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Foreword

¥ making avaslable this informative and thought-provelking book, my
colleague, Dr A V. Walf, has performed a brilliant and timely
service to those who wish to keep abreast of the developments in renal
physlulv"y and related fields Many investigators and clmicians are
d today with hypotheses that have gained wide-
spread acceptance, largely through a process of repetitton They will
welcome the opportunity to revise outmoded concepts Tegarding body
flmd and electrolyte metabolism in health nnd dxsease.

Dr. Wolf draws from us own dasi i and
teacher and from the abundant literature on the subject His origimal
integration of established facts, old ghd new, advances the reader’s
sbility {0 understand varations in volume and composition of urine
under different conditions The quantitative view stressed by the
author is of great import, it is particularly practical mn the treatment
of the problems of thirst, dinresis, and steady states Dr Wolf has
keen jnsight mto the needs of the physiologist, the clinician, and the
pharmacologist ¥e clarifies such intricate subjects as the regulation
of body volumes as compared to body concentrations; the problems of
absolute and relative del ion and hydration; renal r
and the ‘endocrine relationship to urine volume and compositon  His
classification of edemas should gain wniversal acceptance

Many, like myself, will appreciste the author’s singling out of com-
monly employed terms that are ambiguous or meamngless and his efforts
to replace them with logreal and exaet expressions, This example in
semantjes might well be heeded by those who plan reviews of other topies
1 the biological seiences

The monograph is documented with the most extensive ‘bliography
thus far pubhshcd in this field, its value to the imvestigator is obvious
1 was by the and structare of the
book  Text and xllustmnons are well balanced and there 18 a usefnl
system of cross references.

1 consider myself privileged to have been called upen to introduce
Dr. Wolf’s ““The Urinary Function of the Kidney.”? It s a muck needed,

refreshing review, a bhook that seems destined to achieve the status of
8 classie

Harown C Wicosrs, Pr.D
Albany, N. ¥

May, 1950
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xii PREF‘ACE

Tt is difficult for me to avoid some mention of the curious multiplieity
of hypotheses which afflicts renal physiology, since it is my belief
that few deserve consideration for having breadth. Except for some
few d ists, most nvesti s usually observe only what
their minds are prepared to observe, and dwell on those facts which
best fit their ideas, to the exclusion of others, The effect has been
te engender peremmal oversimplifications. Too many delude them-

selves that their experi have d d this or that fune-
tional relation, and lack of space in our scientific journals appears.to
Pproteet hypoth from suff d and caleulated attack.

Viewed historically, hypnthesmng about the kidney seems to have
little more validity for having stemmed from authority. Certain impor-
tant critical views of cven learned renal physiologists are nnimpressive
in retrospect. Much has been said, for .example, of the too great
defensive strength of an old *‘secretion’’ theory and we were once
cautioned to take no refuge there until the resources of a *‘reabsorp-
tion’? theory were exhansted, But what flights of fancy were sus-
tained along with the stubbornly persistent belief in the latter theory
at a time when 1t was manifestly at odds with sober evidence Investi-
gators still feel led to ling hypotheses concerning
the precise measurement of glomerular filtration, renal water conserva-
tion, or the independence of tubular reabsorptive processes even though
these ideas are contingent and possibly unverifiable Fortunately, they
have just enough substance to stimulate further research

No special hypothesis, much less theory, of renal function is proposed
jn this book If it tells the reader that; in the writer’s opinion,
clearance analysis is, in general, as empirical as other analysis and
that the illusion to the contrary 1s the dry rot of modern renal physi-
ology, it nevertheless treats these differing comtentions side by side.
The wnter admits freely that he does not always know when he is
T his own p or applying withoat warrant his
limited experience, or otherwise mndulging the Idols of the Cave. In
consequence {and not by perversity alome) the following pages are
pecasionally agnostic where to others the physiological faith seems clear,

It is a pleasure to declare here my indebtedness to some of those
who helped to fructify this work--to Dr. Harold C Wiggers, Pro-
fessor of Physiology and Pharmacology of the Albany Medical College,
for his warm and effective encouragement; to Agnes E BMullin and
Wilma Whitney, faithful technicians who have contributed to the origi-
nal researches reported herein and to dreary tasks of checking refer-
ences and other bookish things; to Dr. Herta R. Leng, Associate
Professor of Physics of the Rensselaer Polytechnic Institute, for enlight-




CHAPTER

The Urinary Function in Water
Balance and Fluid Transfer

11 One of the useful abstractions of theoretic physiclegy is the
balance concept Perhaps the simplest defimtion of a balance is the
expression

Balance = Gamn — Loss

An organism m balance i3 defingd as ome that maintans constant,
within measured limits, the contents of one or more specified body com-
ponents[16] In practice a state of balance must be defined arbitranly
except under unusual experimental conditions Intakes (gaims) are
not physwologically constant or uninterrupted, meitber are outputs
(losses) We often call the ‘‘mormal” or the usual state ome of
balanee, that is, zero balance, and we choose elapsed intervals of observa-
tion so that in the normal state the balance formula equates to zero
If, in this chosen interval, intake (and, therefore, rate of intake) is
greater than output {or rate of output), the balance 1s called positive
When output exceeds intake, then conversely, the balance is called
negative. In mammals, intake 13 usually ntermittent and output
continuous The usual balance obtams when neither mtake nor output
13 forced, when there 13 neither nor
and where sufficiently long periods (usually 24 hours) elapse s0 that
rhythms of feeding and sleeping shall be mtnunized

Zero balanee is a eritieal equilibration point  With respect to water
a man comes nto zero balance at meal times, when we suppose be has
1o excesses or defieits (positive or negative loads, respeetively) If
he then loads himself with water by forced ingestion or infusion,
regulatory mechamisms come into play to reduce the water load to
zero In the absence of excessive sweating, the reduction of a larze
positive water load is usually, and mainly, secomphished through renal
action, that 1s, urinary flow augments A negative load of water or
absolute debydration usually calls forth a compensatory mechamism in
the form of reduced urine flow which favors the restoration of water
balance by decreasing the difference between intake and output

1







WATER BALANCE AND FLUID TRANSFER 3

surface area, that is, is proportional to metabolic rate and surface ares
rather than body weight However, Adolph[16, 19] finds, for mammals
. varying 1n size from elephant to mouse, that the rate of water intake
varies with the 088 power of the body weight, the heterogonic equation
being
2= 0 010B°% [¢Y]
where i 1s rate of water intake 1n grams per hour and B is body weight
in grams
In a hot, desert enmvironment the facultative water output of the
shan in the form of sweat may amount to several liters daily[20].
Similar water loss through the feces occurs 1 diarrhes. In these
instances 2 water balance can be struck through appropriate adjust-
ments m the intakes, chiefly by drink which 15 obligated in larger
quentities. Clinically 1t becomes difficult to manage the water balance
aceount of an individual as his condition deviates from the physiologieal
normal, espectally where the extent of the excess or defieit 13 not well
known or the magnitude of output 1s not aceurately gaged For
example, 1n most fevers no sweat 15 produced 1n the early stages in
spite of & derable rise m body {629] whereas profuse
sweatmng is a regular symptom of the defervescent stage In hyper-
therma the basal metabolic rate increases about 13 per cent per degree
C A rough approximation, based on a water loss of one ec. per Calorie,
suggests an increased loss of 13 per cent more water per degree C.
of fever 'The proportionality between energy metabolism and insensible
loss has been reviewed by Peters[841] The physiology of balance
suggests for therapy that we ereate small posttive water loads to eover
defieits beyond the immediate requirements, and so long as mechanisms
of water output retamn sufficient total integrity, our attempts to restore
a working balance will not appear clumsy, However, the difficulties
of artificially achieving balance are increased as regulatory mechamsms
become impared. If the urinary funetion of the kidney 1s reduced
too far, any therapy gimed at estabhshing balance becomes, in some
way, the wrong therapy

1.3 Water I Many sub 1f admi rapidly
and steadily, accumulate in the body as toxic loads. Often the rate
of growth of a load ! ion rate hes intake

rate but occasionally the kidpeys become unable to cope with a rapidly
developing load. They suffer a diminished abihty to cxerete, and load
growth s accelerated  Either of these condstions can be found when
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12. The Water Balance Statement in Man. Table I provides an
account of the water balance which might be found in an average
man in some temperate environment, and the traffic borne by the varions
pat.hs of intake and outp“t Its dwvision of intakes and outputs inte

¥ and Itative portions hasizes the ible nature of
the water balance which can be attained at greatly different levels of
water exchange, The obligatory urine volume is defined by Ambard and
Papm([37] as that mimmal volume of urine compatible with the excre-
tion of the solid material contained therem. It forms daily even when
fluids or food intake may be zero  Its rate of formation is the obligatory
urine flow. The facullative wurine volume is any excess above the

obligatory urine volume, d by ingesti and
TasLE I

A water balance statement for normal man (e¢ per 2t hours).

