe up no more than
3 ml of water per minute cven when unopposed by an csm‘m

tic gradient, they mught be supposed to function A

N P

Instead of being; turned on or off by the presence or absence of
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the antidiuretic hormone, In the absence of the hormone they
would merely reduce by 3 ml. per minute the rate at which the
osmotically free waterg din the diluting reached
the unine. Hence only 2 single renal action need be attributed
to the antidiuretic hormone, and this is an action analogous to
the pore-widening effect which the same hotmone exerts upon
frog skin. Morcaver if the antidiretic hormone acts only upon
the “1sosmotic-making™ phase of facultattve water reabsorption,
the well-known fact that this hormone does not inhibit osmotte
diurests 15 readily explamned, for if other solutes which cannot
be reabsorbed replace the sodium reabsorbed by the diluting
segment, there will be no osmotically free water to return to the
blood under the mfluence of the hormone.

TRANSPORT OF WATER AGAINST OSMOTIC GRADIENTS

It has still not been explained how the tubular epitheltum
transfers water to the blood from a more concentrated tubulat
fluild. If the whole gradient 15 developed across a single layet of
epithellum, there may be a difference in concentration of a3
much as 1 osM,I between the fluds in contact with the

.opposite poles of the epithelial cells As with the secretton of
solutes there are the alternative possibilities of active transport
of water actoss the lamtnal border or across the basal border of
each epitheltal cell. If water is transported nto the cell at the
lumtnal pole, the osmotic pressute of the cytoplasm will have
to be mamtatned below that of the plasma, in order that watet
may diffuse out passively across the cell membrane at the basal
pole 1nto the pertubular intersnual flnd and blood. On the
other hand, active transport of water out of the cells at their
basal ends would keep the osmotic pressure of the intracellular
fluds higher than that of the general extracellular fluids of the
body 2nd would enable water to be absorbed from the tubulat
lumen passtvely. The osmotic pressute of the flud i the l.umcﬂ
could be increased towards an upper limut set by the highest
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osmotic pressure that conld be maintained 1nssde the cells. The
fate at which water could be transporred from the lumen to
the blood would be kmited by the maximal rate of teansfer
across the cell membrane at the basal pole
One of these alternatsves requires the osmoti¢ pressure of the
cytoplasm to be less, and the other requres 1t to be greater than
the osmotic pressure of the extracellular fluids, so that exher 15
in conflict with the generally accepted belief that there is never
a0y sustained difference 1n osmotic pressute between fluids
scparated by a single thickness of cell membrane. Though both
ate in 2 sense equally improbable for this reason, the gathenng
together of the mutochondna at the basal ends of the epithelal
cclls might be taken to favour the second alternative, for if the
enzymic mechanisms which release energy within cells are for
the most part located in the mitochondma, secretory work is
kikely to be performed where mitochondria are plenuful and
artanged in 2 defintte pattern,  There 15 also a certan armount
of tndependent evidence from several sources which, though
not compelling, can be 1aterpreted 1 favour of the hypathests
that the osmotic pressures of the flmds wnside the cells of
patenchymatous organs, especiaily the kidney, ate sigmficantly
gecater duriag life than that of the fld which surrounds these
cells. This evidence has been discussed in some detail elsew here,
and is treated only briefly here, 761
1. Cryoscopic work carned out half a ceatury ago and several
thmes subsequently d, indicated that the dep
of the freezing point of water In the cytoplasm of normal
patenchymatous organs was greater than that of the bleod
by as much as 50 to 100%,. Thest observations mught have
beea vitated by artefacts 1n a number of ways, but the
dhfferences in osmotic pressure which they appeared to show
were abolished 1n the liver by posoning with phosphorus,
#nd in all nssues by water intoxcanon ot by dehydration
to the point ot death,




92

REFLECTIONS ON RENAL FUNCTION

Isolated fragments of organs like liver, kidney and brain
have been known since the last century to take up water and
swell in solutions having the same osmotic pressure as the
fluds which surrounded them 1n the body. Solutions of
approxumately the same composition as the extracellulzr
fluids must have abour twice their total concentration to
prevent the swelling of solated kidney tissue; and there 15
an mteresting old observation that pieces from the medulla
require constderably stronger solutions for this purpose
than fragments of the cortex. This behaviour is charac-
teristic only of notmal organs, and 15 not shown by those of
animals poisoned with such agents as phosphorus or catbon
tetrachlonde; if these poisoned apmals do not die the
mtracellular hypertonictty which the swelling of their
1solated tissues might be taken to indicate returns when they
recover

Tsolated kidney or Liver slices which are respifing at body
temperature 1n the flasks of Barcroft manometers do not
swell in this way 1n solutions of the same total concentration
as the extracellular fluds. They do however take up water
and swell to 2s much as double their inttial volume when the
gas phase contains no oxygen, when cyantde is added to
the medium, or when their metabolism is suppressed by
chilling. Moreover the swelling produced by cyande 1s
reverstble; when the cyanide is removed from the medram,
the slices expel the extra water which they have taken up-
These observations can be interpreted to mean that the
volume of the cells s normally restricted, and their cyto-
plasm mantained hypertontc, as a steady state by active
transport of water outwards across the cell membrane fast
enough to balance the inward diffusion which must result
from the greater taternal osmotic pressure. A steady state of
this kind would require a continuous supply of encrgy 0
matntain 1, and it is thercfore interesting that 2,4-dinitro-
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phenol, in amounts which prevent phosphorylation without
much effect upon the rate of oxygen consumption, cavses
the shices to swell as though poisoned with cyanide.

4. The concentration of total base or of (Ne + X)) has been
found to be gretter mnside respiring cells than m the medwm,
it some settes of expeniments by as much as 509, Like the
power of independent osmoregulation which isolated but
surviving cells show, these differences in the concentration
of eations depend upon the maintenance of normal respira-
tion and are extremely sensitive to adverse condions,

Whilst there is no doubt that certain tissue celis 1n supposediy

isotonic surroundings take up water reversibly when their meta-

bobsm is impaured, and thar thexr volume depends upon theis

own metabolism as well as upon external osmone pressure, it 15

less certain that ths 15 becavse intracellular Aurds are normally

byp . ‘The ai hypotk that the amount of
osmatically actsve matenial inside the cells increases when their
fespiration 15 depressed 3s more genesally favoured and has
been discussed elsewhese. 18 % Some recent cryoscopic measure-
ments made with precautions aganst known sources of ertor

failed completely to confirm the older work mentioned sbove, 1

Bt other workers who alsa set out to disprove what they

2egarded as an nherently unirkely hypothesis appear to have

made similax with sinular p but to have
abtained results 1n agreement with the older work. #* Cryo-

SCopic measurements have not yer been made upon respiting

slices whith showed high intracellular concentrations of total

base on direer analysis, and, until ths has been donc, the question

Whether the osmotic pressure of some intraccllular flds 1

higher than o the same as that of extraceilulat fuids cansot be
regarded as finally setded The fact that the hmuuag osmolar
concentsation of the unne does not depend upon the chemueal
mature of the unnaty solutes but only upon their osmotic
activity strangly suggests that the unne is made hypertonic by
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4 process wmvolving active transport of water as such. Ifitss
confirmed that the renal cells have means to maintain an internal
osmotic pressure greater than that around them, the same cellu-
Iar mechansm could account for the production of hypertonic
urine. But whether the 1ntracellular fluid is hypertonic or not,
it 18 quite unknown how water molecules are moved across cell
metnbranes agamnst osmotic gradients, although the existence
of the urine and of other ansotonic secretions allows no doubt
that they are so moved.

THE COUNTER-CURRENT HYPOTHESIS

A mechamism of a completely different natute has reccm’.{y
been proposed to account for the production of hypertonic
urine, 1t has the advantage that no more than a very small
osmotic gradient need be assumed across any particular part
of the tubular epithelum, Hargitay and Kuha showed how 2
small difference tn osmotic pressure mamtained by some active
process (a small head of hydrostatic pressure 1 their modc}’)
could be amplified by a “counter-current diffuston system’-
The properties of this system were developed mathemancally.
It opetates approximately 1n the following manner, llustrated
in Fig. 3. Two long, nartow tubes A and B (Fig. 3) share 2
common longitudinal wall of semipesmeable matersal and may
be connected ar their lower ends by opening 3 tap T. Suppose
that both tubes contatn 1nitially 2 solutton of osmotic pressure P,
and let a hydrostatic pressure 2p (small compared with F) be
applied to the flmd 1n the right hand tube, B Water will pass
from right to left through the membrane, diluting the fluid in
A and concentrating the fluid in B until the osmotic pxcssuI;S
ae P -+ p on the nght hand side, and P — p on the Jeft. (Fig: in}l
The difference in osmotic pressure will then be 2 and this
balance the appled hydrostatic pressure over the whole of !:c
membrane. Now let the tap be opened to allow one halfof the
fiuid in B to flow into 4. The fluid on both sides of the lower
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3z

FIGURE 3, To dlustrate the countercutrent hypothesis. Expla-
nuon 10 text.

half of the membrane will noy)\’ave the same osmotc pressure,

P 4 p, (Fig. 3¢) and if the vime hydrosutic pressute continues

to act, water will again pass across the membrane from nght o+
Ieft, until the asmotc pressute 15 P 4 2p 10 the lowee balf of |
tube B, and P in the lower half of the tube 4. (Fig, 34). If the
tap is apain opened until one quartet of the flud in B has passed !
tto A, the flrd on both sides of the lower quarter of the”
membrane will once more have the same osmotic pressure,
ume P+ 2p. (Tig. 30). 1f the hydrostauc pressure 2p ¢



96 REFLECTIONS ON RENAL FUNGTION

water will again traverse the lower quatter of the membrane
from right to left until the conceatrations in the lower quarters
of the two tubes have become P+ 3pand P+ p, (Fig. 3f). And
soon..... If instead of conducting this imaginary experiment
1n discrete steps, the tap T 1s left slightly open all the time, so
that there 1s a slow flow of fluid through the system, down tube
B and up tube A4, whilst the head of pressure 2p is maintained
between the two sides of the membrane, the apparatus will ope-
rate continuously until a steady state is finally set up 1n which the
solute 15 concenttated towards the lower ends of the tubes, and
the difference 1 hydrostatic pressure is balanced agamst a
corresponding difference 1n osmotic pressure over the whole
length of the membrane. The diffetence tn osmotic pressure
between the top and bottom of the tubes may be much Jarger
than the difference 2p between the two sides of the membrane
at any level, but will be imited by the tendency of the concen-
tration to disperse by diffusion. This final steady state 1s
depicted 1n Fig. 3¢

The essential feature of this system is a long tube which
makes 2 hairpin bend and doubles back upon itself with the
two himbs 1n contact through a membrane across which water
can be transported by some means agamnst 2 small osmotic
gradient represented by 2p The currents of fluid in the two
Lmbs of the haupin flow in opposite ditections, hence the
picturesque name “hawrpin countercurrent system”.  The
continuous operation of such a system leads to a stratification
of osmotic pressure 1n the long axis of the haitpin, such that the
diffetence 1n osmotic pressute between the fluid entertng and
that leaving the whole system is no mote than 2p, but the
difference 1n osmotic pressure between esther of these and the
flud near the bend 15 greater. 'The theoretical calculations were
checked by constructing a model apparatus, which behaved 1n
accordance with expectations.

Wirz, Hasgitay and Kuha devised 2 micro-cryoscopic tech-
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nigue which depended upon the use of 2 polatizing mucroscope
todetect tiny crystals of ice formed duning the coohng [ sections
of ussue 30 pin thick 1 They employed this I
to determine the osmobic pressure of the fluid in teansverse
frozen scctions of the kidneys of rats, cut perpendicular to the
axis of the renal papiila, and they obtained results which were
remarkable in two respects  First, the fluids 1n all parts of the
renal tuhude at any given depth below the cortical surface of the
kidney had the same osmouic pressure, But, secondly, although
the flud in all cross-sections of the ncphron in the outer pars
of the cortex was isotonic with the plasma, the osmotic pressure
of the fluid 1n all cross-sections increased steadily with the depth
below the sutface of the kudney to teach values deep 1n the
medulla 3s much as four times the osmotic pressure of the
plasma 1 the blood vessels. This straufication of osmotic
pressures recalls the similar distnbuuon of chlonde which
Ljungberg found 1n the tabbit’s kidney, ** The outermost parts
of the cortex contarned about the same concentration of chlonde
as the plasma, but there was a steady increase towards three or
four umes that concentration 1n the medulla, The higher

of chlonde at depths below the surface
was not found 1n the kudneys of animals which had previously
received 2 non-lethal dose of cyanide,

Such an increase 1n concentration of the fwd in the inner
pars of the kadney mught have been produced by transport of
water through cells 1n the manner suggested in the previous
section, but the decper parts of the medulla, towards the apex
of the renal papilia where osmonc pressuse was greatest, contain
only foops of Henle, collecting ducts and vasa reeta, the typically
“secretory” patts of the nephron are absent. On the other hand
the stratefication of osmotic pressure which has now beea
deronstrated was just what might be expecied of the kidney
contained 4 battery of harpin countercurrent diffusion systems
arranged patalle] o the axis of the renal papilla. Since the loops
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of Henle had precisely this and p d hairpin
bends, and since no certain function had ever been found for
them, 1t was tempting to suggest that they somehow acted as
counter-current systems. ‘The association between the presence
of loops of Henle and the ability to secrete hypertonic urine
was thus given a new sigmificance. It was suggested that the
small unit defference of osmottc pressure (25 m the model,
Fig. 3) might be provided by transport of water from the de-
scending to the ascending limb at each level by electro-osmosis.
The stratification established when this small difference had
been amplified by the counter-current arrangement could then
be utilized to concentrate the urine. The fluid in the proximal
tubule, being 1n the cortex, would be 1sotontc with the plasma.
On 1ts way down the descending limb of the loop of Henle
towards the medulla it would become progressively more
concentrated as 1t came into equibibrium with the local osmotic
pressure prevaiing in each layer through which it passed. It
would be maximally concentrated at the lowermost point of the
loop, but once round the bend it would become diluted again
as its journey through the ascending limb brought it back
towards the cottex The fluid would be 1sotonic with the plasma
1 the distal tubule, which also kes in the cortex, but as it left
the distal tubule, 1t would be carrted down through the medulla
a second time 1n the collecting duct, becoming more concen-
trated on the way; and this time it would not retam, but would
continue tata the bladder as hypertonic urine, The ab i
of water from the tubular unine to concentrate it would therefore
be the last operation to be performed upon s, but would be
pesformed beyond the confines of the nephron proper, in the
coltecting ducts, and moreover by a passive process of reabsorp-
tion of water by osmosis.