Intakes Outputs
Obbgatory  Facultative Obligatory  Facultative
Drnk 600 600 600 600 Urine
Water 1 food 700 0 400 o Skn
(preformed)
oOndative 300 0 400 0 Lunga
water of food
(potential,
metabolic)
200 0 Feces
Subtotals 1600 600 1600 600 Subtotals
Total 2200 2200 Total
d dent of physiol In the balance statement

we observe & 600 e Qbhgatory “dnnk” wntake offset by the abligatory
urine volume of 600 cc since the sum of the water contained in the
normal food mtake, plus the ‘‘potential’’ water of food which arises
from its oxidation, offsets the obligatory outputs of skin, lungs, and
feces,

QOxidative or ‘‘metabolic’’ water[12] 1s nearly proportional to the
ealorific value of food, 1000 Calores yielding about 100 to 140 grams
of water. The total water requrement is roughly equal to 1 ec per
Calorie During starvation almost no exogenous water is required
by the body. Dogs, for example, ingest only one-quarter the usual
amount of water upon interspersed days when no food 1s given{12, 602}

Richter[905] states that the average voluntary daily intake of water
in rats, cats, dogs, monkeys, and man i3 1142 cc. per square meter of
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surface ares, that is, is proportional to metabolic rate and surface area
rather than body weight However, Adolph[16, 19] finds, for mammals
, varying i size from elephant to mouse, that the rate of water intake
varies with the 0 88 power of the body weight, the keterogonie equation

being
1= 0 010B° [&H)

‘where s rate of water intake in grams per hour and B is body weight
in grams,

In a hot, desert environment the facultative water output of the
skin 1n the form of sweat may amount to several hters daly[20].
Similar water loss through the feces occurs in diarrhea In these
nstances a water balance can be struck through appropriate adjust-
ments m the intakes, chefly by drink which 13 obligated 1n larger
quantities. Chmeslly 1t becomes difficult to manage the water balance
account of an mdividual as hus condition deviates from the physiclogieal
normal, especially where the extent of the excess or defieit is not well
known or the magmtude of output is not accurately gaged. For
example, 1 most fevers no sweat 1s produced n the early stages i
spite of a considerable mse in body temperature{629] whereas profuse
sweating 1s a regular symptom of the defervescent stage. In hyper-
thernua the basal metabolic rate mncreases about 13 per cent per degree
C A rough approximation, based on & water loss of one ce. per Calorie,
suggests an anereased loss of 13 per cent more water per degree C
of fever. The proportionality between energy metabolism and insensible
Tosy has been reviewed by Peters{811]. The phymiclogy of balance
suggests for therapy that we create small pomtive water loads to eover
defiests beyond the immediate reguirements, and so long as mechanisms
of water output retamn sufferent total mtegrity, our attempts to restore
a working balance will not appear clumsy. Towever, the difficulties
of artificzally ach balance are d as
beecome 1mpaived.  If the umnary function of the kmney 15 reduced

too far, any therapy aumed ot estabhisking balance becomes, in some
way, the wrong therapy

13. Water I Many sub 1f admini: rzpidly
and steadily, accumulate in the body as tonc loads. Often the rate
of growth of a load decel as ion rate approaches intake

rate but oceasionally the kidneys become unable to cope with a rapidly
developing load. They suffer a duninished abihty to exerete, and load
growth 1s accelerated. Euther of these conditions ean be found when
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water is taken in rapidly and the syndrome of water intoxication may
oceur. Rowntree[916] has described this syndrome. In various mam-
mals, it is characterized by restlessness, asthenia, polyuria, pollakuaria,
oceasional hematuria[410], diarrhea, salivation, frothing at the mouth,
nausea, retching, vomitmng, tremor, muscle twitches, ataxia, tonic and
clonie convulsions, eollapse, stupor, coma, and death mn cardiac failure.
There is hemodilution, includmg a decrease in serum erystalloids
Oliguria is occasionally present The condition can be acute or subacute,
lasting for days (§63) It can be prevented and usually cured by the
administration of intravenons hypertonic sodum chloride or by oral
admimstration of salt

According te Smyth, Deamer, and Phatak{1010] neither water reten-
tion in the body mor hemodilution are the most essential features of
so-called water imtoxication, They considered the convulsive symptoms
to be more elosely associated with loss of systemie chloride by way of
the gastric secretion and the resulting alkalosis, noting that the loss of
chlorrde by way of the kidneys is only about one-tenth the total loss
while the greater loss 1s by way of yomitus In the absence of vomiting,
as in the rabbit, the water in the stomach takes up chloride so the loss of
this ion is effectively the same In this way chloride falls helow its
renal threshold in the plasma and 1s withheld from the urine, but its
subthreshold concentration deoes not prevent its diversion from blood
to stomach. Atropinized dogs do not develop symptoms of water mtox-
reation so readily presumably because gastric loss of chloride is minimal
Although these authors suggested that the effect of sodum chloride in
relieving p 15 80 as to make 1t appear that chloride
is more 1mportant than water in the syndrome, this is based on no
quantitative evaluation of the relative importance of salt and water.
“Heat eramps’’ or “miner’s cramps’[20] present a preture similar to
that of water 1ntoxication. Since these are relieved by salt or saline
they may constitute a type of water mtoxication in which, instead of
an absolute hydration or positive load of water in the body, there s
a negative salt load. Further, urea diuresis, which is not highly
shloruretie, is said to allevi the p of water i i .
[t is difficult to avord the conclusion that both conditions are closely
dependent on a lowered ratio of salt to water in extracellular flurds.

Several anthors have d bed water i jorr in human subje p
Positive water balance with primary elevation of intake 1s seen in
pgychintric polydipsia. The case s r.eported [63] of a dementia praecox
patient who drank excessive quantities of water with res‘ultmg canyul-
swons and coma, but with subsequent rect)very. Death in convulsions
has followed & cholecystectomny when 9 liters of water were absorbed
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by proctoelysis within 30 hours{529}. Reduction of urinary water out-
put together with elevation of water intake has also been studied
MeQuarrie and Peeler{759] have induced grand mal seizures readily in
epileptic subjects under pitoitary antidiores:s by exvessive water load-
ing. These effects are prevented by sodium chloride administration
and are thus correlative with water intoxication

14  BSusceptibility and Resiglonce fo Water Intozication. Renal-
Adrenal Relstions. Gaunt[409, 410) bas shown that after adtenalectamy
in rats, iminution 1n the ability to sustain a water diuresis occurs along
with an 3 ity to water There i3 a
delayed intestinal absorption of water as well as delayed excretion of
absorbed water After large doses of water there is a lowenng of plasme
chlotide and the hematoerit rises sharply, the latter probably refiecting
an owmatie swelling of erythrocytes in thewr hypotonic medium The
body teraperature falls sharply, providing an cxcellent measure of
the extent of water n normal and ad apimals.

Adrenal cortical extract and desoxycorticosterone acetate esert a8
protective action agamst water ratoxication{332, 407]. Large doses
of these in normal rats will prevent intoxication which would otherwise
oceur with large water intakes Whole cortical extraet appears to be
better in this regard than DCA, and compound E (17-hydroxy-11-
dehydracorticosterone) was found three times as effective as DCA.
The amorphous fraction is only weakly effective when eompared with
whole extract of equal potency in mamtamng ife in the adrenslecto-
mized dog

Resistance to water intoxication is also raised in rats by giving water
orally in mcreasing but nontoxie doses for 5 days[GGO] Such resistance
18 not entirely ds dent on the ch d rate of

diresis (§87) smcc with vasopressin toxie symptoms are less at given
water loads

15, Waler Deprivation Just as repal achimty can fail to prevent
water intoxication, it can also be ineflective in nentraluing dehydeating
wfinences  MeCaunce and Young{752] found that human sabyects who
had Tost up to 7 per cent of their body weight m three or four days
conld, following large doses of sodinm or potassiom chloride in reatively
small volumes of water (18 g /500 cc water and 12 p /100 ce. water,
respectively), sustain a diuresis which led to a fall in the urineplasms
osmobie pressure ratia  Thus, as witer excess does not carry the menr-
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ance of compensatory renal excretion, neither does water deficit neces-
sarily bring restriction of urmmary flow; and the composition of the
urine is not necessarily conducive to the maintenance or restoration of
normal plasma concentration In fasting there 1s an initial diuresis
and an mcreased negative water balance during water deprivation[1148].
On a standardized diet darly water output depends on salt intake,
within hmts, and 1s possibly regulated by factors other than plasma
concentration

16. Equlibrafion. Excesses or defieits of water, when ecarried to
extremes, elicit renal responses which no longer follow the physiological
pattern. When an excess of water becomes too great, diuresis may fall
off (476, 1171] ; and we may believe this to be some acknowledgement
of overwhelming stress When defietts of water become 100 great or
salt excesses relatively too large, the kidneys, instead of further increas-
mg urinary concentrations of minerals, may decrease them and at the
same time increase water output[752, 886] Both actions appear incon-
sistent with what might be supposed desirable and, indeed, there seems
to be no theoretical justification for regardimg either of these actions as
favorable to the body economy. In a larger sense, however, the dipso-
genie effect (§6.4, 712) here would be expected to favor the ingestion of
water which m turn would tend to restore salt-water balances Tt
would not be surprising i1f such processes become explicable in some
future seience of ‘‘metaphysiology’’ whose subject matter deals with
the laws of stress beyond the phystological.