‘The golden hamster possesses a long thin renal papilla which
projects 1nto the vreter, and Wirz has recently succccc.I:d in
obtaining blood from capillaries near the apex of this papilla by
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means of a micropipette while the kidney was secreting 2 hyper~
tonic urine. 119 He found that blood from vessels in the papiita
had the same osmotic pressure as the urine, This suggested that
in the living kidney, the stratsfication of osmotic pressures found
in the dead organ affects the blood tn the vessels as well as the
fluid in the nephrons, and 1t appeated to provide a crucsal test
infavourof the new pion of the i hanism;
for if the unne had been concentrated by active transport of
watet from tubular lumen to blood, the blood should have been
diluted,

“This revolutionary theory of renal function 1s at variance with
the accepted sdea that the osmotic pressure remains unchanged
until the tubular lmid enters the distal twhbule, and it postulates
that the tubular flud 18 always ssotomue with the plasma in 1ts
immediate neighbourhaod. It conjures up a vision of red blood
corpuscles operung and closing hike concertinas as the blood
flows through the kidneys, and 1t 1s 2 somewhat roundabout
methad of concentration, though no more roundabout than the
sequence of filtration and reabsorp as a method of
Tts grear advantage 15 that 1t does away with the need for cells to
sectete water as such against farge osmotic gradients. It suggests
4 function for the loops of Henle, but at the same ume may
impose upon them the reqy of a more p d
sclective permeability than the customary views demand, for the
loops must prevet the back-diffusion of the organic constit-
uents of the unine present i high, 1nstead of only 1n low concen-
trauons, Italso suggests that a special physiological sigmificance
might be found for the \ through the dullary
glomeruli and the vasa tecta which hie among the longer loops
of Henle of the juxtamedullary acphrons It 1s doubtful
however whether the two limbs of the loops of Henle can be
thought of as the parallel tubes of the countes-cusrent arrange-
tent, for they must be separated by vasa recta mote often than
nat. Moreover since the vasa recta also descend to varying
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depths 1 the medulla, and then tun back towards the cortex
at hairpin bends of their own, the blood in any loop chosen at
random may be streaming in erther direction, and a tather defi-
nite I relation of d dtng limbs to vasa recta
running towards the cortex would be required for the system
to operate by transport of water from the fluid 1n the loops to the
blood 1 the vasa recta  This however is 2 question of detail
which futare work may answer.

The proposed mechantsm would be convenient and econom-
ical for an animal which habitually produced a concentrated
urine, For man, who drinks for other reasons than thust, and
telies upon hus kidneys to reject the excess, it would seem less
well suited. It would p bly take some iderable time
to establish the stratification of osmotic pressure within the
kidrey upon which this method of concentraung the urine
depends; and some time also to dissipate it during water dur-
ests, and to re-establish 1t in resp to an ion of anti-
dretic hormone. Whether or not this theory proves acceptable
may depend upon how well 1t can account for the raprdity with
which the kidney can alter the concentration of the unge.
Although the authors d that the antidruretic h
might determine the disectton of electro-osmosis by influencing
the electrical propesties of the membrane, 1t is not certain
whether this mechamsm could be adapted to dilute the utine,
and there do not seem to be any observations of the distribution
of osmotic pressure in the blood and the ubular fluids of kidneys
excreting hypotonic urtae. It also seems possible that 2 similar

tr of osmotic p mught arise 10 another way in
the kidney of an ammal whose unine had been hypertonic for
many houts. At mncrezsing depths below the sutface of the
ludney, as the apex of the renal papilla is approached, more 2ad
mote loops of Henle and vasa recta have turned back towards
the cortex, but the collectng ducts continue, 2ad form an ever-
increasing proportion of the dwindling cross-section of the
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pyramid. The permeability of the walls of the collecting ducts
to water i3 presumably fow, but may not be negligible. Over
2 period of many hours the mnteeststial fluid around them, and
the blood in the relatively small number of vessels which
accompany them, might be expected to come almost if not
quite into osmotic Iih with the d fluid
within the collecung ducts. Kinctic experiments, by showing
how quickly the stratfication could anse, and 10 panticular,
whether it appeared before the urine became concentrated, or
not uantil some tme later, would help to deaide whether the
straufication of osmotic pressuse within the kidney is the means
whereby the unne 15 d, ot merely a i\ of
prolonged concentration by other means




V. RENAL CONTROL OF ACID BASE BALANCE.

The mamtenance of aad base balance within the organism
presents a perpetual problem because the tissues, of which those
of the central netvons system are most exacting, cannot function
normally unless the pH of the plasma 15 kept close to 7.4; and
this has to be done in spite of the continual generation of acids
by metabolism. The bulk of the acid produced in this way is
carbonic acid formed from carbon dioxide which is & by-product
of the oxidation of foodstuffs. The amount formed each day
by an adult man is about 15,000 meq., equivalent to 15 litres
of normal acid, ot 2 htre and @ half of concentrated hydrochlotic
acid. Carbon dioxide, the anhydade of carbonic acid, is volatile,
and @n be cltmunated from the body by the lungs; and the

P ¥ centre IS so organized that an increase in the concen~
tration of carbon diomde in the body fluids increases the rate
of puirsonary ventlanon. Baesides this volatile 2¢id, between
50 and 100 megq. of fixed acids are produced each day in excess
of the fised base taken into the body in food, and these fixed
acids have to be eimunated by the kidneys. ‘They include

sulphunc acid foxmcd 1n the degrad f dph
amino acids, and p “ acid from phosphop and
hospholipid sz the g lar filtrate the anions, or acid

tadxmls, of these fized zuds are balanced by theit equivalent of
the fixed bases of the body, principally by sodimm. As has
already been stated, the osmotic pressure and the volume of the
extracellular flnids depend to a grear extent vpon the quantity
of sodium which they contain, and since this is normally no
mose than about 1,600 meq., it follows that to allow between
50 and 100 meq, of sodium to escape each day with the excess
(102}
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of fixed acids in the unne would lead to a rapid loss of the
extracellolar Aluids.

The problem facing the kidneys is to excrete the fixed acids
without losing the fixed base which accompanied them into
the glomerular filtrate This problem 15 solved by providing
other cations to balance the artons of the fixed acds 1n the urine,
30 that the essential fixed base may be reabsorbed and restored
to the plisma. Two cations are employed for this purpose,
hydrogen and ammontum, and the evidence 1s that both are
secreted by the distal tubules

Replacement by hydrogen tons mezns that the acid radicals
are excreted as free acds, aad there 1s 2 imit to the amount of
acid which can be excreted 1a this form, because the kidneys
cannot secrete urine which 1s more acid than about pH 4.6, The
concentration of hydrogen 1ons to which a strong acid gives
rise in solution may be reduced by dilution with water, but not
to any useful extent, because 100 meq of strong actd would
have to be diluted to 10,000 litres to raise sts pH to 5.0, Hence
even in the most acad urine that the kidneys can elaborate, all
strong acids must be p d by their full equivalent of
base, Weaker acids can be excreted in the free form to an extent
which is determined by their pK values  1f pK is the same as
the pH of the unne, one balf of the acid will be present in the
free form. If pK is one pH unit above the pH of the urmne,
nine-tenths of the acd will be free and one-tenth combined
with base. Oaly one-tenth of the total amount of an zad whose
pKis one pH unit below the pH of the unine can be excreted iathe
free form, 30 that nine-tenths of its equivalent of base will have
10 accompany it, and stronger acids, with pK values more than
one unit below the mintmal uninary pH, must always be excreted
with more than nine-tenths of therr equivalent of base. This
13 alt summed up in the Hend H q

Concentration of salt

K - log et sale |
Plie=pk o+ log Concentration of free aad




V. RENAL CONTROL OF ACID BASE BALANCE.

The mamtenance of acid base balance within the organism
presents 2 perpetual problem because the tissues, of which those
of the central nervous system are most exacting, cannot function
normally unless the pH of the plasma is kept close to 7.4; and
this has to be done in spite of the continual generation of acids
by metabolism. The bulk of the acid produced in this way is
carbonic acid formed from carbon dioxide which is a by-product
of the oxidation of foodstuffs. The amount formed each day
by an adult man 15 about 15,000 meq., equivalent to 15 litres
of normal acid, ot a litre and 2 half of concentrated hydrochloric
acid, Carbon dioxide, the anhydrtde of carbonic acid, 15 volatile,
and can be eliminated from the body by the lungs; 2nd the
respi y centre s s organized that an increase tn the concen-
tration of carbon dioxide m the body fluds increases the rate
of pulmonary ventilation. Bestdes this volatile acid, between
50 and 100 meq. of fixed acuds are produced each day in excess
of the fixed base taken mnto the body in food, and these fixed
acids have to be climmated by the kidaeys. They include
sulphuric actd formed in the degradation of sulph ini
amino acids, and phosphotic acid from phosphoproteins and
phospholiprds. In the glomeralar filtrate the anions, of acid
radicals, of these fixed acids are balanced by their equivalent of
the fixed bases of the body, pnincipally by sodium. As has
already been stated, the osmotic pressure and the volume of t‘hc
extracellular fluids depend to a great extent upon the quantity
of sodium which they contain, and since this is normally no
more than about 1,600 meq., 1t follows that to allow between
50 and 100 meq. of sodtum to escape each day with the excess

[1021
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of fixed acids in the unne would lead to 2 rapid loss of the
extraceliular fluids.

The problem faciag the kudaeys is to excrete the fixed actds
without losing the fixed base which accompanied them :to
the glomerular filtrate. Thus problem 1s solved by providing
other cations to balance the anions of the fixed acds m the vrine,
so that the essential fixed base may be reabsorbed and restored
to the plasma, Two catiuns are employed for thus purpose,
hydrogen and ammonum, and the evidence s that both are
secreted by the distal tubules,

Replacement by hydrogen tons means that the acd radicals
are excreted as fice auds, and there 1s 4 lmut to the amount of
acid which can be excreted 1n chus form, because the kidneys
cannot secrete utine whuch ts more actd than about pH 4 6. The
concentration of hydrogen rons to which a strong 2cd gives
nse in solution may be reduced by dilonon wih water, but not
to any useful extent, because 100 meq of strong actd would
have to be dilated to 10,000 Ltres o raise its pH to 50 Hence
even in the most acid usine that the kidneys can elaborate, all
strong acids must be parted by their full equivalent of
base. Weaker acids can be excreted in the free form to an extent
which is determuned by their pK values. 1€ pK s the same 35
the pH of the utwe, one half of the acid will be preseat 1a the
free form. I pK 1s one pH umt above the pH of the unne,
nine-tenths of the acid wall be free and one-tenth combuned
with base, Only one-tenth of the total amount of aa acd whose
pKisone pH unit below the pH of the urine can be excreted s the
free form, so thar nune-tenths of 1ts equivalent of base will have
to accompany it, and stronger actds, with pK values more than
oae uait below the mitumal urtnary pH, must always be exceated
with more thaq nine-tenths of their equivalent of base, This
3s all summed up tn the Hend: Ibalch eqz

- Concentration of salt
PH =i log Concentration of free zad
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These are important limitations because, as Gamble and Pytes
have pointed out, they depend only upon the lower kmit of
urinary pH and the physical propesties of individual acds, and
not upon the mechanism by which the utmne is acidified. They
are thetefore of p validity wi theory of acid
secretton may be fashionable, 32 67

‘Those weaker acids which can be excreted to a considerable
extent 1n the free form 1n urine within the physiologtcal range
of pH are known collectively as the buffer acids of the urine.
‘The most impottant of them 1s phosphoric actd, but amino-acids
and creatinine (pK 4.97) are also included 1n thes category. pKo
for the dissociatton of the second hydrogen ion of phosphoric
aad 1s 6.8, so that each equivalent of phosphate in the urine at
pH 4 8 requires one equivalent of base to “cover”1t, 1n Gamble’s
expressive phrase, whereas 1n the plasma at pH 7.4 it required
neatly two equival Hence by ing urine of maximal
acidity the kidneys can salvage an equivalent of fixed base for
each equivalent of acid phosphate in the urine, as well as addi-
tional amounts corresponding to the other buffer acids which
are present. The process of actdificatton is reversed #n vitro when
the utine 1s titrated with alkali back to the pH of the plasma
(7.4) to determine its “titratable acidity”. Hence the amount
of alkali added during the utration of any volume of urine is
equal to the amount of base which the kudneys conserved by
acidifying 1t; and the titratable acidity 1 meq. per Litte, mulu-
phed by the daily ontput of nrine 1 Litres, gives the amount of
base conserved by this mecharusm during each 24 hours. In
2 healthy man this amounts to between 20 and 30 meq., but it
may tnctease to as much as 150 meq. during diabetic ketosis,
when the urine contans large quantties of f-hydroxybutysic
aad (K 4.7), and aceto-acetic acid.