In contrast to renal decompensations which are revealed only after
sufficfent provocation, the normal or physiological pattern is patently
ealenlated to undo the effects of lesser provocation There are well
defined Iimuts of excess or defiert within which renal and allied responses
vary in some proportion to the stresses applied and undo or minimize
stramns. The equbibration dragram of Adolph{16] which evaluates
the renal and extrarenal p aetmg to blish an intai
water balance 1n man describes these nicely (Fig. 1).

Factors 1N FLuip TRANSFLR
1.9. Tomctty and Osmotic Pressure A red blood cell suspended 1n
a sali solutron of such concentration that no net flow of flmd crosses
the cell membrane, that is, so that the cellular volume remains unchanged,
i said to be in an isotonic solution® This solution may or may not
* An ssotome (isoplethechontie) solution for yabbit erythroeyte is ome coutaraing
1.12 per eent sodwm chloride[869].
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other method, such as freezing point, another name must be used

It is clear that such a practice, although perhaps in agreement
with the original meaning of osmosts as used by Dutrochet, would
gve rise to much inconventence, and even confusion We need a
word to express the total concentration of a solution in such elements
as aet as molecules in the sense of Avogadro’s law, since the molar
concentration does not afford the information in the case of elec-
trolytes and colloids, It seems to me that we are quite justified,
even m theory, in speaking of the osmotic pressure of the blood,
for example, without any reference, even in thought, to a semi-
permeable membrane. We mean to express those properties con-
ferred by the kinetic energy of the molecules, or elements equivalent
to them, of the solutes In the presence of a semi-permeable mem-
brane 1t would be shown as a defimte pressure, capable of measure-
ment by a ; but the ph which causes this pres-
sure 1s always there and leads to diffusion, amongst other things

This denying of the existence of osmotic pressure exeept in rela-
tion to a membrane leads to the demal of its existence altogether,
since we know of no perfect semi-permeable membrane

No objeetion 1s made to the statement that the air in & vessel open
to the atmosphere has a pressure of 760 mm of mercury, although
it is not to be detected unless the vessel 1s closed and provided with
a manometer while the outer atmosphere is removed

... I shall continue to use the words ‘““osmotic pressure,’? meaning
thereby that property of solutions conferred upon them by the
kinetic energy of the solutes

The name ‘‘fomeity’’ is sometimes used, especrally mn reference
to blood corpuseles and living cells in general, but it is not neces-
sarily the same as osmotic pressure, unless we admit that the
latter may vary according to the membrane used For example,
we say that a solution of sodmm chloride is ‘‘isotonie’ with
mammalian blood eorpuscles, because it produces no change in
their volume. But we might add an equivalent amount of urea
to this solution without makmng it less ‘‘isotome’” with the blood
corpuscles, because their membrane is permeable to urea On the
other hand, its osmotic pressure 1s really doubled, as shown by
vapour pressure measurements The word “‘isotonic’” can only be
used when the nature of the particular membrane is specified, and
refers only to those constituents of the solution to which the mem-
brape 1s impermeable; osmotic pressure refers to the total con-
centration, assuming that the membrane is impermeable to all the
solutes, permeable to the solvent.
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18. Other Forces in Flad Translocaiion. Osmosis iy not a necessary
manifestation of either osmotic pressure or tomeity Physiologreally,
flmds do not flow across membranes merely 1n response to concentration
gradients We may cite several complicating elements. There is the
force which may be generated by the metabohe activity of the living
cell This can effect a movement of fluids imto and out of cells, and it
is istic of such proce as fon and absorption. Meta-
bolie forces bave direction and magmtude The secretory pressure of
urinary flud 1n the aglomerular tubules of the toadfish is m excess of
that 1o the dorsal aorta]116]

Hydrostatie pressures, as evidenced 1n the cireulatory system, in body
cavities, and as itereellular flmd pressures, play a role which has been
thoroughly evaluated m a few speerfic types of flud translocation.
The Starling hypothes:s of eapillary transudation(1022] and its chnieal
application by Epstem[346] to the volume imbalance known as edema
has turned a physiological beacon upon a dark mystery

Tlectrical forces, manifest in membrane potentials, are thought to
play a significant part mn the regulation of fluid transfers across mem-
branes, Nevertheless these and the secondary osmotic effects 1mposed
by Donnan equilibria are not as yet indispensable to the formulation
of gualitative working concepts of fluud transfer These forces are
demonstrable but of i1 They are d per-
haps more with local aberrations of concentration than of volume The
Donnan equilibrium s not conditioned by the volumes of fluids sep-
arated by membranes, but only by therr concentrations

Diffusion, 1n 1ts simplest form, provides a means whereby flmd bulk
can be moved about, thhm or between body compartments It is &
factor 1 J P and 1t 1s linked mti-
mately to processes of osmosis In the excretion of substances like acetone
and alechol this process seems so characteristic that Ambard(36] was
led to mntroduce the concept of “‘elimination by dufusion’’ on a psr
wath elimination by *“seeretion”” and by “‘effraction ** }'Ieuderson[53"‘],
in eriticizing the Fick theory of diffusion where the solvent plays an
inert role, reealls a demonstration of Hiber[546] 1 which *“isotonic’’
solutions of magpesium sulfate and sodwum chloride ehange in volume
when brought m contact. The chloride diffuses faster than the sulfate
and the sulfate solution becomes more concentrated. As a result water
diffuses 1nto 1t from the chloride solution Iere, without outside work
bemg apphed to the system, & flow (anomalous osmosis) of both solute
and water 13 caused to take place between ““1sotonic’’ solutions and an
inerease of several atmospheres of osmotie pressure may be induced
this manner, through differential rates of solute diffusion. The osmotic
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other method, such as freezing point, another name must be used

1t is clear that such a practice, although perhaps in agreement
with the original meaning of osmosis as used by Dutrochet, would
give rise to much inconvenience, and even confusion We need a
word to express the total concentration of a solution mn such elements
as act as molecules i the sense of Avogadro’s law, since the molar
concentration does not afford the information in the case of elec-
trolytes and collords It seems to me that we are quite justified,
even in theory, in speaking of the osmotic pressure of the blood,
for example, without any reference, even in thought, to a semi-
permeable membrane. We mean to express those properties con-
ferred by the kinetic energy of the molecules, or elements equivalent
to them, of the solutes In the presence of a semi-permeable mem-
brane it would be shown as a definite pressure, capable of measure-
ment by a , but the ph which causes this pres-
sure is always there and leads to diffusion, amongst other things

This denying of the existence of osmotic pressure except in rela-
tion to a membrane leads to the denial of its existence altogether,
since we know of no perfect semi-permeable membrane,

No objection is made to the statement that the air in a vessel open
to the atmosphere has a pressure of 760 mm of mercury, although
it is not to be detected unless the vessel is closed and provided with
a manometer while the outer atmosphere is removed

... I shall continue to use the words ‘‘osmotic pressure,’’ meanrng
thereby that property of solutions conferred upon them by the
kinetic energy of the solutes

The name ‘‘fomecity’’ 1s sometmes used, especially in reference
to blood corpuscles and hving cells m general, but it is not neces-
sarily the same as osmotic pressure, unless we admit that the
latter may vary according to the membrane used. For example,
we say that a solution of sodium chloride is ““isotonic’’ with
mammalian blood corpuscles, because it produces no change in
their volume But we might add an equivalent amount of urea
to this solution without making it less ‘“isotome’’ with the blood
corpuscles, beeause their membrane is permeable to urea On the
other hand, its osmotic pressure is really doubled, as shown by
vapour pressure measurements The word *“‘isotonie’” can only be
used when the nature of the particular membrane is specified, and
refers only to those constituents of the solutior to which the mem-
brane is impermeable; osmotic pressure refers to the total eon-
centration, ing that the b is § ble to all the
solutes, permeable to the solvent.
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1.8. Other Forces in Flurd Translocation Osmosis 15 not a necessary
manifestation of either osmotic pressure or tomeity. Physiologically,
fluids do not flow across membranes merely n response to concentration
gradients We may cite several complicating elements. There is the
force which may be generated by the metabolic activity of the lLiving
cell This can effect a movement of flmds mto and out of cells, and it
15 ¢k 1e of such p as and absorption. Mleta-
bolie forces have directron and magmtude, The secretory pressure of
urinary fluid in the aglomerular tubules of the toadfish 1s 1n excess of
that in the dorsal aorta{116].

Hyd , 85 ds d 1n the y system, in body
cavities, and as mtercellular fluid pressures, play a role which has been
thoroughly evaluated m a few speafic types of fluid translocation
The Starling hypothesis of capillary transudation[1022] and its elimeal
apphication by Epstein[346] to the volume imbalance known as edema
has turned a phy: smlogncal beacon upon a dark mystery

forees, mn potentials, are thought to
play a sigmficant part m the regulation of flud transfers across mem-
branes Nevertheless these and the secondary osmotic effects imposed
by Donnan equilibria are not as yet mdispensable to the formulation
of qualitative working concepts of flmd transfer These forces are
demonstrable but of uncertam 7 They are d per-
haps more with local sherrations of concentration than of volume The
Donnan equilibrrum 13 not conditioned by the volumes of fluids sep-
arated by membranes, but only by their concentrations

Diffusion, 1n 1ts simplest form, provides & means whereby flmd bulk
can be moved about, mthm or between body compartments It is &
factor 1n i and 1t 15 linked inti-
mately to processes of osmosis In the excretion of substances like acetone
and aleohol this process seems so charactemstic that Ambard{36] was
led to introduce the concept of “‘elimination by diffusion’ on a par
with elimimation by “‘secretion’’ and by “‘effraction ’ Henderson[532],
m entieizing the Fick theory of diffusion where the solvent plays an
inert role, recalls a demenstration of Hober[516] in which ‘“1sotonie’’
solutions of magnesium sulfate and sodium chloride change 1 volume
when brought in contact. The chloride diffuscs faster than the sulfate
and the sulfate solution becomes more concentrated. As a result water
diffuses into 1t from the chloride solution  Here, without outside work
being applied to the system, & flow (anomalous osmosis) of both solute
and water 13 caused to take place between ‘“1sotome’” solutions and an
inerease of several atmospheres of osmotie pressure may be induced 1n
this manner, through differential rates of solute diffusion

The osmotic
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other method, such as freezing point, another name must be used.

It is clear thet such a practice, although perhaps in agreement
with the original mearing of osmosis as used by Dutrochet, would
give rise to much inconvemence, and even confusion. We need a
word to express the total concentration of a solutron mn such elements
as act as molecules in the sense of Avogadro’s law, sinee the molar
concentration does not afford the mformation in the case of elec-
trolytes and collords. It seems to me that we are quite justified,
even 1 theory, in speaking of the osmotic pressure of the blood,
for example, without any reference, even in thought, to a semi-
permeable membrane. We mean to express those properties eon-
ferred by the kinetre energy of the molecules, or elements equivalent
to them, of the solutes In the presence of a semi-permezble mem-
brane it would be shown as a definite pressure, capable of meastre-
ment by a ; but the ph which causes this pres-
sure is always there and leads to diffusion, amongst other things.

This denying of the existence of osmotie pressure except in rela.
tion to a membrane leads to the denial of its existence altogether,
since we know of no perfect semu-permeable membrane.

No objection 1s made to the statement that the air in a vessel open
to the atmosphere has a pressure of 760 mm of mercury, although
it is not to be detected unless the vessel 1s elosed and provided with
a manometer while the outer atmosphere is removed

. I shall continue to use the words ‘“osmotic pressure,’” meanmg
thereby that property of solutions conferred upon them by the
Kinetic energy of the solutes

The name ‘‘fonmicity’” 15 sometimes used, especially in reference
to blood corpuscles and living cells in general, but it is not meces-
sarily the same as osmotic pressure, unless we admit that the
latter may vary according to the membrane used For example,
we say that a solution of sodmmn chloride is ‘‘isotomic’” with
mammalian blood corpuscles, because 1t produces no change
their volume. But we mught add an equivalent amount of urea
to this solution without making it less “‘isotonic’” with the blood
corpuscles, because their membrane is permeable to urea On the
other hand, its osmotic pressure is reslly doubled, as shown by
vapour pressure measurements. The word ¢‘isotomic”’ can only be
used when the mature of the particular membrane 19 specified, and

refers only to those constituents of the solution to which the mem-

brane 1s impermeable; osmotic pressure refers to the total con-
i ing that the b is i le to all the

solutes, permeable to the solvent.
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1.8, Other Forcesin Fluid Translocation Osrmoos:s 1< not a necessary
manifestation of either osmotic pressure or tomeity Phystologically,
fluids do not flow across membranes merely in responss to concentration
gradients, We may cite several complicating elements There is the
force which may be generated by the metabolic activity of the hwing
cell This can effect a movement of fluids into and out of cells, and 1t
18 cb 1¢ of such processes as secretion and absorption Meta-
bolie forces have direction and magmitude The secretory pressure of
urimary fluid sn the aglomerular tubules of the toadfish 1s 1 excess of
that in the dorsal aorta[116}

Hydrostatic pressures, as evidenced 1n the eirculatory system, in body
cavities, and as intercellular fluid pressures, play a role which has been
thoroughly evaluated in a few speeific types of flmd translocation
The Starling hypothesis of capillary transudation[1022] and its elmueal
application by Epsten[346] to the volume imbalance known as edema
has turned a physiwlogical beacon upon a dark mystery.

Eleetrical forces, manifest 1n membrane potentials, are thought to
play a sigmificant part 1n the regulation of fluid transfers across mem-
branes Nevertheless these and the secondary osmotic effects 1mposed
by Donnan equilibrnia are not as yet mdispensable to the formulation
of qualitative working concepts of flud transfer These forces are
demonstrable but of i They are d per-
haps more with loeal aberrations of concentration than of volume The
Donnan equilibrium 1s not conditioned by the volumes of fluids sep-
arated by membranes, but enly by their concentrations

Diffusion, in its simplest form, provides & means whereby fluid bulk
can be muved about, thh\u or between body compartments It 1s a
factor i and 1t 15 linked inh-
mately to proeesses of osmosis In the excretion of substances like acetone
and aleohol this process seems so characteristic that Ambard(36] was
led to introduce the conecept of ‘‘elmination by diffusion’ on a par
with eltmination by *“secretion’ and by “‘effraction >’ Henderson[532],
m eriticizing the Fick theory of diffusion where the solvent plays an
inert role, recalls a demonstration of Fober[546] in which ‘‘isotomic”’
solutions of magnesium sulfate and sodium ehloride change in volume
when brought 1n contact The chloride diffuses faster than the sulfate
and the sulfate solution becomes more concentrated As a result water
diffuses 1nto it from the chloride solution ere, without outside work
being applied to the system, & flow (anomalous osmosis) of both solute
and water is caused to take place between *1sotonie™ solutions and an
ncrease of several atmospheres of osmotie pressure may be induced in
this manner, through differential rates of solute diffusion, The osmotie
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tion fo oceur, the effective osmotic pressure of the plasma would increase
with the loss of protein-free plasma filirate (producing & rise in protemn
coneentration in the plasma) until 1t again equaled the driving-out
force Thus the processes tending to cause edema in this manner would
be pulled up almost as soon as they started,

Although Starling[1025], Bolton[147, 148], Cohnheim[229], and
others believed that increased permeability of the eapillaries was neces-
sary for the bulk transudation of fluid in cardiac edema, and although
Stuirk[994] has offered some evidence for this, even this addtional
factor 1s insufficient to secount for the known properties of such edema.

Cardiac edema is poorly correlated with high venous pressure under
crueial experimental and clinical conditions, and where correlation
does exist, that fact alone cannot conclusively argue for causal relation.
The work of Bolton[147, 148], Starling[1025], and Warren and
Stead[1115] shows that edema often occurs where venous pressures are
not elevated

1.11. Hypoproteinemic Edema The term **hypoproteinemje edema’”
deseribes little more than a eorrelation between the existence of hypopro-
teinerma and edema As with high venous pressure, the correlation
between the plasma protein level and the presence of edema is poor[205]
under erucial errcumstances Edema may exist in the face of essentially
normal plasma protein levels in malnutrition[292, 450, 600] and it may
be produced by excessive intake of saline, accompanied by relatively
little change n plasma protein level[1035].

For the same reason mentioned with regard to cardiac edema (that is,
self-limtation of transudation) we should expect that where there is
hypoproteinerita, an increased transudation on that account wou}d
result n a dimnished plasma volume with & rise in plasma protein
concentration until & new equlbrium was struck between forces of
transudation and absorption But 1t 18 apparent that no large volime
of edema flnid can be dertved merely from the plasma volume,

112. The Regulation of Compartmental Volume, In ferms of an
equilibrium of osmotic and hyd; fe pre , Statie or dynam
across the collective capillary wall, there is .nolhmg in the classical
Starling hypothesis which accounts for or conditions the actn.al volumes
of plasma and interstitral compaﬂments. So long as an e-thbrmm o.i
this type only is assumed, the hypothesis deﬁne} no partienlar magni-
tudes for the volumes of the compartments involved As Tender-
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s0n[532], McLean[757), and others have recogmzed, edema is essentially
a perversion of volume regulation

113  The Mulhicompartmental Nature of Fluid Exchanges in the
Body Perhaps the chief source of interpretive diffienlty in the Starling
hypothesis lies in the stylized treatment which has been accorded 1t,
making it subserve a bicompartmental system of plasma and interstitial
fluid, as if these were actually two diserete flurd bulks separated by a
single eollective capillary wall, and eould properly be represented by
the diagram 1n figure 2 In suck a system fld movements are simply

Fig 2, A BrCompartmental Spstem with plasma P, mterstital fimd 1, and
collective capillary membrane ¢ Net flmd exchanges oceur only so long aa
ppropriate pressure 1mbalances evist

the result of specific pressure 1mbalances 1n these compartments, osmotie,
bydrostatie, or other, and a flow of fiud can contrue only until these
Pressures again come mto balance

Although he did not elaborate the 1dea, Starling recognized that the
body is 2 multicompartmental system where an equibibrium 1s maintained
not simply between plasma and some umit interstitium, but between
Dlasraa and & number of relatively isolated interstitial spaces, whose main
?nnnection with each other 1s through the plasma compartment There
Is Pprobably no ready communication by nfiltration between fluid 1 an
interstitium of the arm and fluid mn an interstitium of the leg, or hetween
two relatively remote interstitia in a leg  Any massive flow of fluid
between two such otherwise 1solated regions 13 accomplished through the
Dlasma which behaves as a conductor. Appheation of the Starling
hypothesis to a multicompartmental system readily removes the unsound
aspects which prevail when 1t 13 considered on a bicompartmental basis.