Although strong acids must be accompanted by their full
equivalent of basc m urine of any pH, this need not all be fized
base. Ammontum can be formed from ammona synthesized
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in the cells of the tubular epithelum, and since this cation is
sot present m the glomenular flecate, an amount of fixed base
equivalent to the ammonum in the urne can be reabsorbed,
Normal human urne contamns berween 30 and 50 meq. of
ammonmm cach day, and the amount may increase to as much
as 500 meq, under the stress of dubenc scidosts, It may be
noted that the dady excess of metabolie fixed ae1d 35 covered by
the sum of the free 2cd and the ammonum 16 sormal e,
and can therefore all be elimnated without fixed base bemng
lost from the body In severe diabetic adosts the kidaeys are
less suceessful 1n matntaining aad base balance, for the total
amount of metabohe amds which have to be exceted may
exceed the amounts of hydrogen and ammontum 1ons that the
Judneys can provade  The balance of metabolic acid 35 then
inevitably excreted 18 combination with fixed base fxrom the
body, and thss contstbutes to the gross dehyd and cireul
atory collapse which theaten the bfe of the patient But always,
whether acid base balzoce 15 completely mamened of not, the
sum of the ttratable acid and the ammonum of the usae ts
equal to the amount of fised base conserved by the ludneys,

THE EXCRETION OF ALKALINE URINES

Unltke the secretion of acd unne, wiuch alwaps helps to
conserve the body’s stores of fied base, atkaline unnes cannot
be excreted withous the loss of fixed base from the body, There
48 20 upper kaut to the alkaluuty of the urine at about pH 8, and
excess cattons o alkaline wrine are balanced by bicasbonate,
touch 83 excess arsons 1h acsd unne are balanced by ammonian.
The former 15 the anton of 2 volatle actd, and the Eatter the
catson of 2 volatile base  Bicarhonate ordinarily appears an the
Roee 5n large amounts when Xts concentratton in the plsma
exceeds the normal valus of about 27 meq pes litre; when the
toncentration . the plasma falls below this, only traces of
biearbonate aze 1o be found 1 the utine, yet there 15 ro true
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“bicarbonate threshold”, for the statement that bicarbonate is
practically absent from the urine at plasma concentrattons below
27 meq. per litre is only true so Iang as the  zespiratory centee is
free to regulate pul y ion in resp to the
prevailing level of plasma carbon dioxide. During a petiod of
voluntary or hystetical over-venttlation the urine may be alkaline
and contain considerable amounts of bicarbonate, although the
plasma bicarbonate 15 well below the normal “threshold”
concentratton. This appears less paradoxical if the kidneys are
regarded as regulating, not the level of bicarbonate in the
plasma, but the concentration of fixed base. In the words of
Putts, “the kidney stabilizes the concentratton of base in the
body fluids at a level some 25 to 27 meq.fl. above that of the
sum of all the fixed, non-volatile anions™ 8, Carbon dioxtde is
always being generated 1n the cells, and s a ready source of
carbonic acid, and so of bicarbonate 1ons, which ate available
as a make-wetght to ensuse that the sum of the antons 1n all the
body fluids 1s always equal to the sum of the cations. Over-
breathing removes carbon dioxide from the body and makes
the plasma alkalinie, so that more cations are balzaced in the
plasma by the anionic groups of plasma proteins. Since the
latter do not reach the glomeraular filtrate 1n appreciable concen-
tration, those cations, principally sodmum, which were balanced
by protetn antons 1n the plasma, acquire bicatbonate 1ons as part-
nets in the tubular flard, for the cells lining the tubules not oaly
produce carbon dioxide, but they also contain the enzyme
carbonic anhydrase to hasten its hydration to carbonic acid.
If these cations ate not reabsorbed, they finally appear as bicar-
bonate in an alkaline urtne. Meanwhile their osmotic activity
in the tubules leads to the familiar increase in minute volume
which accompanies the increase in urinary pH duting hyper-
ventilation. Bicarbonate is excreted m the alkaline urine although
the concentratton of bicarbonate 1 the plasma is low, but the
bicarbonate of the urine aced not have come from the depleted
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plasma; it tmay bave come mnstead from the kidney, whese it
was synthesized 1 the epithelial cells and captured by thealkaline
fluid fowing past them

The essential action of the kudney 10 excreting an afkaline
urine is to refran from reabsorbing fixed base, whalst at the
same tme reabsorption of fxed anions or s enhanced,
When a person over-breathes duting 2 seveee deficieacy of
sodum thete s ne duresis and the anac does not become
alkaline, as McCance and Widdowson have shown. 5 The
kidney continues to teabsorb sodium actively, and it cannot
make the usine alkaline  Panents who lose large amounts of
sodjum from thete bodes, and who also develop alkaloss, 2
combination which may anse from protonged vomiting or from
the aspiration of gastric secretions, may pass acid wune and be
in danger of having their atkalosis mustaken for acdosts. @ If
they are supplied wuth sodram chlonde, which 1s neutral butisa
source of sodwm, ther nnne becomes alkalne  Alkalons
superimposed upon a deficsency of sodsum leads to 2 conflict

een two regulatory functions of the kudacy, and the

regulation of acid-base balance 1s sacetficed to che conservaton
of the body’s stores of fived base. The fact that alkaline unnes
cannot be seeseted without the loss of fixed base from the body
15 of no coasequence to peaple kving on vegetaman daets, for
these supply an excess of fixed base (1n this case manly potas-
sium) over metabohe fixed acds. But st 13 forrunate for people
who live on ordinary diets that alkalosss 1s rather 20 uncommon
event Human unne 15 usually shightly aced, with @ pH around
6.0, This s close to the pK of the bicasbonate buffer system, and
on the 2aid side of the pK of the phosphate spstem  Hence the
capacity of the phasphate buffers i the unnt 1s practically used
Up 10 combating the pormal daily excess of metabolic acd,
leaving the ammorua mechanism in resesve to cope witha further
degree of acidosts and the bicarbonate system 1a Feserve to cope
with the raser contingency of alkalosts.
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THE EXCRETION OF ACID AND AMMONIA

The acidification of the urine appears to depend upon direct
secretion of hydrogen ions mto the lumen of the distal tubule.
The ratio of the concentrations of hydrogen ions in a urine of
PH 4.6 and 1n plasma at pH 7.4 is of the order of 600 to 1, 2
higher rano than the kidney can achieve for most substances.
This alone might suggest that the primary process was an
active secretion of hydrogen tons. Two other theorics were
formerly held, the phosphate reabsorption theory according to
which the tubules reabsorbed the Na,HPO, and left behind the
NaH,PO, from the mixture of both phosphates 1n the glomet-
uvlar filtrate; and the catbonic acid filtration theoty, which
supposed that by active reabsorption of the bicarbonate 1ons
released by tomusation of carbonic acid, all the phosphate of the
glomerular filtrate could be converted into acd phosphate, The
former theory could account for secretion of titratable acid up
to the rate of glomerular filtration of acid phosphate, and the
latter up to the combtned rates of filtration of acid and alkaline
phosphates. But work tn Pitts” laboratory showed that neither
theory could account for the rates of secretion actually observed,
and they were accordingly displaced by the theory of secretion
of hydrogen ions up to a limiting concentration ratio indicated
by the lower kit of urinary pH. On this theory the total capa-
city of the urnary buffers determines the amount of hydrogen
10ns which can be secreted, for it is the amount required to titrate
these buffers to the pH of the urine. The hydrogen tans which
are secreted 1nto the tubules are believed to be dertved from
carbonic 2cid formed from carbon dioxide released by meta-
bolism withtn the epithelial cells, for Pitts aud his coIIezgucs
also showed that inhik of carbonic anhydrase p d the
secretton of acid, and caused the urine to become alkaline even
duting an experimentally induced acidosss. This cff:ct of
inhibitors of carbomc anhyd: which are sulph
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derivatives, secalls the aadosts assaciated with an atkabine unne
which was 4 complication of therapy with sulphonarides in the
days of their easly tiumphs. The sitwanon here 1s not simply
that the kidney 15 paradoxically excreting alkabine unne dunng
2 state of eystemic 3crdosts; the kadney produces the alkahne
utine because it has been deprived of the wherewsthal to excrete
aad, The systemic acedosts antses because the plasma takes up
2n acid reabsocbed flud, of which the alkaline vrine 15 the
“aurtoe-image”. The employment of the same metabolic end-
product, carbon dioxide, 2s 2 common sousce of bicasbonate
1008 to make the utine atkaline and of hydrogen stons to make
it aad is an example of physsol 1 economy.
The ammomum tons 1n the urine are denved from zmmoma
produced 1n the kidney from two princepal sources, the glarz-
mine of the blood, which 15 the major source, and certan
wamino adids. The kidneys comtan the enzyme glutammmase
which splits off ammorua from the amude group of ghutanune,
2ad also x-amino sad oxtdases whieh release smmonts 10 the
course of oxdative deanunation,  Glutarmumnase 15 most active
in vitrg an the alkaline side of nentrality at an optimal pH of
about 8.0, but the physich 1 secretion of does not
reflect the sensiivity of the ssolated enzyme to pH  Luttle
ammonum 18 excreted in unnes swhich are not distinerly acid,
substaatial amounts do not appear untl the pH of the wune
falls below 6.0, N the rate of of
~ Ot 1ts concentrruon (n the urine — 1ncreases v an almost
Linear manner a5 the pH of the wane falls, ™ which might suggest
shat the acdity af the fuid 1n the wbules was the samulus
required to eliert a secretion of ammonia from the eptthelial cells,
This suggestion 55 supf d by the d that suc-
viving shces eut from the kidneys of rars, and resprong n
Bazeroft manometess, formed ammonza at a rate which depended
upon the reaction of thew medmm in the same way as the rate
of excretion of by ttact ats depended wpon the pH
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of their utine. ¥ The absolute rates at which the slices and
the intact kidneys formed ammonia were about the same when
expressed per unit weight of tenal cortical tissue. It cannot be
supposed that nervous or humoral mechansms which might
concervably regulate the secretion of ammonia by the renal
tubules 2 zz20 played any part m controlling the formatton of
ammoma under the standardized conditions of manomettic
expertments. Constderation of the manner 1 which external
acdity might stmulete the cells to produce ammonia sug-
gests that this might be regarded not merely as a stimulus,
but more directly as a cause, If the reactions whereby ammona
is generated 1n the epithelium are reversible, its concentration
inside the cells will be stabilized by a d quilif
between consumption and productton. Ammonia will have
little tendency to diffuse out of the cells into an alkaltae
medium, but ae aad medium can fix it by conversion into
1ons, and so maintain 2 low concentration of free
ammonia on the outer side of the cell membrane. Diffusion
of ammonia out of the cells into the acid medium would lower
its concentration within them, and accelerate the reactions
producing it. Only 1f the ammonia-producing enzymes were
saturated should their activity, and the effect of pH upon it,
become factors limiting the rate of ammonta formation. There
is thus no necessary discrepancy between the known pH optimum
of glutamunase and the suggestion that the pH outside the cells
d the rate of of The much
smaller escape of ammonia from the tubular epithelum into the
blood, compared with its rate of excretion in the unne, is ex-
plained by the higher pH of the plasma, Moreover, 1f the pH
of the intracellular fluids is lower than that of the plasma, and
there are grounds for supposing that 1t may be as muchas 1 pH
umt lower, the fact that not much 2mmonium is excreted unttl
the pH of the urine falls below 6.0 15 explatmed.
“The two most tmpottant consequences of this conception of
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the secretion of ammonium by the kdaey remarn to be mention-
ed. The first is that st is not a process of secretson at all of thar
term is used to denote active transpost; ammonia leaves the cells
1 diffy down gradient, and

0 encrgy need be expended by the cells to expel it The second
15 that if the ammona diffuses passively 1nto an zcnd fusd,
where it is fixed as ammonsum, that flmd has first to be made
aad by prior secretion of the hydrogen sons which later
cambine with ammona to form ammonem wons  Swice aad
has 1o be secreted before st can be neutralised by ammora, 1t
follows that the arount of hydrogen 1ons secreted 1s not merely
equal to the titratable acedk of the urine, bur to the sum of the
titeatable 2e1d and the ammoni, and therefore to the whole
agsousnt of fixed base conserved by the kudneys.

a1 2 farther consequence of the hyposhesis that the “secre-
tion” of ammonium 15 secondary to 2 true seeretion of hydrogen
sonis, that what has been nterpreted as an increase 1o the effi-
aency of duning 3 prot d acidosas might
be due to an enhanced secretion of actd, It has sometimes been
found after several days of acsdosss that unine of a grven pHl
contains mose ammomum than unne of the same pH on an
carhier day, The larger output of ammonmm mught be the
result of an adaptive inctease i the acuvity of the glutanunase
inthe kudney, and such an adaptive mcrease has been dernonstra-
ted in rats, but only when the acsdosts was continued for periods
of several montls. ¥ The tacrease 0 ammontum output from
d‘Y to day may be too rapid to atrabute to an increase in gluta-
mioase actvaty, and it could be accounted for by & greater
ntensity of aced secretion. Fora tubnlar fund which was wnally
more acid would requite more ammoniz to neutralise it the
nnne formed from 1t wonld have to contan more ammonsum
than usiae of the same pH formed by neutralisation of an mstially
Tess acsd tobular fud,
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THE MECHANISM OF HYDROGEN ION SECRETION