114, Flud Plow in a Mulbicomparimental System. How is it that
8 load of fluid taken inte the plasma from an interstitial locus, I, 18
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comp?rtments” at different fugacities Whereas at equilibrium all
fugacities are equal and the hydrostatic and osmotic pressures of com-
partments I, P, and J ere balanced, we can, by properly altering the

B B:

Ha panoneren

e

Fig 3. Osmometer-Transfer Cell (glass) <‘Plasma compartment’’ P filled
with appronmately 5 per cent gum acacia takes water from <‘interstitial com-
partments” I and J and reaches a hydrostatic pressure ca. 130 mm. of mercury
2t 27°C. Compartment P 1s separated from I and J by cellophane membranes
¢and ¢'. At equlibrium, levels 1 By and B, aro equal. Independently of the

concentration of the find contamed therewn. Lven should the bydrostatic
pressure and/or the acacia concentration change 1n P, the change occurs in the
same way relative to I and J 80 that the gradient between B, and B, 18 mot
altered. The net yate of flow from I to J depends primarily npon the differeuce
1n their fugacities, and values for flow were obtamed of the order of 8 X 10+
cc fhr./mm. mereury pressuro gradient/em of double cellop
fugacity in one or both of the ““interstitial compartments,”’ effect &
flow of fluid across ““capillary walls”” (¢, ¢’). There need be no measur-
able change in hydrostatic pressure in compartment P, po change in the
<olume of that compartment, and no change in the osmotic pressure
of the fluid contained therein Ir this manner a model multicompart-
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mental system demonstrates how it is possible to effect a transfer aeross
+gapillary walls’! with no more than the most minute changes in pres-

B B

Fig . Osmometer—Transfer Cell With Cireulation *“Plasma compartment’”
P eontains 5 per ecnt gum seaenr, cb ’
Iand J contmn water which can travel from ome to the other only by crossing
ecllophane membranes ¢ znd & of the sama typs used iu the osmometer-tranater
ecll of figure 3 My, My, M,y M, and 3, are mercury manometers Wath proper
pontire pressure ot 11, beld constant by means of a pressure regulating dence,
fluid may be made to flow from I t0 J by mamtaming a sufficrent gradient of
pressuze between By and B, mensured at Af, and 3, or, fuid will fiow from
3 to 112 pressure indiested at 2, s Rreater than indicated at M, Even when
there 13 910 equiibrium so that flusd from B, and B, mmultancousty esters or
leases I and J, the hydrostatic pressure gradient between B, and X, steadily
dunymshes  Translocation of fluid from 1 to J or from J to I occurs quite
fredty even without a arrculation, provided the pressure withim the eellophane
tubes is maintained steaddy Rates of transfer betmecn theso compartments
wero of the sama erder of magmtado as for the eell in
figure 3, namely, 18 X 104 cehr /mm merenry presmre gradintfem® of
double cellophane membrave.

sures in the ““plasma compartment ”* For every unit volume of flaid
dV, entering compartruent P, a unit volame, —d¥, leaves simultancously
By means of the apparatus shown in figure 4 the same principle o
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fluid transfer through a ““plasma compartment®* behaving as a eondueto
was shown to operate in a cirenlatory system. ’

A vanant and more strikung demomstration of the fugamty prineiple by mean
of an osmometer transfer cell of the type depicted 1 figure 3 may be performe
as follows. The central compartment, P, is filled with gum acacia starch solutier
(93 ee. of 5 per cent acae:a, 5 co. of 1 per cent soluble starch); the other compart
ments I and J are filled With a saturated aqueous solution of fodme. Imally th
solution 1 P is substantially without color The manometer attached to thi:
chamber records the osmotic pressure of the polutes yn 1t in terms of hydrostat
pressure which stabilizes m a short time. During this period the solution 1 F
becomes inereasingly blue, m contrast to the solution in I and J, as the fodme
from these latter diffuses imto P. After the stareh has become saturated with
10dme 1t is possible, by keepmg the hydrostatie pressurp 1 I greater than in J
(or vice versa), to miintamn a steady state in which unlimited quantities of amber
colored iodine eolution can be passed into and through the blue solution in Pj
and the amber colored solution emerges from P, apparently unchanged despite
thorough mixng with the blue flmd. The respective constancy of volume, pressure,
and content of chamber P 18 indicated by the fact that the volume of fluid leanng
buret By equals the volume entering By, by the fired manometer reading for ehamber
P, and by the falure of the blue color to enter I or J. And the blue solution
(“‘plasma’’) is seen mn the role of a flud conductor.

Kolff[610] eites dramatic evidence of the fugacity prmeiple in con-
nection with hig studies of the ‘‘artificial kidney’* (§419) *‘In the
case of patients suffering from edema . we added more glucose (to
the dialysing bath) namely 2 to 3% instead of 15% As it takes some
time before all the glucose has dialysed in . an osmotic water move-
ment toward the bath water takes place Indeed we saw the patient’s
edema shrink rapidly so that in some cases wrinkles appeared on the
skin.”” Here the plasma is acting to conduct fluid from interstitial
spaces to the bath water of lower fugacity. The plasma may be expected
to suffer certain mimmal changes in hydrostatic pressure, osmotic pres-
sure, or volume, but anlimited volumes of fluid may enter and leave
the circulation This observation of Kolff also argues effectively that
rates of transfer across actual, physiological, fugacious gradients are
great enough to account for known rates of accumulation of edema. .

Finally, we may consider the operation of the fugacity principle in
the removal of massive, generalized edema through Southey tubes or
similar devices When a cannula is mnserted mto a subeutaneous, int{r-
stit1al pocket of fluad at relatively high hydrostatic pressure, that pres-
sure is promptly redneed locally with an expulsion of fluid. The fugactty
of the remaining flaid of that region is thereby lowered with respect to
the plasma and, consequently, with respect to the fluid 1 most other
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maintained sufciently long is, of course, not simply a result of the
inereased hydrostatic pressure of the blood in those parts since the
extravasenlar fluid undergoes corresponding changes in hydrostatie
pressure with changes of body position.

1.19. Fugeety and Tomaity Fugacity 1s a physical concept having
physiologieally useful properties. It permits us to infer the direction
of fluid movement and the partitioning of fluid bulk m the body when
many critical data are lacking, Its application 1s not dependent on
special ge of local dati of hyd: 1¢, esmotie, tissue,
and other pressures When we say & solution is jsotome for certain
cells of the body we mean that, surrounded by 1t, the cells undergo
no net transfer of fluid across their membranes Yet the hydrostatie
pressure mside of & cell may concervably exceed that of the ambient
solution and without this pressure difference fluid would enter the cell
Tonieity has no meammng without reference to a mumbrane of some
sort between adjacent soluttons (§1 7) ; and the nature of the membrane
establishes the effectiveness of osmotic pressure across it in terms of
its urnique degrees of permeability for different substances Molecular
species with differing diffusion coefficients and molecular volumes
further contribute to the whole picture of what we call tonicity.

The concept of tome:ty has not been formulated to include clearly
the effect of hydrostatic pressure upon a solution or fluid Plasma at
some pressure in capillaries 13 apparently *‘isotomc™ with interstitral
flmd while plasma (in capillaries) at the same hydrostatic pressure
s interstitial flud 18 apparently ‘‘hypertome ’* To denote a given
solution of plasma as isotome snd hypertonie, o even *‘hypotome’ (at
elevated hydrostatic pressure in capillartes), docs violence to the 1dea
of tomaity as a fixed property of solutwns with respect to gmen

A more fon of flmds 1 regard
to their potental ability to eross memhrancs or Liquid interfaces incor-

Vinmnbag $ha affanin ~8 L

18 hyperfugie  Plasma with respect to interstitial luid and a capillary
membrane is properly ealled hypertonic by virtue of the effectsve osmotic
pressure of its richer protein content, but this implies the qualifieation
that both fluids of the xystem be at the same hydrostatic pressure.
““Isotonie”” glucose 1 je with * physi 1 saline,"””
but it is not sctually isotonic at lesst with reference to cellophane or
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or, since F; >Fy, there is a tendency for fluid to flow from I to J,
initially.

118 Fugacities in Positive Water and Solt Balance Starling[1023]
clearly recognized that the intake of substances through the gut may
continue although there may be a greater amount of them m the
organism as a whole than it actually requires. He stated[1025], *“The
mjurious results of any mdiscriminate activity of the alimentary canal
are counteracted by one of the chief organs which cffect the output
of flud, v1z, the kndneys '’ It 1s obvious that a Jarge body of edema
fluid accumulates only over a period of positive water and salt balance;
and it »s unnecessary to review here all the testimony favoring the view
that an 1mpatred renal excretion of these substances may exist[381, 392,
446, 1025, 1115]

We may state the fugaeity equatrons which relate the alimentary
intakes and renal outputs as follows Normally,

Feu=Fp+f (7
Fp=Fyguer+f’ (8)
and, in water balance,
= 9
By adding equations (7) and (8) we see that
Frat=Fusaney++f" (10)

These equations express the normal relations of flud on the intake
side (high fugacity with respeet to plasma) to the fluid on the renal
output side (low fugacity with respect to plasma) In processes asso-
ciated with disease and edema formation, the factor f* may decrease
appreciably, but the fugacity of the flmd from the gut remains greater
than that of the plasma and therefore greater than that of many inter-
stittal compartments (stee Fp=F,) * The fugacity of remal fluid
marked for excretion, raised with respect to the plasma (synonymous

with impaired renal function), has the effect that flud taken in by the
gut finds jts way into extrarenal regions of lower fugacity, the exnct
dstribaton depending on the relative fes of all parte
for example, fluid tends to collect 1n dependent parts, ete. The callez.',-
tion of flurd in the lower parts of the body when some given posture is

* Dicker[293] has shown, for example, that 1 edematous, hypoprotememic Tats
water sbsarption from the gut is not less, but rather faster, than normal
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‘Widal[1138, 1139] believed that accumulations of edema fluid were
volumes of water in the body bound to retained ehloride ions Whether
the chloride was increased in the body as a result of increased intakes
of sodium chloride or of sodium bicarbonate (which was found to
decrease the excretion of chloride), water would be found in excess
corresponding to an osmotic or simlar requirement imposed by the
chloride load. Although this author denied the possibility of the
sodium ion playing a role, ke prowided a clinical hypothesis, satisfying
for several years, accounting for the hydropigenous effects of hgh
ntakes of sodium chlomde or sodium biearbonate

Blum[132, 133, 134, 135, 136, 137], apparently regarding the idea
of retention of a primary jon as fund lly sound, p ded with
a study of the diuretic actions of certain salts such as sodium bicar-
bonate and sodum chloride and compared these with potasstam
biearbonate and potassium chlomde He concluded that, if we must
choose, the sodium rather than the chloride was of the first importance
in the retention of edema water. Sodium chloride administration was
shown to aggravate edema while potassium chloride and certain ealemm
salts did not Strangely enough this poorly conceived end tested
hypothesis of sodium predomi hag left & persi: fon,
fortified by the observation that substances like sodtum bromide[501]
are edema-forming, which has colored muech subsequent physiological
thinking To bring out the specious nature of this hypothesis one has
only to consider the effects of salts hke sodium sulfate which have
no edematigenous activity[1172, 1177] ard which are able diuretically
to remove accumulations of edema

23 JTomg Combinations The author[1173, 1177] has adopted the
view, i with more experi idence, that there is no
one jon which is, per se, identified with gross fiuid retention The
retention of water relative to electrolyte increments (loads) can be
shown to depend in a definite way on the specific combination of
amsns and cations which must be loaded simultaneously. Thus, sodum
bicarbonate and sodium citrate[652] are not so hydropigenous per unit
Joad of sodium as is sodinm chloride. Potassium chloride differs sig-
nificantly from potassium bicarbonate, ete It is qmte true that &
higher correlation is observed between the acenmulation of water and
sodium than between water and any other ions, but correlation is not
proof of causal relation, and a complex urinary physiology which has
searcely been opened appears to underlie this phenomenon. A fuller
discussion of this will be deferred until Chapter VIL
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24, Distortion 1n Body Fluid Compartments 1t has been held[993]
that except a1 it partiapates in the regulation of their composition,
the kidney is not actively coneerned with regulation of the volume
of body flutds Rather, such regulation has been thought to be governed
by extrarenal factors. This point of view was never shared universally
snd has beeome less tenable, requiring revision{1123, 1124] as new
research continues to mmplicate the ludney in volume regulation[392,
461, 532, 757, 881, 910, 952, 1115, 1170]. Peters{841] states a case for
volume regulation when he remarks, “It may well be the fulness of
the bloodstream which provokes the dwmretic response on the part of the
kidneys.”

Henderson{532], perhaps most clearly, has set forth the concept of
specific volume regulation as applied to the higher organism as a whole
He stated, ““. . . the regulation of volume has remamned without any
physico.chemical analysis . . . Contrary to a general though vague
belief, the regulation of volame is theoretically 1ndependent of osmotic
pressure regulation  For example, if a kndney produces a hiter of urine
of the same freezing point as blood, it must have dimimshed the vol-
ure of the body apad left the osmotic pressure sensibly unchanged .
Statistically the volume of the urime must vary with the magmtude
of the volume regulation, although in particular cases, it need bear
no relation to this quantity *

MeLean{757] in a similar vein considers edema as & problem 1n
physiologieal regulation, and deseribes 1t as a perversion of the regu-
latory mechanism of volume Among others, Adolph[10, 11] has treated
the general problems of body volume regulation at length, and
Borst[154] has discussed some special problems (§714).

Recogmition of processes for the regulation of body volume through
excretion was urged by the author[1170] when it was noted that
the rate of of chlortde, ing intravenous inj of
sodium chloride, was not simply dependent on the load of salt but
raried direetly with the concentration of the infusion fluid used as
well. Having assumed that for a given load of chloride a greater
distortion of the relative volumes of intracellular and estracellular
compartments would oceur with the more concentrated solution[1174],
l.xe drew & parallel between the increased distortson produced, and the
increased rate of eseretion of chloride per umit load of ehloride. It
was hypothesized that though the rate of salt excretion 15 otherwise
Proportional to its load, the kidney may be obligated to discharge
Toads not only as they arc the greater, but also to mamtain the bulks
of foid compartments in normal relations to each other Urea, which
produces little distortion in body flnid compartments, shows no effeet
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urinary eoneentration of sodium and of chloride in such a way that,
whereas the volume of the body 1s permitted to expand with the load of
water, the concentration of the retained fluid is changed to one closely
fesembling plasma itself. Physiologmeal saline is only ‘“physiological”’
in the sense that some body cells like erythrocytes are content to survive
in it for a time with no substantial volume chenges So far as plasma
(100 mEq chloride per Iiter or 06 per cent sodium chloride) is con-
cerned, the chloride of an infused physiological saline (150 mEq
chloride per liter or 0.9 per cent sodium chloride) is too concentrated,
and only the formation of a urine still more concentrated in chloride
will save the plasma from serious alteration respecting this jon  Salt
solutions of widely varymng strength are actually equally ‘“physiologi-
cal’”’ 1n that when they are loaded m the organism, appropmate renal
responses prevent untoward deviations from normal body composition *
Once the adjustments of concentration are effected by the kidney[1172,
1173], adjustments of volume become ncreasingly effective and the
output of urine rises 1n the face of steady intake of salme uniil an
eqmlibrium is finally established[1035]

25. Pressure Imbalance and Volume Imbalance Edemas Counsider
how, after extensive hemorrhage, the presence of interstitial reserves
of fluid mamfest themselves in hemodilution, and how, following plas-
mapheresis leading to marked hypoproteinemza, the formation of edema
13 facilitated These states reflect extreme fugactous imbalance Lesser
degrees of these stresses might bring on imbalances not so readily
detectable It is generally agreed that many fluid translocations are
explicable simply 1n terms of gross alterations of pressure balances at
some special site, or even generally at plasma-interstitium interfaces, or
1 terms of permeability changes in capillary walls These phenomena,
regarded 1n proper perspective, are seen merely to evidence the opera-
tion of prineiples underlying a larger system concerned with the regula-
tion of body volume Looking beyond the high correlation between
extreme hypoproteinerna and edema, for example, we may sce in the
presence of edema fluid a factor which aids in maintaining plasma
volume Without the retention of edema flnid, partitioned as it is
between plasma and interstitra, plasma volume would shrink excessively
1f 1ts protem level fell sharply[154, 1035, 1174].

* The term ¢ physiological’? whick 15 used m this book frequently and wath eritical
smport, deseribes conditions conmistent with the health of an orgamsm or part
thercof, and which may be mantamed steadily for periods m which there 18 %o
worsening of that health
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From what has been said here and in the previous chapter we may
erect & general classification of edemas (Fig. ) based upon two funda-
mental types, each independent of the other, and capable of existing
together ‘The pressure imbalance edemas are the special, often localized
edemas which result from a primary imbalance between pressures
exerted at the capillary wall. These include permeability alterations
i the wall which ehange effective osmotic pressures Pressure edemas
are self-imited m that they derive from capillary transudation, so
that 'y in fl set in.
Thus, 10 venous congestion, an increased concentration of plasma protein

CARDIAC > VENOUS
FAILURE " CONGESTION
iy £ ssune
~——_, INCREASED PRE!
CAPILLARY ——>
NALNUTRTION PERMEABILITY o

(SELF-LIMITING)

oitate —3 HYPOPROTEINEMIA \
INTERMEDIATE

NECHANS EDEMA

INPAIRNENT
OF RENAL

exerEmoN S\
FORCED INTAKE
OF waTeR -~

N saLy

POSITIVE VOLUME
WATER AND SALT—> (MBALANCE
BALANCE (ROT SELF -LIMITING)

Fig 6 A Buggested Scheme Relating Factors Leading to Ldema  The
nature of the ‘‘intermcdiste mechamism’® appears at present to Le conee
toral (§ 25, 26, 714)

resulting from transudetion opposes further tramsudation, and even
where eapillary bility may be kedly d as in shoek,
burns, ete , the total plasma volume available for transudation is limted.