The most important conclusion reached in the preceding
section was that the quantity of hydrogen 1ons secteted by the
kidney is exactly equivalent to the amount of base consetved
for the body. This might seem to be an additional argument 1n
favour of the thesis that the urine is made acid by active secretion
of hydrogen ions; but the question arises, which of the two
processes, secretton of acid and reabsorption of base, represents
the cart, and which the horse? Does the secretion of hydrogen
ions allow base to be reabsorbed, or mght not the primary pro-
cess be an active reabsorption of cattons through a membrane
which restricts the movement of the anions? For this could lead
to the “secretton” of hydrogen ions as passively as the acidity
of the tubular flid leads to “‘secretion” of ammonia, and alka-
limty to “secretion” of bicarbonate,

If sodum ions are reabsorbed in excess of anions, other
cations, equivalent in quantity to the antons left behind, must
leave the cells and move 1n the oppostte direction to preserve
electrical neutraltty 1n the lumen. Of the ions which are available
hydrogen mught not at first sight appear suitable for ths exchan-
ge, because of 1ts extremely small concentration in intracellnlar
fluids. Tt possesses however the greatest mobility of all ions,
and 1ts small wnteacellular stores could be replenished from
catbonic actd formed raprdly by catbontc anhydrase from carbon
dioxide released 1n the cells by their respiration. The generatton
of hydragen 1ons 1 this way would at the same time free an
equtvalent quannty of bicarbonate jons to accompany reabs-
orbed base nto the plasma If hydrogen jons wete not made

ilzble for exch with sodium reabsorbed from the lumen,
potassium might be expected to leave the cells mstead, for it
is the most abundant cation mn the intracellular fluid. It is
therefore of great intetest that inhibirors of carbomie anhydrase
adminsstered to dogs dusing acdosis not only prevented the
acidification of the urine and greatly increased the rate of excre-
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tion of sedazn in it, but 2lso led to the excretion of potassium
with a clearance greater than that of anubn Ths was naturally
mtzrpxe(cd as an active tubular cx!:teuon of potasstum 34

of g tons appeared to have replaced seerenon
of hydmgen sons, and st was saggested that the rwo canons
were for a channel or h of
excretion But although far more of the sodium of the glomer-
ular fltrate was appeanng in the astae, the reshsorpton had aot
‘been completely stopped by the intubinon of carbonse anbydrase,
and s reabsorption of sodtum was sull continwag, condiuons
tending to withdeawz other cations fromthe eells were suff present,
When mercunal diuretics wete admstustered to 2adouc dogs
after the renal catbome anbydrase had been mhtbsted, the mte
of excrenion of sodtam 1n the unne tncreated further, indieating
that the reabsorption of sodum was now more completaly
inhibited, 2nd wih ths farther snhibwion of the reabsorption
of sodism the tubulat excretion of pmzs:zu.m ceased,

Instesd th of d: and p as
carpetitars for excretron m  the wane, 1t mx")\t be moce profita-
ble to segard the aaidification of the unne 85 4 normal physioto~
greal g of acteve reat of sodum, and the
excretion of porasstum from the tubular epithelium as an ab-
normal consequence, which oecurs under zelervely anphysiolo-
gseal condutons when hydrogen 1ons ate not freely avaslable to
leph:e sodmm reabsorbed from the wbular iwmd. Looked at
i this vy the tabulas “secrerson” of potasssum may be passive
i twa senses, both as besng secondary to a prumary active trans-
port of sodwm, and probably also as bang i the direction of
1s contentration grachent from intracellufas flwd o rubular
wrine It shoyld however be emphassed that even if the move-
ment of potasstum from tubular epithedum to subudae flud s
passive, the high intracellulas concentration of potasstum that
zakes 1t g6 may sl depend upon an sctve reaaster of porasstam
from blood 1o tubutar eprthebum 2t the opposite poles of th
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cells. Whether this inward movement of potassium could also
be sccondary to an active extrusion of sodium through the basal
ends of the cells with thetr closely packed mitochondria must
rematn for the future to decide.

Sodium pumps have been invaked to account for the obliga-
toty phase of reabsorption of sodtum and water in the proximal
patts of the nephrons, and sodium transport through a segment
of epithelium wath 2 low permeablity to water has been suggest-
ed as the mechanism whereby hypotonic utine is formed. If
the active transport of sodmum through a third segment of
epithelium which restricts the movement of antons can account
for the secretion of acid, and so secondartly of ammonsum, and
sometimes of potassium, it becomes clear that the transport of
sodium plays a remarkably large part in the operations of the
kidney. Thus 1s 2 satisfytng conclusion, for active transport of
sodium 1s an almost universal property of mammaban cells,
most of which exist in sodium-rich extracellular fluids and yet
contan little sodimm within them. Whatever the mechanism
of the sodum pumps, they presumably operate outwards
around most of the perphery of most cells. Besides their patt
in mantaining the charactersstic difference in the jonte make-up
of mtracellular and extracellular fluids, they subserve other
functions 1n specialised cells, as for instance in nerve axons,
where the uneven distribution of ions mamntained across the

b allows 1mpulses to be conducted along it. In the
renal tubular epithelium, sodwm must be actively transported
outwards by 2 mechanusm which is located predomunantly at
one end of the cells, so that mstead of merely extruding sodum
round the periphery to maintain a low iatracellular concentration
without reuch movement through the cells, the pumps move 2
curreat of sodtum and water through the cells at a considerable
rate. The glomerular filtrate formed each minute totals about
one-half of the weight of tubular epithelium, and most of this
filtrate is reabsotbed.
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If the ucinaty excreion of acd and of ammosivm can be

planed hy & mech: which s o most cells and
the probable hasis of two other major renal opersnons, the
workings of the kidney ¢an be described 10 & greatly stmphfied
form Moreover the old staternent that the amount of base
canscrved by the kidneys s eqoal to the sum of the zmmontum
and the tusarable acd which they excrete, acquires 2 new and a.
fuller significance when conservation of base 15 segarded os the
puimary, active process, and the excrenon of acid and ammonia
s secondary. Bat it must be adnured that the mierpretation of
the seeretion of aad a5 2 q of the active reabsorp
of sodium may tum cut to be more of & mnemonuc device than
a true explasation, for it 1s pov known how cefls transpost
sodtum across their membranes  According to Davies and
Qgston 37 sodium 15 not an ton which can undergo paima:
secsetion, ltke hyd which can be g d by ol
oxidatian from uniomzed precussars, sa that unless 2 suieable
carrier can be found to transpost sodum 10 an watomzed form,
the transport of sodwmim 1008 rught 1 the end have to be inter-
preted 25 secondary to that of hydrogen sons, but that is a
problem for the future, and for general physologists and
biochemists,

1€ enoupl were known about 1, this chapter mught end with
aazecounc of the regulation of the kidneys’ operanons in defeace
of 2cid base balance, ‘These 35 no convinany evidence that
aervaus mechamsens play a part in regulating the excrenon of
scids and aflabs by the kidneys  The pH of the plasma mught
deserune the response of the kidney, for the reacuon of the
glomerular filtrate presumably tefiects that of the plasma.
Moreoves changes 1t the pH of the plasma e partly buffered
By the platms protewns, and since no substanual concenestrons
of these pach the glomerutar Sltrate, changes of pH 10 the
Bltrate may be preater thap those i the plasma I tobular
teabsorption vemained constzar, the relative excess or deficit
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of fixed cations associated with high or low pH of the plasma
would be futther amplified by the tubules. But recent work
seems to indicate that the reabsorption of “bicarbonate-hound
base” (fixed cations unaccompanied by fixed anions) vartes
with the partial pressuse of carbon dioxide tn the plasma jrres-
pective of pH, % ™ This effect of catbon dioxide in promoting
the reabsorption of base may assist the kidneys to compensate
for the *“respiratory acidosis” which accompames retention of
carbon dioxtde 1n the body, and to excrete alkaline urine during
hyperventiation.

If, as has been d, the of and of
2cid are 1n turn consequences of reabsorption of sodium, then
the regulation of these functions of the kidney might be effected
by those hormones of the supratenal cortex which are knowa to
promote the reabsorption of sodmm by the tubules. Stnce the
excretion of acd and ammonium contributes to the conserva-
t1on of extracellular sodim, 1t might appropriately be under the
control of these hormones. Such 2 method of control could
explain the impaired excretton of acid and ammonia by adrenal-
ectomized ammals, and the refusal of the kidneys to part with
sodum and excrete alkaline urme duting severe defictencies of

sodtum. The graduall output of which may
occur duting the first few days of a prolonged acidosts could
also be explained by an ent d ion of adrenal corical

hormones 1 response to the stress of progtessive depletion of
the body’s stores of fixed base. The difficulty about atmbutj.r{g
a rather specific process of adjustment to adrenal hormones is
that almost everything which can happen to the organism may
constitute a “stress” which 1s supposed to 1acrease the output
of adrenal cortical hormones.
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There 13 something to be saud far the somewhat unarthodox
classification of factors which control the function of the kidaegs
shown ta the accompans ing hist

1. INTRINSIC FACTORS  These may be cither

1) Limutanons imposed by, or
1) Properties depending upon,

the maaner in which the kidnevs operate,
EXTRINSIC FACTORS  These sy be exther
1) “Iacviaable,”
1) Nervous, or
us) Hormonat

. The extrinsic nervous and hormonal factors are tog closely
Interdependent to be discussed scparately. Thew o-0peration
1o provide adyusrments of fem} funcuion 1o meet the chanyis
needs of the body will be discussed i the next chapter gpoq :bf
regulation of the votume of the body fhuds “Iﬂmnbk”
responses of the kidneys fo extansic factors {2,1) may be gy
dismissed here as almost trvial physiofogically, ’M’Wgh " 7
ate sometimes smportant under pachological condiggn TZ
anura which occuts 1 shock when the systeme blood peyy
falls precipstoushy and deprives the Lidaeys of g giry, e
an tnevsrable respunse to tactors outside the k‘d”q’ Py i
the conservanon ot water dunng shock 53 " “ough
Organtsm, thss apuria 1S ROT 2D adaptation Orwﬁ:o .thc
to prevenr the Joss of wates from the body, b nction
comequence of the fact thar the kudneys cangey %I; W:‘;‘
th-

out blood. The remasnder of rhe preseny
Ty i will be

1
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devoted to the regulation of renal function by some intrinstc
factors,

) Two examples may be given of responses determined by
limitations imposed by the manner in which the kidneys ope-
rate (1,1).

A. Osmotic diuresis during dehydration. The profuse diuresis
which oceurs even 1n dehydrated men and animals, when 109
sodium chloride 15 admumstered to them intravenously, and
during which the urine becomes less concentrated than it was
previously, has already been discussed becanse of the hght
which 1t throws upon the manner in which the kidneys excrete
concentrated urine  Although in the course of this diuresis the.

d salt 15 el d rapudly if incompletely from
the body, the diuresis 15 1n no true sense a renal response
directed to the purpose of eltminating the salt. Water is lost at
the same time, out of proportion to the amount of salt elimi-
nated, and the already abnormally high osmotic pressure of
the body fluids ss 1acreased stdl further by the action of the
kidneys. It must be added 10 fairness to the kidneys that the
increase 1 osmotic pressure of the extracellular fluid is not
wholly evil, for 1t causes 2 movement of water from the cells to
the extracellular fliids and blood which is of value 1 sustaining
the airculatton during dehydration from lack of water. More-
over the correction of dehydration 1s not primarily the task
of the kidneys, The kidneys can to a limited extent conserve
water which 15 present in the body, but they cannot generate it
when 1t 1s lacktng; there is another mechanism, that of thirst,
opetated by nsing osmotic pressure in the body fluids, which,
if 1t can be satisfied, Jeads to the repl, of body water.

B. The changes in renal function which occur when sodm
15 so seriously depleted that the body fluds become hypotonic
provide another example of adverse conditions which ate
beyond the capacity of the kidneys to compensate. The osmotic
pressure of the body flwmds cannot be greatly lowered in 2




THE REGULATION OF RENAL PUNCTION 119

nommal person by dunking water, because the kidneys can
excrete water as fast as the intestinal tract absorbs 1, but hypo-
tonicity can be induced experimentally by two methods 1In
antmals this has been done by tntroducting ssotonic salutions of
glucose 1nto the p } cavity, and withd them a few
hours later after they have come into equiltbrium with the
sadiam salts of the extracellular flutd; sodium salts are thereby
removed from the body but water 1s not. The loss of us major
osmotically acttve solutes losets the osmoue pressure of the
extracellular flud, and water maves o the cells. The skin
and eyeballs of animals treated 1n this way lose their turgor,
and the peripheral circulation may fail from the reduction i
arculating blood volume McCance produced 2 simular deficiency
of sodium in human subjects and mantamed it for many days
by the combination of a sodiam-free diet with forced sweatng
ina heat-bath and the driokeng of distilled water, ¥ In addition
to the effeces descubed tn anumals, there were 2 pumber of
interesting alterations in renal funcuon. Dunng the first three
or four days of progressive depletton the body weight fell as

the kidneys exereted water in proportion to the sodum chloside
which was removed mn the sweat, and dunng this time the
tendency for foss of sodium to lower the osmotic pressuse of
the body flurds was successfully compensated. After the first

few days, although sodium was still bewng removed, the weight

of the subjects ceased to fall; mstead 3t began to fuctuate

rather irregularly. At thus time, the tonieity of the extracellular

Buids, 25 indicated by the concentratton of chloude 1 the

plasma, fell by about 20%. The kidneys seemed to bave given

up the struggle to matatats the osmotic pressure of the body

fluids with a d hng amount of Hular solute; the

conflicrbetween regul of total and regul

of volume had becn solved for a few days by ssenficing volume

to tosuciey, but now toncity seemed to be sacnificed to volume.