The volunte imbalance edemas are these which have no neeessary
i! on any ble al i pressure balances but
rather depend on alterations 1n the regulation of the volume of body
compartments  They often have their origin in 8 positive water and
salt balagee which may derive erther from irapaired rensl excretion
of water and salt or from foreed intakes of these, or from both  They
are imbalances of solume in that the normal relations among sizes of
body compartments nre distorted, and they are not self-limsted  There
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need be no measurable pressure imbalances across capillary walls
although 1f such arise they do so secondarly to the creation of positive
loads of water and salt The fact that these edemas may exist together,
and largely independently, readily aceounts for the further fact that
we can often treat edemas successfully by attacking either of these
roots, for example, eardiac or nephrotic edema ean be reduced by remov~
g flmd from the body (with diureties) regardiess of whether altera.
tions of pressure balances (hydrostatic or osmotic) are specifically
corrected.

26 The Renal Factor in Generalized Edeme. Emuresis and Ecure-
s15. On a statistical basis some actual or relative impairment of renal
funetion can be assumed to exist 1 order to account for the abnormal

1 of large ities of Anid mn the body. There ig 2 renal
dysfnnctmn of volume regulation[392, 532, 757, 1025, 1115, 1170] as
well as dysfunetion in concentrating power for sodium and chloride[392,
446]. 1t is known, for example, that in cardiac failure there is probably
a lowered renal blood flow and reduced glomernlar filtration[170, 773,
778), and the presence of a low venous pressure at tunes suggests that
the reduced blood flow is not due to renal congestion and ‘‘backward
failure.”’

Various investigators have suggested that some ‘‘antidwretic factor”
is involved in the production of edema Fremont-Smith[380] speculated
about such a factor as a pr i hani Robi; and
Farr[910] found through rat bioassays on urine from patients with
Bright’s disease, premenstrual edema, Cushing’s syndrome, and diabetes
insipidus, that @ correlation existed between the presemce of chnical
edema and the presence of an antidwretic substance in concentrates of
these urines. After recovery from edema the antidiuretic substance
was no longer present. In patients given pitressin parenterally for
seven days, the antidiuretic titer of the urine reached a maximum the
first day and thereafter decreased rapidly to normal In three patients
the urine became diuretic on the sixth day of continuous pitressin
admmistration. The decrease in antidmretic titer was paralleled by 2
Joss of edema caused inihally by pitressin administration and these
authors thought that the body manufactured a physiological antagonist
or otherwise destroyed the pitressin administered, ineluding the normal
circulating pituitary principle[524, 574]. Rall, Robson, Clarke and
Hoagland[881] and others[477] further encouraged the idea that an
antidiuretic substance is involved in the formation of ascites. The find-
g of more of an antidmretic substance in the urine of aseities with







CHAPTER 111

Renal Physiology
Topophysiology; Clearance Concept

81 DBefore proceeding further with discussion of body fluids and
the unnary function in dehydration and hydration, space will be given
to a synopsis of certaln facts and prineples in renal physiology as
they are presently understood We shall not consider here the details
of older theories of renal function such as those of Bowman{158},
Ludwig[690), and Ieidenhain[507) There are numerous compre-
hensive works which treat of these and much more in renal physiology
among which are included those of Heidenbain[508], Ellinger{341],
Volhard[1101], Cushny{268], Ambard{36], Ekehorn[327, 328], and
Smith{993]. Tustead. a coneise narrative will be presented covering
those elements basic to an understanding of many aspects of renal fune-
tion. The elements themselves are often accepted provisionally, even
where doubts as fo their validity have been raised in some guarters, to
avoid the halting reservations which if carried to excess destroy
coherence.  On the other hand, certain tenets are subjected to eritical
review where, in the writer’s opimon, these have not yet suffered that

ordeal,
Rexan Tororaysioroay

nd Keabsorption Wearn and
Richards{1117, 1118) devised the technique for simul lecti
of glomerular (capsular) and bladder urme in frogs, By means of
fine pipettes, carefully introduced into the glomerular capsule and
the tubnlar lumen, they withdrew fluids which were then subjected to
chemical analysis. In this manner they demonstrated that the glo-
meralar fluid is essentially free of protein but contaius erystalloids in
almost the same canventration as the plasma. Further, it was deduced
that cliloride and glucose were reabsorbed from the glomerular filtrate
by tubular activity. Fxtending these topological studies to the mam-
malian nephrou (in rats and guinea pigs), Walker ot al.[llOG.O}m:]
the

~ were able to localize the reabsorption of other substances
’ *y fltered water, it was estimated (in terms of the concentration under-
i 32

32 Bage Principles  Filtration a
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gone by crestinine, supposedly not reabsorbed) that two-thirds was
reahsorbed in the proximal tubules.

These methods revealed a concrete basis for the speculation which
bad preceded them It 1s now generally agreed that the production of a
nearly protemn-free glomerular filtrate, or ultrafiltrate of plasma, is
chiefly & eonsequence of the hydrostatic pressure in the capillaries of
the glomerult exceeding the osmotie pressure of plasma proteins. The
forces which oppose the tramsudation of protem-free fluid from the
capillaries include the oncotic pre«urc of protems, lipoids (c}mlestcru]
phosphatides), and of and shehtly
fatty acids[712] as well as tissue pressure and other forces as yet
undefined.  But the effect upon fugacity of the blood pressure, ulti-
matcly supplied by a small fraction of the work of the heart, 1s larger.
Tn man, the glomerular §itration rate 13 commonly taken as 120 ee /min
It 15 of some nterest to contrast this with an average figure of 14
ee/min which represents the lympk flow through the thoracie duct.
That the former represents a single organ whose actual lymph flow is
not remarkable, and the other & much larger tissue mass, is noteworthy.

The fact that there 13 ordmarily no appreciable quantity of glucese
present in the bladder urine 15 evidence for the almost complete tubular
reabsorption of this substance That other substances such as chloride
may also disappear from the bladder urme 1s, ecorrespondingly, evidence
for their stmilar handhing  And the fact that in mammals the bladder
urine may have & higher osmotic pressure than plasma readily suggests
that active or metabolic reabsorption of water by tubules can oceur
by the process mvoliing *“osmotie work *’

33 Protan Filtration and .Athroeytosis Chyluria and Lipuria
In bladder urme there are usually small traces of protein (albumin,
globulin) to be found whose origin may n part be the plasma(155}
In the glomernlar flud of rabbits, for example, protein eoncentration
has been shown to vary from 15 to 22 mg, per cent[303]  Under certain
cirenmstances, for example, standing posture In oceasional mdrviduals
[195], severe exercise{62), discase, or high plasma proten eoncentration
{1051}, plasma protein may filter through the glomerular membranes
in greater than normal quantitics as judged from the increased quantities
found m bladder urine, However, proteinuria ia beheved to result not
only from increased filtration st the glomerulns but ako, as Brandt
anl Orabn{163] and Lippman{666} show, from dcereased tubular
reabsorption  The elimination of protein 13 independent of the urine
flaw, of the specific gravity of the urine, and of nrinary protein con-
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Renal Physiology
Topophysiology; Clearance Concept

81. Before proceeding further with discussion of body fluids and
the urinary function in dehydration and hydration, space will be given
to a synopsis of certan facts and principles in remal physiclogy as
they are presently understood We shall not consider here the details
of older theories of renal funetion such as those of Bowman[158],
Ludwig[690], and Hewdenhain[507). There are numerous compre-
hensive works which treat of these and much more in renal physiology
among which are included those of Heidenhain[508], Ellinger[341],
Volhard[1101], Cushny[268), Ambard(36], Ekehorn(327, 328], and
Smith({999]. Instead, a concise narrative will be presented covering
those elements basic to an understanding of many aspects of renal func-
tion. The el t 1 are often it provisionally, even
where doubts as to their validity have been raised in some quarters, to
avoid the halting reservations which if carried to excess destroy
coherence  On the other hand, certam tenets are subjected to eritical
review where, in the writer’s opinion, these have not yet suffered that

ordeal.

Revan ToroPRYSIOLOGY

32. Rasic Principles Filtrahon and Reabsorphon Wearn and
TRichards[1117, 1118} devised the techmique for it
of glomerular (capsular) and bladder urine in frogs By means of
fine pipettes, carefully introduced into the glomerular capsule and
the tubular lumen, they withdrew flnids which were then subjected to
chemieal analysis. In this manner they demonstrated that the glo-
mernlar fluid is essentially free of protein but contaius erystalloids in
almost the same concentration as the plasma. Further, it was deduced
that chloride and glucose were reabsorbed from the glomerular filtrate
by tubular activity. Dxtending these topological studies to the mam-
malian nephron (in rats and guinea pigs), Walker ot al.[1106, 1108]
were able to localize the reabsorption of other substances Of the
filtered water, it was estimated (in terms of the concentration under-

32
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gone by creatinine, supposedly not reabsorbed) that two-thirds was
reabsorbed in the proximal tubules.