Dunag this fater Pphase renat function became sbnormat in 2
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number of ways: 1) There was a considerable reductton in
glomerular filtration rate. 2) The excretion of sodium in the
urine, which was minimal, indicating maximal renal conserva-
tion of sodium, did not increase during respiratory alkalosis
induced by voluntary over-breathing. The kidneys excteted
no sodium, there was no diuresis, and the urtne could not be
made alkaline. 3) Despite the low osmotic pressure of the
extracellular fluids, water diurests was impaired. One subject
drank water with the intentton of obtaining a large munute
volume to factlitate tests of renal function during the day; but
no dturests followed — until the muddle of the night. Two
factors may have contributed to this impaitment of the diuretic
response to ingested water; less sodium might have been left
over from proximal reabsorption to bring water into the distal
tubule to be released as “osmotically free water”; and in addttion
water was probably not excreted normally in the urine because
1t had left the blood by another route -— the low extracellulac
osmotic pressure had allowed it to disappear into the cells so
that 1t was not presented to the kidneys to be excreted.

These disturbances of renal function suggest that when the
kidneys ceased to guard the tonicity of the body fluids but
appeared still to be conserving their volume, they did so because
of an tnherent limitation brought out by the stress of circum-
stances, tather than as an adapttve response, The volume of the
extracellular flud was not d; water was conserved, but
only in the cells, and because the kidneys had failed to maintain
extracellular tomerty. The kidneys did what they could by
preventing loss of sodium 1n the urine, but they did not rasse
the osmottc pressure of the body flutds by excreting water. This
may have been because water was kept from them, 2ad once
again 1t must be added in faieness to the kidneys that they can
no more manufacture sodium to cosrect hypotoncity than they
can generate water ta counter the effects of dehydration. Thesc
hmiting factors ate to a certain extent exteinsic, for the kidneys
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can only regulate the osmotic pressuze of the extracellulas fluds
if the diet provides an adequate intake of water and sodum
salts, Renal regulation 15 by d.xsposa) of surpluses.

The of urea 15 1 ily in 2 manner
whichisa disect af ch h [¢B1)N
Te will be recalled that when the minute volume 1s 2ml. of more,
the clearance of ufea is about two-thirds of the rate of glomer-
ular filtracion, but that the clearance falls somewhas at lower
nunute volumes because of passive diffuston of urea from the
tubules back ta the bload. The rate of excretion of urea depends
chiefly upon the amauat filtered, and upon the munute volume
1o 4 smaller extent. Hence 1f the glomerular filtration rate
femains constant the rate of excretton is, apast from small
varations with munute volume, directly proportional to the
concentration of urea 1n the plasma. (The rate of filrauon 35
F.P, whete Fis the filtration rate of plasma and P, 1s the concen~
tration of utea 10 the plasma.) Three examples of adjustment
of the excretton of urea to meet altered circumstances may now
be considered.

1. Durning periods of economy of water, when the msute
volume is low and back-diff 15 d, the d
rate of excretion must increase the concentration of urea in the
plasma if the body conttnues to produce 1t at a constant rate.
"This raises the rate of Gleratton of uses, and compensares for the
increased passive teabsotpuon, 2n adjustment which can be
achieved by alterattons 1 blood urea withun the normat linuts.

2. If the sate at which usea 1s produced i the body mcreases,
45 by an increased breakdown of protesm, a moderate increase

in the blood urea wil} alfow t0 keep
O

. . anunished,
by - " plasma 15

reduced, pc:hnps drasumlly 11‘ bowever the bleod urea con-
centrati 3

in prop to the m
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glomerular filtration rate, the filtration rate of urea, FP, will
remain as large as before; the same amount of urea as formerly
will now be contained in the smaller volume of glomerular
filtrate, and excretion will keep pace with production. A high,
but constant, level of blood urea does not tmply that the excretton
of urea is sull lagging behind its production, and it smplies
nitrogen retentton only 1n the sense that there is an abnormally
large amount of urea mn the body; this is the counterpart of
the hugh concentratton 1n the blood which enables the kidneys
to eltmunate utea as fast as 1t is formed. A rising concentration
of urea in the plasma implies mitrogen retention in the more
sinister sense that urea is accumulating 1n the body, and that
excretion 15 not keeping pace with production. It 1s not always
clear when we speak of “nitrogen retentton” whether we mean
that urea 1s accumulating 1 the body, or that urea has accu-
mulated 1 the past, but a steady state has now been reached;
the distinction s not merely academuc, for one implies pro-
gresstve and the other stationary disease,

The fact that 2 higher concentration in the blood enables the
tate of excrenion of urea to keep up with its production 1s no
more evidence of an adaptive response of the kidney to get nd
of urea more quickly, than the production of a faster flow of
water through a pitpe by a greater head of hydrostatic pressure
15 evidence of 2n adaptive response on the part of the pipe. Itis
a property of pipes that liquids flow through them more quickly
under greater heads of pressure; and 1t &5 2 propesty of kedaeys
that they excrete every substance which has a constant clearance
at a rate proportional to its concentration in the plasma. A dam
filhing at a constant rate and emptied through a sluice will serve
as a simple model of the relations governing the excretion of
urea, So long as the rate of outflow through the sluice is equal
to the inflow, the depth of the water will remain constant. If
the cross-section of the sluce 1s reduced to one half, the rate
of outflow will fall to one half of the tmitial rate, and will become
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less than the toflow, This discrepancy wall persise, though
dununishing, unul the depth of water has been doubled, whea
outflow will again equal mfiow ar the ongal 1te, and the
extra head of pressute obtamed by doubling the depth wall
compensate for the greater resittance to flow through the
natrower opening. This comp 7y ad) D mai

the tate of emptying 15 4 ssmple probesty inhevens = !

Dlass 1. '

urt

wk . - ssavaviuly nephroas has been reduced,
the rate of solute excretton per rephron 1s abnosmally hugh. 0 An
uausually high rate of solute excrénon per pephron 15 encoun-
tered in normal kidneys, with an undimimshed number of
nephsons, duting osmatic disests. It has already been porated
out that the utine van never be tuch concentrated when large
volumes are formed, and duning extreme osmotic dates:s 1t may
become almost 1sotome with the plasma  Ordinary mumate
volumes i a patient with diseased kndneys therefore correspond
%o Iugh rates of osmattc dwrests 1 2 normal person, and the
patient’s kidneys are cotapelled to work permanently under the
conditions of osmotic duresis  Consequently no siogle urinary
solute 1s greatly concenurated, and thys, 1n conjuactan with the
elevatton of its concentsation 10 the plasma, minmizes cthe
back-diffusian of usea. Matcover the unne a5 2 whole caanot
be much concentrated, which may be the explananon of the
“Fued speasfic gravity of 1010” (indicating approvimute 5o~
soniclty with the plasma), and the assocwted merease tn the
daily usinary output, of pauents with advanced senal discase.

The powes to concentrate the urine 15 among the first reaal

functions to bhe wapaired by destructive disease oz by expen-

meatal partial nephrectomy, because the mavimal cancentrating

Power of normal kudneys s only exhubieed when the amount

of solutes excreted pes munote is Small enough to be dissolved

inloss than 4 ml, of concentrated wnne “The solutes normally
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excreted 1n it determine the volume of the urine in the same
manner as extraneous osmotic diuretics; and only a little more
than the basal rate of solute output is needed to produce condi-
tions 1n which conservation of water is restricted by a maximal
transfer rate before the osmotic ceiling 15 reached, Hence when
the number of nephrons is reduced, the surviving ones soon
become few enough to be overloaded by 2 normal daily output
of unnary solutes, for it 1 the solute output per nephron thatss
important, and the body continues to produce urea at an undt-
mintshed rate whilst the number of ncphxons available to
excrete 1t is dwindhing,



VI THE REGULATION OF THE VOLUME OF
THE BODY FLUIDS.

The total amount of water ta the body depends upor 2
dynamic balance between gans and losses.  Gamns atise pun-
cpally {rom intake m food and drnk but melude also water
formed by oxid of the hydragen of ol Some of
the losses cannot be avouded, becanse they are aseparably
lurhed with essenttal phystologreat funcrions. The most impor-
tant ways 11 which the body loses water unavordably may be
surnmatised en the form of a st
1. 1 ble p which 15 p i ble. It

cansists of the slow evaporation of about 400 m! of water
per day from the moist sutface of the skin between the
sweat ducts,

2, Loss in expired ayr, Whatever the relative humudsty of the
nspired ase the expreed ate 15 saturated with water vapour
at the stemal ternperature of the ungs  Thus results 0 &
loss of water which 1s not large {about 400 ml. per day)
under ordinary conditions, but may resch a enpphng
magtitude 2t extremely high alutades where the inspired
@t 13 dry, and whese the veaulanon rate requires to be
enormonsly increased.

3 Losssn sweat. This vanes zccording to chimauc conditions
and zctavity from negligible amounts to 2 datly loss of about
half the volume of the extraceilutar fiwds 2nd as dictated
by the req of temp ol

4 Loss i facces. This s ummportant wader normal condi-
o8, but becomes important 1o severe darrhoes.

5. Renat foss of the least amount of water requuced to excrote

£r253
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the unnary solutes 11 maximally concentrated urine. This
is determined by the amount of solutes to be excreted. -

Intake and metabolic production of water must at least equal
the sum of the unavoidable losses, and may exceed it, in which
case the kidneys exctete the excess water in 2 more dilute urine.
The mechamuism which normally ensures that the intake of
water keeps pace with its loss by all routes is thirst, and experi-
ments 1n which the distribution of water in the body has been
altered without changing 1ts total amount have indicated that
the stumulus which gives rise to the sensation of thirst is cellular
dehydration, Thus animals 1n which the osmotic pressute of the
body fluids had been reduced by pentoneal dralysis with isotonic
solutions of glucose showed, as has already been mentioned,
signs and symp of severe dehydration, but they were not
thisty,  The severely sodmm-depleted human subjects of
McCance’s experiments were not thirsty although they had lost
large amounts of body water as well as sodinm chloride. In
both cases the osmotic pressure of the extracellular fluds was
low, and the cells were p bl drated ly,
the intravenous 1njection of quite small amounts of hypertonuc
saline 1s 2 sure method of evokmg thirst. Such solutions are
also effecttve 1f they are injected into the internal carotid artery,
so that thirst may be signalled not by the dehydration of cells
1n general so much as by the dehydration of especially sensitive
cells situated 1n the terntory supplied by the nternal carotid
artery, The resp fo thrst 1s ometimes so rapid
and so precise as to suggest that the central nervous system
participates 1n 1t, 3 Thirsty rats may take in a single draught
the amount of water which will, when 1t has been absotbed and
distributed some time after they have stopped drinking, restore
the normal hydration of thewr bodies, There seem to be receptors
somewhere which can signal not only that the animal needs
water, but how much 1t needs, and these might be the same
osmoreceptors which signal the neurohypophysts to release its

overhy




THE REGULATION OF THE VOLUME OF THE BODY FLumps 127

antidiuretic harmone. 1t must be admitted however that therst
is not always so well adjusted to the quaatitative need for water.
Some dogs satisfy their thirst in one dravght, and others in a2
aumber of smaller ones; and those which take a single draught
may jngest 3 volume of water which ts charactensuc of the
individual dog rather than appropriate to 1ts need for warer, &
Drinking in man is controlled by the higher parts of the nervous
systern in 2 manner which may beat little selation to the need
for water,

The amount of water 1n the body depends upon the amount
of protoplasm, for thus has a fauly uniform proportion of water
assoctated with it 1n the cells, aithough the proportion depends
to some extent upon the 2ge of the 2nunal and upon tts metabolic
acuvity, The intake of foad plays a aunor part w regulating
the tatal amount of watex 1n the body n so far as 1t affects the
mass of protoplasm. Other factors, like the growth hosmone
of the anterror priuttary, and msabn, play symlar minor rofes,
but the vanations 1n total body water which they produce are
long-term ones Short-t with which thus chapter
15 conceened, are compensated matnly by the kidneys The
problem of how the water balance of the body 1s mantained
from hour to hour therefore resolves itself into the problem of
haw the kidneys contro! the losses of wates and of electrolytes;
and the more 1ntricate problem of how the body, provided with
kidoeys whose (unction can be regutated within cather wide
Iimits, uses these to adjust the volume as well as the composion
of sts flurds. ‘This control which the body exerts over the zetivity
of the kidneys 1s mediated partly by nerves and pantly by hot-
mones,

Direct nervous control of cenal function 1s geneeally held to
be selauvely p . The tch symp nerve supply
which the kidneys possess 1s supposed to mfluence matnly thetr
blood vessels, and those experumenters who have been most
careful to avord the complicating effects of trauma and of
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anaesthetics have usually been least successful in demoastratng
a nervous control of renal function. But some recent sugges-
tions that sympathetic netves distributed to the tubular epi-
thelial cells control the reabsorption of sodium will be referred
to later.

‘There seems no doubt that tubular function, in so far as it is
not autonomous, 1s controlled predominantly by citculating
hormones, and that these provide the kidneys with efferent
pathways which correspond to the motor nerves of voluntary
muscles or the secreto-motor nerves of other glands. But these
hormones provide only the efferent side of the control; and the
afferent imbs of reflex arcs which employ the kidneys as their
effector organs are probably nervous to a greater extent than
has been realised, There is evidence, morcover, that afferent
paths converge from a wide field upon the humoral final
common path to the kidneys, Afferent impulses travelling in
nervous pathways are known to play a part in the renal response
to alterations 1n the tonicity of the body flusds, and afferent
impulses arniving 1n the nervous system along other pathways
may interfere with the normal responses to altered tonicity.
Morscover nervous paths must be employed to signal changes
i volume, stnce these can occur without any alteration in
composition.

ENDOCRINE FACTORS
The endoctine glands which influence the kidneys will first

be Listed and then the factors which govern the release of theit

hotmones will be constdered. .

1. The neurohypophysss. This gland releases an antidiuretic
hotmone which mcreases the reabsorption of water b'y the
renal tubules, causing a fall in minute volume t.yplmlly
accompanied by an approsi ly proporti increase
1n the concentration of the urine.

2. The adenohypophys:s. The anterior lobe of the pitustary
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gland plays 3 part in the maintenance of the kidoeys and of
thetr function whach is not fully understood, There may

be a specific h ot the effects

attributed to n may “be those of the hosmones called aut by
the 1k d phic and gonadotrophic
h In so fac as p duabetes sspidus caonot
be mnduced exp fly by tatal hypapt y, but

sequises a functioning adenchypophysis, the renal actions

of the antemor and postentor lobes of the pitustary are

pastly 12 zad partly 28

The thyroid. Possibly through its geaveal effect of sumu-

lating metabolism the thyroid has some wflueace upon the

size of the kidneys and also upon the wtestinal absorption
2nd the reqal exeretion of water

The suprarenal cottex Certain sterotds secreted by the

suptarenal cortex have two major effects upon renal func-

500,

1) They promote the tubular reabsorption of sodum. In
Addison’s disease the excrenon of sedmm continues
although 1ts concentration m the serum 1s subnormal,
a defect of functton whch can be corsected by adrenal
cottical extracts or by synthetic stecards such as deoxy-
cottone.

1) They promote water diusesis. They maght do this by
7 g the distal reabsorp of sochum which
serves to release “osmorically free wzm . of by a more
speatfic to the d where
1t controls back-diffusion of water.  Adrenal cortical
hormones mughs, for example, close the pores which
the antidtarenc hormone seems to open, It scems thar
adrenal cortteal hormones are required 10 provide an
essential back d for the 4 of the
of water, :hough they do not ditectly conteal st The
failure of diabetes imnsiprdus to be estabiished when the
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adenohypaphysts 1s destroyed may be explained in
part by lack of adrenocorticotrophic hotmone and of the
steroids which it mobilizes, Chalmers and Lewis have
described the restoration of 2 normal diuretic response
to water by adrenocorticotrophic hormone in patients
with panhypoprtuitarism. 12 The diurettc response to
water is impaired in patients with Addison’s disease,
but 1t may be incorrect to attribute the poor watet
dsuresis of these patients directly to 2 lack of suparenal
hormones and of thetr effects within the kidneys, for
the salt-deficient subjects of McCance’s experiments
showed a similar impairment of water diuresis, althongh
the absence of sodium from thetr urine jndicated that
their output of adrenal cortical hormones was unim-
patred, 1f not greater than normal.

The gonads, Testosterone has been found to sttmulate the
growth of the renal tubular epithelium; and progesteront
shares some of the salt-retaming properties of adrenal
steroids E

The parathyroids. The parathyroid hormone increases the
renal excretion of calcium, probably by raising its concentra~
tlon in the plasma. This in turn may be partly due to an
snfluence upon the teabsorption of phosphate by the renat
tubules, but also to an effect upon the bones.

Two of these hotmones possess actions which might be
employed to regulate the volume of the body fluids. These ate
the antdiretic hormone of the neurohypophysis and the
adrenocorticotrophic hormone of the adenohypophysis. The
antidiusenic hormone, working on a background of basal adrenal
cortical function, could be used to signal the kidneys to retan
water, and so to adjust the volume of water 1 the extracellulat
compartments to the amount of sodmm in them. This would
both stabilize the extracellular osmotic pressure and tegul.ﬂle
the volume of water in the cells by controlling the distribution
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of watet between the Tolar and {Hal past
ments  The adrenocorticotrophie hommone working upon a
‘back d of constant Tular osmotic pressure provided

by the antiduetic hormone, could thea be used to stgnal the
adneys ta release of retan sodium and so vasy the toral volume
of water 1n the extraceltular compartments. These two hypophy-
seal hormones fook like the rewns by which the body drives the
paited kidneys, Between them shey could be used to regulate
the total quantity of water 1 the body 2ad also tts distribution,
As might be anticipated from the maaner tn which these hor-
mones are released, and from their pertpheral actons, the one
direet upon the kudaey, and the other indirect, the control of
tonucity is precse and quick-acung, that of volume less precise
and usually rather slow, alfowing characterssuc Suctuations
with an ixregular periodicity of several days.

The central prablem of how the volumes of the body fuwds
are regulated therefure shafts to that of discovening what controls
the zelease of the two key hormenes  Sttice the sires from which
these 2re released are the two morphologieal divistons of the
hypophysis, the 1 4 are bikely to operate
through the hypothalamus. The factars which govern the
selease of the antidiuretic hormone will be taken first, because
knowledge of them s fuller and more precise, and because the

fivwg of asmatic pressure sets the stage for the regulaton of
volume,

THE RELEASE OF ANTIDIURETIC HORMONE

Far and away the most smportant single factor which causes
the antiduretic hosmone to be released from the hypophysis 1s
an increase tn the asmotte pressure of the extracellalar fluid,
An inctease of 1%, 1n the osmouc pressure of the blood flowing
thiough the internal carond artery s sufficient to releass the
hormone, and as Verney has so beavtsfully shown, this s the
basis of 2 quick-acting homeostatic mecharusm which regulates
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the osmotic pressure of the body fluds with great precision, %, »
When the hormone reaches the kidneys in artesial blood whose
osmotc pressure is beginning to rise, the kidneys reabsorh 2
flud more dilute than the plasma and dilute the venous blood
which leaves them. When the osmotic pressure of the extra-
cellular fluid falls as water is absorbed into the blood, the familiat
brisk water diuresis which checks the fall in osmotic pressure
withmn the body occurs after a charactenstic delay of 10 to 15
munutes while arculating hormone disappeats. The sensitive
end-organs (osmoteceptors) which respond to alterations in
extracellular ostmotic pressure have not yet been cectanly loc-
ated, although they may be associated with fluid-containing
vesicles, 50 to 60 g in diameter which have been found in the
supra-optic nucles, The efferent nervous pathway to the neuro-
hypophysis 1s 1n the supta-optico-hypaphysial tract.

Nervous impulses from osmoreceptors may contsibute to the
tegulation of tonicity in two quite distinct ways. Pauents with
duabetes 1nstpsdus and antmals 1n which this conditton has been
inytated by dividing the supra-optico-hypophystal tract regulate
the osmotic pressute of their extracellular fluids almost as
satisfactorily as normal antmals provided that they have unre-
stricted access to water. They expertence thirst sooner and more
urgently than normal animals, but so long 2s therr thirst can be
sausfied the tonictty of the body fluids can be kept within
pormal lmits. The osmoteceptors cannot now signal the
neusohypophysis to release 1ts antidiuretic hormone, but the
sensation of thirst must be aroused in a notmal tmanaer as 5000
as extracellular osmotic pressure begins to sise. Hence it appears
that the osmoteceptors perform two functions; they stgnal
thirst to the cesebral cortex, and they cause antidiuretic hormone
to be released, so that the loss of water 1n the urine is held in
check until more water has been found and ingested. The
peculiar value of the antidturette hotmone is that it enables an
atumal to mantamn sts water balance on a smaller intake and
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wrnover of water than wonld be required otherwite. 1t also
seduces the amount by which the tomaty of the body Ruids
A between diffe of dnnlung, and reduces
the necessary frequency of these ovcasions  Without 1t & great
deal of time and energy would have to be spent in the pursut
of wates, and 4 great deal of heas would have to be wasted in
saising it to the temperature of the body. Thus a pauent with
disbetes msipidus who drank 20 Litres of water at 170 C, each
day, and excreted 1t ar 37 C,, would lose 400 Cal 1n warming
1t~ more than K%, of his rotal metabolic heat production

An effector pathway leading from the hypothalamus mught
be expected 10 be 2 final common path which could be actvated
by afferent impulses converging from a wide field, and 1n fact
many factors besides alterations in ostotic pressure affect the
1elease of antidiuretic hosmone. Most of these are merely listed
with hide comment. A paper by Strauss and athers gives
wseful references ™

TACTORS AFFECTING THE RELEASE OF ANTIDIURETIC HORMONE

1. Hyprosss
2. Cotd.
3. Alcokol.

These all watubst the release of antichuretic hormone. The
snhsbitory effect of alcohol 2t night may contribute ta dehydra-
tion neat motning,

4. Condinoned reflexes may esther strmulate or mhibay

5. Locat sumulation of the hypothatamus, erther elactricatly
through bursed electrodes, or by the njection of small
quanuties of hyperronie saline, teleases anudwretic hormo-
ne. The expenments with hypestonic sabine might indicate
that there are osmoreceptors m the hypothalamus, but
they need not do 5o because the solutions employed were
strong enough to sumulate 2uy nerve axons with which
they happened to come 1t contact, 2ad hence could have
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initiated 1mpulses at 2ay part. of thc seflex arc between the
ptors and the P
The smoking of tobacco, especmlly by those unaccustomed
to 1t, or the intravenous injection of about the same amouat
of nicotine as would be absorbed from the smoke, and
injecttons of acetyl-choline, all lead to release of antidiure-
tic hormone. These drugs presumably act at synapses on
pathways leading to release of the hormone.
Anaesthesia and sleep are accompanied by the release of
the antidiretsc hormone. Its rclease during anaesthesiz
ludes a resp to and early
work on anaesthetized animals showed that postetior
prowitary extracts possess a diuretic action, which may be
secondary to their effect upon systemic blood pressure,
and which caused confusion when antld.\urcuc effects
began to be d in d antmals.

. Release of the hormone during slesp has the convenent

result that most of the daily output of a Iitre and 2 half or
so of unne 1s excreted by day, so that the urine seceeted
dunng the night may be accommodated in the bladder,
and sleep may be uninterrupted. The unne obtained when
the bladder 15 emptied on rising is normally more concen-
trated than any specimen passed during the day, and is
to be preferred for routwne clintcal examinations, since
abnormal chemical constituents present in higher concen-
trations and are more certain to be detected, and erythro-
cytes rematn unhzemolysed

Muscular exercise is usually accompanied by r:lcasc of
antidmretsc hormone.

Famnting, pam, and unpleasant emotions Jead to the release
of antidiuretic hormone.

Alterations 1n the volume of the blood and of the extra-
cellular fluids of the body, as well as alterations in their
tonicity, may lead to the release of antidiuretic hormone
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ot may inhibir ss selease when ths might otherwise be
expected.
Posture influences the output of the hormone, which tends
10 be increased in the ereer posture and otubued for a
time by recumbency, The effecy of sleep over-rides the
usual postaral ifluence of tecumbency 10 waking subjects,
the collard osmotic pressure, haemoglobin concentration
and packed cell volume acre ysually at theie lowest w the
smorning after 3 mght of reeumbent sleep because the
hasmioddutian produced by the postare (which 15 assocr-
ated in waking subjects with dinsests) 1s augmented by the
antidterette effect of sleep.

12. Tume of day has an infiuence which 15 probably secondary
0 the sequence of acuvines wsually gssocated with it
Sieeping and wakefilness appear to be the most waportant
facrars cansing dimrnal modifications 1 the excreton of
water,

13, The elease of 3 ! may he mbubitad
by breathing § —- 7% carbun dioude. "

A file ot be sad about the effects of emonon and of condt-
tioned reflexes before passtag on to more detailed discnssion
of the responses of the kudneys to alteranons i the voleme of
the blood 2ad of the extracellutar fusds.

1

il

EMGTION

A number of responses to ¢mononal distutbances in man
and 1o upsetting crecumstancas t asumals have been 2ecognized.
Verney has described how 3 notuous strmulus (2n electac shock
©1 3 hasty noise) may check water diurenis i dogs o a manner
whick can be matched by the 1ngection of 2 tutable smalt dose
of posterior prustasy cxrrace. This infbotion of water dinresis
through the tefease of aaudmrenc hormone does not oocur
it all dogs; some seesete adremabne, which produces a shorter,
shatper and less complete anudiuresss of its own, bat prevents
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the release of anttdiretic hormone, After denervation of the
suprarenals, which prevents the secretion of adrenaline, however,
dogs which dtd not previously release antidiuretic hormone on
receving the nocuous sttmulus do so. Since 1t has been shown
that adrenaline does not nhibit the action of the antidwretic
hormone within the kidney, the difference in response between
different dogs seems to depend upon whether they secrete
anndiuretic hotmone before adrenaline or not. Antid
tesponses typscal of the effects of the antiduretic hormone
have been encountered in well-hydrated panents or experimen-
tal subjects who have been hurt, or anxious, or have become
alarmed about the procedures to which they were being sub-
jected.

A different kind of response, diuretic instead of antidiuretic,
has been descrtbed 1n pattents, especially hypertensive patients,
1n tesponse to catheterization, ot the anticipation of this proce-
dure, or to the appearance before them of a gowned surgeon who
discussed their case, 5 This was in fermale patients who had
been deprived of water beforehand with the object of reducing
the munute volume of urine, and 1t was proved to be an osmotic
diurests d i

y to di ished tubular reabsorp of sodmm
chlonide. Since 1t was not inhibited by exogenous pitressin, it
does not tmply that the more usual increase in output of anti-
diuretic hormone with emotional stress had not occurred; the
d were ble for 2n d output to be demon-
strated. One of these patients also produced a profuse water
diurests after cystoscopy although she had been deprived of
water for 24 hours beforehand. The output of urine rose to
18 ml per munute, and the spectfic gravity was in the range
from 1002 to 1005, This large diwuresis can only be ascribed to
a suppression of the of di 1 undet
condiions of dehydration 5
It thus appears that emottonal stimuli may modify renal

function 10 ways which appear contradictory at first sight, but
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are not 5o because they depend upon the conditions under which
the observanons ase made. These emotional responises are of
pnmal importance because they may fead to Actinous results
dures which ate employed for & testng. Thus

exther 2 water diuress of an osmouc diresis oceuretng dunng
2 conicenteation test could lcad 0 erroncous diagnoss of renal
and 3 duting & didution or a

water excretion test wonld be equally confusing.

CONDITIONESD REFLEXES

Both diuretsc and d may be cond. {
Bykow found that when water dmrcsxs had been repeatedly
produced in dogs by reemal admumistravon of water, 1t was
sufficient 1o make the customary preparations without injecting
any water, Diurests would occur as though the usual dose of
water had been given An ofgan tone sounded whea water was
adminsstered could be made mnto 3 condwioned stimulus, and
dfferentated from other tones unassoctated with the admunts-
trztion of water. Even the expenmental room mught become a
conditioned sumatus, so that the dogs gave dmretse respogses
in one room and anttdiurctic responses in another  Anticdiascsts
has afso been described in response to the sound of the 1ndne-
uon coil used for admintstering electrec shocks.

These responses to emation and to condioned seflexes
sndicate that neurones originating in the cerebral cortex am-
page, probably 1o the hypothalztmws, upon refiex arcs which
modfy the output of antidiretsc hormone M response to
aherations in osmotic pressare  They alsa have 2 beanng on
seproducibility 1s 8 cutenon of the syzmficance of expenmental
zesults. They suggest that seprodacibility 1n 4 seqtes of antmals
wmay be more sigauficant than reproducibibiny ia the same aqmal
on a aumber of oceasions, and that we should be on our gunrd
lest the ble “truned
anmal” becomes m ammal traned o give the nght answer
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‘The safest kind of expersment is that in which different responses
are tecorded under standardized conditions,

The List on page 133 is one mainly of disturbing factors. An
increase i the osmotic pressure of the extracellular fluids
temains the most important single stimulus which brings about
the selease of the antidmrstic hormone, There ate however
important indications that the selease of this hormone may be
nfluenced reflexly by alterations in the volume as well as in the
concentration of the body fluids. Reflex effects of blood volume
upon the renal excrettan of water 2ad of sodium may convea-
iently be considered tagether. ‘The discussion which follows
will be largely confined to effects of the volume of blood, for
Peters has suggested that the kidneys are indifferent to the
volume of extracellular fluid outside the blood vascular system.®
In general, moreover, alterations in the total volume of extra-
cellular fluid are likely to be associated with alterations in the
volume of blood 1n the same direction, ~— unless the liver
intervenes by drasucally changing the total amount of cireu-
lating plasma protein. It 15 tmportant to realise that the amount
of plasma protewn 1 the circulation must play a majos patt 1
determining what fraction the plasma forms of the whole
extracellular fluid volume, and that this 1s 2 factar which has
been left out of account mote often than aot. Warren et ak
have adduced evidence that even if the amoust of plasma
protein 15 seriously deficient, a large increase in the volume of
extracellular flmd can prevent the blood volume from falling
50 much that the circulation fatls, 23 The volume of citculating
blood may therefore be nsed as an ind of the volume of
extracellular fluid, though as one whose sensitvity depends
upon how much protein there 1s 1n the plasma.

THE EFFECT OF BLOOD VOLUME UPON RENAL FUNCYION

Clinjcal observattons have long suggested 2 consection
between renal function sad the volume of curculatiag blood-
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Bosst pointed out that the kudneys tended to retan sodmm
actrvely when the blood volume was dimunshed by haemorrhage
af shock, though he has probably over-sumphfied the problem
by suggestsng that the rate of excretton of sodwm chionde by
the Jidneys is stmply proporttonal to the cardiac output. ¥

Swee exrra-renal losses of water through the skan and laogs are
always going on, renal tetentron of sodium will catse the osmotie
pressute of the extracelludar fhuds, which 1 turn will lexd to
serention of watee under the influence of the anudiusenc hos-
mose, and, by sumufating thirst, 1o the duaking of more water,
This sequence sexves nogmally to mamtam the volume of the
extracellufar fhuds, and also of the blood if the concentration
of plasma protemns remans adequate.  If plasma proten 15
grossly daficient, howeves, the salt reabsorbed from the whules
20d the water absorbed from the mntestine will not reman i the
blood stream; blood volume will not be sestored, the straatus
which Jeads to zeteanton of sodwum by the kidneys will connnee
o act; and unless the dietary intake of salt is restricted, salt will
sccumulate with water wn the extravascular parts of the extra-
cellular Ruid compartment as oedema flmd The reduced blood
valume hete feads to 2 continuing inceease 1n the volume of the
extracelfular fusds although this 1s already greatly above the
siomal, a vicions eycle which 1s panly responsible for the gross
oedema d with neph d This cansot be
the sole factor causing setention of water s nepheasts howeves,
becsuse water frequently seems to be retuned 10 excess of
sodum, preyumably by inceeased secrction of pirattary 2an-
duretic hotmone, sa that the seram sodium concentranon may
be less than normal. When thus oceurs the Jow seram sodwm

ey stself bute to the hed

of sodim by the ludneys. For further detatls of renat handling
of sodin the mounegraph of Black may be consafted ¢

Tt is peshaps worth seressing that mete retension of what 1§
already snside the body eannot increase 1ts amount, addional
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quantsties taken in with the diet must be tetamed to produce
a positive balance. The salt and water which make up oedema
fluid, like the fat of obese persons, get into the body through
the mouth, and an mportant cause of oedemsa is thirst, secondary
to the retention of sodum chloride. Hence the importance of
salt-free diets 1n treatment, and the value of 1on-exchange restns
which abstract sodinm from the intestinal contents.

Esxtreme reductions 1n the volume of ctreulating blood may
reduce the excretton of salt and water by depriving the kudneys
of blood. It was once suggested that lesser vanations might
produce their effect by means of parallel alterations in the rate
of glomernlar filtration, the rate of tubular reabsorption being
constant. Such a theory was hard to prove because the day to
day vamatons in glomesular filtration necessaty to effect
homeostasts would wsually be too small to measnre, And it
soon became clear that the rate of reabsorption of sodwm by
the tubules was far from constant; it vatied uader the influence
of hormones released from the suprarenal cortex by the adreno-
corticotrophte hormone of the adenohypophysis.® Addison’s
disease provides a clinical example of seductions in the volume
of blood and of extracellular fluid which are not assoctated with
increased renal teabsorption of sodtum; and here the adrenal
cortical link 1s missing from the chatn,

Many experments have been petformed to test the hypoth-
ests that the excretton of water and sodium varies with the
volume of crrculating blood, Some of these ate hsted 1n Table 3.,
classified according to the effects they produced, with “anti-
diuretic” procedures shown on the left and “diuretsc” proce-
dures on the right, References are given to the more recent
work. Information about the earlter work is given i the asticle
by J. P. Peters which has alteady been quoted %

It has been emphasised that the excretion of water by the
idneys 1s not Jy independent of the ion of salt,
because an increase in the amount of solute left 10 the tubules
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reduces the amount of water which can be reabsotbed, and
inereases the volume of the urine  Consequently the alterations
10 reabsorption of water which are bisted 1n Table 3 were often
in part secondary ta changes in the reabsorption of salt, and 1t
is not abways possible 1o be cestam how much of 2 change
water reabsory should be attsbuted to an alteration 1 the
output of d h Many procedutes which
zeduced the excretion of sodium and wates also reduced the
rate of glomernlat fliration and the circulatton through the
kidneys, but not enough to account for the abserved alteration
in senal function without 20 tncrease w rabular reabsorpnon
inaddinon Moreover some of the gentler pracedutes influenced
the seabsosption of sodum or of water without affecung the
flteations sate or the renal arcwlanon  Thus Welt and Orloff
®,7) found that of (4%,
sotutions of salt-poor human serum atbumun dissolved i normal
saline, produced 1t rechning buman subjects a typreat busk
water draresis due to suppression of the release of anudiuretsc
hormiong, and whach occurred without any discoverable change
1 glomerular filtrauon rate ¥ Glomerulas filtravon rates
wete also usnally unchanged by the infusion of hypesoncotic
solutions of albumun,

A firse glance at Table 3 suggests that the hypothes:s of a
conncction berween senal excreuon of sodiam and water and
the volume of arculsting blood has been reasonably well

b d. The “znnd 48 d: Al 5and G,
1 to 5 all reduced the volume of virculatag blood, and the
“diutetsc” procedures B, 1, 2, 6 and 7 and D, 1, 4 and Sall
ncteased the volume of blood or of extraceliular flud.

The effects of the procedutes A, 6 aad C, 6 however point 2
Watning to look out for other factors The intravenous infusion
of about 75 grams of saft-poor hurman serum afbusmin as esther
3259 or a 10% soluuon m 0 9%, sodium chlonde substan-
tally increased the valume of arculanng bload, but thus was
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TABLE 3

Some procedures which modsfy renal excretion of water and electrolytes.
{References 1 parenthests)

A Procedures followed by mioreared  B. Procedures followed by deereased
reabsorption of water,
1. Hacmorrhage, shock, (7)
2 Passive ercct posture, (26)
3 Joflawon of pneumatic cuffs

*

w

o

o

around proximal parts of limbs.
(29, 107)

Sitting up (after lying fat) (47,
100

Intrapenttoneal myection of hy-
peroncotic albumin solutions
a9

Intravenous nfusion of hy-
peroncotic albummn solutions
(34, 66, 109)

Abdominal compression (3, 9)
Inflation of balloon m vema
cava (27, 28)

Procedurcs followed by smreased

reabsorption of sodim

1. Haemorrhage, shock (7)

2. Passive ezect posture (26)

3 lnfaton of preumanc cuffs
around proxmal parts of limbs,
(29, 107)

4 Sitting up (after Iying fat). (47,
100)

§ Inteaperttoneal myection of hy-
peroncotic albumin solutions,
[

6. Intravenous nfusion of hy-
peroncotic albusmun solations
(34, 66, 104)

7. Abdomunzl compression. (8, 9)

8. Inflation of balloon i vena
cava, (27, 28)

[~}

reabsorption of water.

1. Plasma transfusion

2 Lying down, (54)

3, Breathing air at pressures below
that of the surrounding atmos-
phere. (80, 81)

Ioflation of pncumatc cuf
around neck of sitting subject.
(47, 100)

Compression of legs by elastic
bandages (49)

Rapid infuston of isotonic saline
in recumbent, hydrated subjects
5, 92)

Intravenous infusion of iso-
oncotie albumin solutons (104)
Lowenng céntral venous pres-
sure by digoxin 1a patients with
congestive cardiac falure, (23)

-~

»

&

had

Procedures followed by decreased

reabrorption of mduo.

L Lyng down (54

2, loflation of pncumatic coff
sround neck of situng subject
(47, 100)

3. Compression of legs by elastic
bandages (45)

4. Intravenous mfusion of hypo-
tonue saline dunng watee dive-
esis (93)

5, Intravenous infusion of 1sotonic
saline.

6, Lowenng central venous pres-
surewith digoxin mpatieats with
congestive cardac falduse (23)
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followed by an antidiusetic response which would bave seemed
mote appropriate if the vohume of blood had been decreased.
The antidiatesis which occurs when the “passive erect
posture”™ 15 assueond, (A & C2) by standing quetly, leaning
stightly back against 2 suppost wath the romscles of the legs
1elaxed, or better, by upping en a tlung table, 1s accompanied
by a dimination m blood volume by exudanon of fusd from the
vessels in the lower parts of the body which leads to an 2acrease
11 the cancenteattons of haemoglobun and of plasma protetas,
and to @ greates packed cefl volume, Although the glomerular
filteation rate is reduced, the anudiucesis 1s partly due to 1n-
creased tubtlar reabsorption of sodiun, and sughe be taken for
20 exealfent example of enhanced reabsorption of water and
sodium 2ccompanying 2 diminution tn the volume of the
circulating blood. Bur of the dinunuuon m blood volume 15
P ed by 2 slow nfusion of tic human
serum albamin to offset the loss of fwd from the blood vessels,
the change to the erect posture 1s sull followed by ats vsual
antidsetic response.  Moseover the postural snesesse 1 reab-
sorption of sodum and water on sitting up (A and C.4) takes
place immediately, before the bload volume has had tme to
change  Such abservations mndicate that the distbuton of
Blood between wanous pasts of the arculation may have a3
£reat an influence vpon renal funcuon as the total axculating
volume, This suggestion recerves further support Fram the
astidigsetic effeets of trapping blood 1o the penphesy by -
fatiag preurmatic cubfs round the thighs, (4 and €, 3, a proce-
dure which mumics in the heat subject the diseetbuth
of blood praduced by quet standing) contrasted with the
dustetic effects of gathonag 1 the blood towards the ceatre of
the body by breathing ast ar # pressuse below that of the sac-
tundtng phere (B,3), or by P of the fegs with
clastic bandiges (BS & D,3). Some espenments have evea
Ieggested 2 wolume receptor within the cranumy, for the
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reduction in excretion of salt and water which occurs on siiting
up (A & C,4) may be almost wholly prevented by the inflation
of 2 pneumatic cuff round the neck to ptessures between 15 and
35 mm. of mercury, (B4, & D,2). This procedure must increass
the pressure of all the intracranial fluids as well as the volume
of venous blood within the craninm, and one of othet of these
changes might inttiate signals to the kidneys to increase the
excretion of salt and water.

Adjustments to small or gradual increases in the volume of
extraceliuler fluids without changeag theit tonjcity are wsually
rather slow, and several days are required to excrete the whole
of a moderate dose of tsotonic saline, Massive infusions of
isotonuc saline, especially when they are run 1 quickly (doses
of 3 litres have been admrrustered to human subjects in pertods
of from one to two hours) may produce a rapid response if the
subjects are well hydrated beforehand and are recumbent; but
thts rapid fesponse 1s a typical water diuresis (B,6) and must be
due to suppression of the output of antidmretic hormone.
‘The absence of a brisk water diaresis in sitting subjects demor}‘
strates an effect of posture upon the release of the antidmeetic
hotmone, and the diurests during reenmbency shows that an
tncrease 1 the volume of the extracellular fluids, as well as A
decrease 1n thetr osmotic pressure, may supptess the secretion
of antidiretic hormone and hasten the elimination of waret
"The more usual slow reduction 1 seabsosption of sodium with
secondary increase 1n excrenon of water after moderate doses
of isotonic saline 15 presumably medrated by slow changes 1t
adrenal cortical activity in response to alterations in the outpur
of adrenocorticottophic hormone. It 1s probably necessary
to 1nvoke another, brisker mechanism to account Ia.t ’thc
mmediate change in the zate of sodim reabsorption on sitting
up (C4) This mught be 2 direct effect of the sympathetic
netvous system upon the tubules, for Kaplan and Rapoport
found that division of the splanchnic nerves reduced the rate
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of tubular reabsorption of sodium dunng osmoue dumresss m
dogs #

When concentrated solutions of sexam albumin ware placed
in the pentoneal cavity (A & C,5) there was an increase 1n the
coltoid osmotic pressure of the arculanng bloed, assoctated
with 3 decrease 1 1ts volume  The senal plasma flow and
glomerulae filtraton rate wese dunished, and the expected
antidiusetic response, appropriate to the change 1w blood volume,
occursed.  This combiaatton of rawed cofiord ozmotte pressute
with 2 reduction 1n the volume of rculating blood alse oceuts
duting quiet standing, and when preumatic cuffs ate inflated
round the thighs. Since zny reduction 1 blood volume caused
by a loss of protein-free fuid from the vessels must be accom-
pansed by an inerease 1n zollowd ossmotic pressure, it has been
suggested that a receptor sensttive to collosd osmotic pressuce
mught be employed to signal alterations i blood volume, The
paradotical TLSPODSE 1O EXP of the blood
volume by infustng concentsated solunons of albumia {4, C6)
would be explained 1f such a seceptor was misled by the hugh
collard osmotic pressuse of the mfusion into signathng a decrease
10 blood volume when this had actually incseased  But althongh
the colioid asmotic pressuze of the plasma also increases dunng
“passive standing™, the renal response to the change n pastare
may begin before esther the volume ot the collord osmotic
Pressure of the blood has had ume to change. The greater
hydrostatic pressure n the vewns and capilianes of the leps leads
10 exudation of fled and sets up a compensauing gradient of
collod oxmone pressare which holds farther exudason n
check, The tnerease 1o oneotic pressuse s thus part of an exen-
. tenal process of readjustrment to the new postuse, and 15 inde-
pendent of any direct pare which oncote pressuse might play
8 the reflexes which alter renat function to combat the dumne
1shing valume of blaod. So far no lacalised “encoreceptor™ has
been demonsteated, although the volume of the whale vasculax
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and from the carotid sinus and the aortic arch. There mighe
also be afferents from blood vessels all over the body, signalling
continuously the amount and distribution of perspheral vaso-
constrictor tone back to the centre. It is hard to see how the
adjustments to changes in orientation with respect to gravity
could be made without the information provided by such
afferents. Alternatively the efferent paths to the blood vessels
might branch, and convey to some subcortical centre “for
information” a copy of the orders gomng out as constrictor
impulses to the blood vessels “for action™.

It seems probable that all the afferent information from the
vascular system 1s co~ord d and integrated somewhere, per-
haps in the hypothalamus; and it is possible that besides the main
vasomotor efferent pathways to the heart and the blood vessels,
there 1s another output of nerve impulses to neurones which
control the secretion of the two key hormones, and perhaps
also via the sympathetic nerves to the tubular epitheltum,
Another possibility is that the release of the hormones 15 control-
led not so much by the overall picture of vasomotor activity
as by impulses arnving along a2 few selected afferent pathways,
The latter 15 perhaps the likelier hypothesss, although the two
ate complementary rather than mutnally exclusive, since there
is no doubt that cortical events as well as peripheral changes
1nflucnce renal function, The problem is to find suitable afferent
paths for this special task.

The veins seem unable to provide suitable afferents for the
whole task of evoking reflex changes in renal function to regu-
late the volume of circulating blood, and there are reasons for
preferring affe from the high-ps side of the circula-
tion. The prumary function of the vasomotor reflexes 1s (%lc
control of blood pressure, and afferent paths from the arterial
tree would seem better able than affecents from the veins to
provide 1nformation of the degree of vasoconstriction trequired
from moment to moment for this purpase. There is a factor
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which has not so far been mentioned which 1s common to
dith jated with 2 4 hed blood volume and
those assoctated with centraf venous congestion A fow blood
wolune leaves the arterial tree relatively empty, and constsictor
tone must be increased to mamntain the blood pressure. Even
when these 15 2 normal volume of bloed in the body, procedures
which trap blood w the pertphery, such as “passive standiag”
or the inflation of cuffs round the thighs, and procedures which
dam it up 1n the great veuns, all zeduce the volume tn the artertal
tree. When 2 balfoon 1s nflated in the vena cavz, blood 15
dacned up an the venous side of the crreulsuon, with a corte-
sponding reduction: wn the volume sn the artertes, and thew
€apacity must be reduced by 2 beighrening of constrictor tane
if the biood pressuse 13 not to fall. En congestve heare falure
the blood tends 1 be shifted over from the atteral to the venons
stde of the eirculation, whether because 2 greater venous
pressure 15 fequired to sustan the output of a faing heart, or
because blood which the heart cannot pump 1nto the artenes
piles up 10 the vetns. In all these condmons a reducuon o the
voltume of the artenal tree and a agher level of constuictos tone
¢ associated with retenvon of sodium and water by the renal
tubules, Hence afferent end-argans 1n some vascular cernitory
on the artenal side of the circulation maght provide the mussiag
picces fo eoable the ather pieces of the jigsaw puzzle (assembled
in Table 3) 1o be put 1n thess places. Two apparent excepuons,
the dretic sesponse to breathing at reduced pressure (B,3)
26d that to the reducuon of venous pressure with digoun
(B,8; ,6), might be due to an increased cardiac output requising
4 relwation of vasaconstrictor tone to prevent the systenue

blood pressure from nsing
Two soutces of afferent smpulses which mught serve to
cauple renal function with the volume of creulaung blood
Bave alseady been discoverad, but thew discoverers wese
it d in the i} of the arcul: and renal respan-

X
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ses to the impulses arising from these receptors have not so far
been sought for or reported. In 1935 Gammon and Bronk
investigated bursts of impulses which ded the splanct
nerve in cats 1o time with the cardiac systole, and traced them
to Pacintan cotpuscles lytng close to arteries in the root of the

y. 3% The freq of the impulses which they sent
out varted with the volume of blood in the mesenteric vessels.
In 1937 Heymans, Bouckaert and Wierzuchowsks described
vasomotor reflexes, with reflex arcs passing through the medulla,
from afferent nerve endings in the mesenteric vascular territory
and the abdominal aorta in dogs, 3  An ncrease in the blood

1n this area produced reflex dilation in the spleen,
kidney and hind limb connected to their owner by nerves only
and perfused with hlood from another dog.

End-otgans such as these are strategically placed to signal
the state of filling of the asterial tree, for the frequency of the
impulses which they send out should vary inversely with the

ling level of v 1ctor activity. If the blood volume
were depleted, or if blood were redistnbuted away from the
arteries, the frequency of their afferent impulses should fall.
If the impulses asriving in the hypothalamus from such areas
as these shibtted the output of the key antidiuretic and adreno-
corticotrophic hormones, this would go some way towards
plai not only the ad of renal function to regulate
the volume of the blood and of the extracellular fluids, and the
results of most of the procedures Iisted in Table 3, but also the
genests of cardiac oedema,




VI EPILOGUE.

The legacy of unaaswered questions teft tke a tradl along its
coutse may be gathered together to recapitulate the main points
of the foregoing descripuon of senal function  The sepagatton
of the glomerular filtrate mto the reabsorbed flud and the urine
depends upon a seues of unexplaned processes of cellular
transport, and upon equally mystestous restrctons which parts
of the nephron seem able to wApose Bpos SOmE of the secondary
passtve movements which would he expected to 2ccompany
these active transfers

Some organsc compounds are transposted acass the tubular
epithelivm by metabolic processes which may valve acetyl-

A, butthe details of these p ate quite unknows,
and 1o any svent the actve excretion of foreign substanees 15
only an occasional exercise for the epithelisl cells  The
relattve impermesbility of the tbules to most oTgant com-
pounds, even to the highly soluble and non-polar urea, with
fts small molecular volsme and ready diffasibility tnto cells
inside the body, is no less my and of greater physsol
al imp Unless the epithelial cells luung. the tubules
were unigue 1 thesr permeability many molecules of waste
products excreted 1o the glomerslar fte would be passively
zeabsorbed by back-diffuston and would never reach the unine

Active reabsorption of sodwm appears to be the manspang
which drrves rany of the kidneg’s operations upon wate and
eclectrolytes, but st 15 not known how sodium 5 sransported
through colf s against grad: The

d of other 18 d 1 the
proximal pamts of the nephron, where reabsorption Gf sodum
[§31%1
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togethet with antons and water can account for the obligatory
teabsorption of five-sixths of the volume of the glomerular
filtrate without changing the osmotic pressute o the pH of the
fluid which remains m the lumen of the tubule. Asions pass
freely zcross the epithehum of most of the nephron and preserve
electrical neutrality when cations are reabsorbed. But the active
reabsorptton of sodtum through a segment of distal tubulac
epithelium which prevents chloride from following in its wake,
could cause hydrogen 1ons or other cations to move out of the
cells 1nto the lumen 1n exchange for the reabsorbed sodium;
this would acidify the urine, and it could also account for the
secretion of and itmes of p

The cells ining another segment of the distal tubule must be
able to reabsotb sodium, and to allow anions to accompany it,
but to prevent the escape of water to equalize osmotic pressure.
Although this water-proofing of an epithelium is exceptional
11 the nephron, 1t 1s found throughout the lower urinary tract,
for dilute urtne formed in the distal tubule stays dilute n the
renal pelvis, the ureter and the bladder. But the water-proofing
of the lower utinary tract duffers from that of a special segment
of the nephron, 1 being the property of atransitional epithelium,
not of a single layer of cells, and 1n heing permanent; whereas
the impermeabtlity which testricts diffuston of water from the
distal tubule to the blood when dilute urne 1s being formed is
reversibly abolished by the hypophyseal antidiuretic I
Whlst the nature of this facultative jmpermeability is unex-
plained, the effect of the antidwretic hormone upon it 15 anal-
ogous to the action of postesior pituttary extracts upon frog
skan,
The urine may be more concentrated as well as more dilute
than the plasma; there must therefore be a further segment of
epitheltum, possibly a short one, whose cells can zcuv.cly
reabsorb water as such against osmotic gradients, whilst
hundering the backdiffusion of all solutes from concentrated
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tabubar fud to plasma.  Even if smaller osmotic gradients
produced by tmansporting water through cefls are amphbified
by 2 countercucrent diffuston systern to give 2 lzrger total
Aifference in osmotic pressuze berween the unne ang the bloed,
active transport of water without accompauying solutes s
suil 2n essential pnmasy process which his yet 2o be explaned

“There seems to be a npecessary mummum of processes which
can transport substances actively or restnct thair passive move-
ment; transport of some organic compounds, of sodm and
of watet; restrictions upon the diffuston of orgame compouads,
and sometimes of afl solutes which would move with water,
of 2mons which would follow cwnons, or of water which
would accompany cauons and arwoas  And even of the back-
diffusion of water which the satidwreuc hormane controls 15
through pores in an Hlalar cement, the der of the
group must depend upon properues of cells, and nat merely
of non-living structutes, for the gross renal functions which
are the outward sign of these mvisible celluar activiies are
mbohshed by mmbohc potsons, by anoxta ot by respisatory

upon diffuston come

wathin the terms of the modesn dcﬁmuon of active transport
s that which results in movements diffetent Jn dizection or 10
veloatty from those which kaown gradients of elecrocal and
chemica) potential could preduce, The encrgy which has to be
expended in the course of all these operations 1s denved ult-
mately from 1y through the med: of
phosphone esters contaning “high-energy™ bonds  Bat that
18 just about aff that 15 known about them

Although, thercfore, the wotkung of the kidnevs can be
analysed and deseribed m terms of active transport of arganic
metzbolites, of tons and of water, 1t cannot be fully explamed
untl it ts kaown how eells transport these substaaces. Thus
problem 15 of wterest to 2 wider aircle of physiologsts than
those whose prmary concern 35 with the kidney, for seerenon
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