These methods revealed a eoncrete basis for the speculation which
had preceded them It is now generally agreed that the production of 8
nearly protein-free lar filtrate, or ultrafil of plesma, 18
chiefly a consequence of the hydrostatic pressure 1 the capillaries of
the glomerult esceeding the osmotic pressure of plasma proteins The
forces which oppose the transudation of protem-free fluid from the
cnp)llanes melude the oncotic pressure of proteins, Lipoids (cholesterol,

hatides), and ds of and shehtly unsaturated
fatty aerds[712] as well as tissue pressure and other forces as yet
undefined But the effect upon fugacity of the blood pressure, ulti-
mately supplied by a small fracton of the work of the heart, is larger.
In man, the glomeralar filiration rate is commenly taken as 120 ce./min
It is of some interest to contrast this with an average ficure of 14
ce /mmn. which represents the lymph flow through the thoracie duct
That the former represents a single organ whose actual lymph flow 13
Tot remarkable, and the other a much larger twsue mass, is noteworthy

The fact that there 1s ordinanly no appreciable quantity of glucose
present 1 the bladder urme 1s evidence for the almost complete tubular
reabsorption of thus substance That other substances such as chloride
may also disappear from the bladder urme 1s, correspondingly, evidence
for therr stmilar handling  And the fact that 1n mammals the bladder
urine may have a higher osmotie pressure than plasma readily suggests
that active or metabolic reabsorption of water bv tubules ean oceur
by the process involving “‘osmotic worl

338  Proten Filtration and Athrocytosis Chyluna and Irpuria
In bladder urine there are usually small traces of protein (albumin,
globuln) to be found whose origm may m part be the plasma[155]
In the glomerular flmd of rabbits, for example, protein eoncentration
has been shown to vary from 15 to 22 mg. per cent[303] Under certan
crcurastances, for example, standmg posture 1n oceasional individuals
[195], severe exercise[62], disease, or high plasma protein concentration
{1051}, plasma protein may filter through the glomerular membranes
m greater than normal quantities as yudged from the inereased quantities
found in bladder urine. However, proteinura is behieved to result mot
only from increased filtration at the glomerulus but also, as Brandt
and Grohn[163) end Lippman{§66} show, from decreased tubular
reabsorption  The elimination of protein is independent of the urine
flow, of the specific gravity of the urine, and of urinary protein con-
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Renal Physiology
Topophysiology; Clearance Concept

8.1 Before proceeding further with discussion of body fluids and
the urinary function 1n dehydration and hydration, space will be given
t0 a synopsis of certain facts and principles in renal physiology as
they are presently understood We shall not consider here the details
of older theories of renal funetion such as those of Bowman[158],
Ludwig[690], and IHeidenhain[507] There are numercus compre-
hensive works which treat of these and much more in renal physiology
among which are included those of Heidenhain[508], Ellinger{34l],
Volhard {1101}, Cushny[268], Ambard[36], Ekehorn[327, 328], and
Smith[999] Instead, a coneise narrative will be presented covermng
those basie to an und: d of many aspects of renal fune-
tion. The elements themselves are often accepted provisionally, even
where doubts as to therr validity have been raised in some quarters, to
avord the halting reservations which 1f carried to excess destroy
coherence  On the other hand, certain tenets are subjected to ertieal
review Where, n the writer’s opiion, these have not yet suffered that
ordeal

ReNAL TOPOPHYSIOLOGY

3.2. Basic Principles Filtration and Reabsorption. Wearn and
Richards[1117, 1118] devised the technique for simnltaneous collection
of glomerular (eapsular) and bladder urine i frogs DBy means of
fine pipettes, carefully introduced into the glomerular capsule and
the tnbular lumen, they withdrew fiuids which were then subjected to
chemical analysis. In this manner they demonstrated that the gl.D-
merular flnid 1s essentially free of protein but contams erystalloids in
almost the same concentration as the plasma  Further, it was deduced
that chloride and glucose were reabsorbed from the glomerular filtrate
by tubular activity Extending these topological studies to the mam-
malian nephron (in rats and guinea pigs), Walker et al.[1106, 1108]
were able to localize the reabsorption of other substances. Of the
filtered water, it was estimated (in terms of the concentration under-
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gone by creatinine, supposedly not reabsorbed) that two-thirds was
reabsorbed in the proximal tubules.

These methods revealed a concrete basis for the speculation which
had preceded them It 15 now generally agreed that the production of a
nearly protem-free glomerular filtrate, or ultrafiltrate of plasma, 1s
chnefly a consequence of the hydrostatic pressure m the capillaries of
the glomerulr exceeding the osmotic pressure of plasma proteins The
forces which oppose the transudation of protemn-free fluid from the
ca;nllancs melude the oncotre pressure of proterns, hipoids (cholesterol,

), and of d and shghtly
fatty ac1ds[712] as well as tissue pressure and other forees as yet
undefined But the effeet upon fugaeity of the blood pressure, ulti-
ma(ely supplied by a small fraction of the work of the heart, 1s larger
Tn man, the glomerular filtration rate 15 commonly taken as 120 ce /mm
1t 13 of some interest to contrast this wath an average figure of 14
ce./mm, which represents the lymph flow through the thoracie duct
That the former represents a single organ whose actnal lymph flow 13
not remarkable, and the other a much Jarger tissue mass, 1s noteworthy

The fact that there 18 ordinarily no appreciable quantity of glucose
present 1n the bladder urine 13 evidence for the almost complete tubular
reabsorption of this substance That other substances such as ehlorde
may also disappear from the hladder urine 1s, correspondingly, evidence
for their similar handling And the fact that m mammals the bladder
urme may have a higher osmotic pressare than plasma readily suggests
that active or metabohie reabsorption of water by tubules can oceur
by the process mvolvmyz “‘osmohe worl

33 Protemn Filtratton and Athrocytoss Chyluria end Ltpuria
In bladder urine there are usually small traces of protem (albumm,
globulin) to be found whose erigin may m part be the plasma[155]
Tn the glomerular flmd of rabbits, for example, protein eoncentration
has been shown to vary from 15 to 22 mg per cent[303] Under certamm
uircumstances, for example, standing posture m oceasional 1ndividuals
[195], severe exercise[62], disease, or ligh plasma protein concentration
{1051}, plasma protemn may filter through the glomerular membranes
1n greater than normal quantities as judged from the increased quantities
found in bladder urine, However, proteinuria 1s believed to result not
only from increased filtration &t the glomerulns but also, as Brandt
and Gruhn[163] and Lippman[666] show, from decreased tubular
reabsorption  The el fon of protem 1s ind d of the urine
flow, of the speafic gravity of the urine, and of urinary protein con-
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centration, but varies with protein intake[102]. A 8 per cent total
protein concentration in urine is remarkably high, even pathologically,
5o that the concentration raho, urime protein :plasma protein, 1s usually
considerably less than 1. Inasmuch as the protein of smaller molecular
weight (human serum albumin—mol wt, 72,000) tends to leave the
plasma more readily than that of higher molecular weight (human
serum globulin—mol wt, 150,000 to 190,000), albumin globulin ratics
for urmary protem tend to be greater thau 1 and are found as high
as 10 Conditions which favor proteinuma, therefore, tend to produce
albunun globulin ratios for plasma protein which are less than 1.

Bull[195}, 1n a comprehensive paper on so-called postural protewnuria,
suggests the etiology of this eondition as follows A rise in pressure in
the inferior vena cava is produced by compression of the vessel against
the spine by the posterior surface of the hwer and this pressure 1s
conducted back to the kuduey inducing passive congestion and pro-
teinuria The compression only oceurs when the subject is in a lordotic
posture and when the anterior surface of the liver iotates inferiorly
This rotation of the liver normally oceurs when the subject 1s lordotie
and 1t is maximal 1 the erect lordotic posture. In some, 1f not all
subjects, the site of compression of the inferior vena eava may be at
the diaphragmahe opening and not below Accompanying proteinuria
there is a fall 1n effective renal blood flow, a fall in glomerular filtration
rate, and 2 mise in filiration fraction Proteinuria can be induced mn
subjects with large, easily palpable lvers by rotating it inferiorly
Delay in foot-to-tongue circulation time 1 essociated with postural
proteinuria

Some proteins, such as myohemoglobin or hemoglobin {666, 1187, 1188],
are found to pass from the plasma to the urme more freely than plasma
albumn or globulin  Ywle[1186] elaborates the renal theory which
considers the glomerulus effectively as a mechanical sieve containing
innumerable pores each large enough to permit passage of certain large
molecules It 1s assumed that there are pores of minimum and maximum
size which set lmits on the freedom with which different molecules
may pass through. The upper hmit 15 cansidered to be approximately
at the level of the molecular size of hemoglobin (mol wt, 68,800) since
arder normgl condstions no substances of mgher molecular weight are
known to pass through Clearance analysis suggests that only about
3 to 4 per cent of the pores are permeable to hemoglobin in the dog
and 4 to 5 per cent in the rabbit. Myokemoglobin (mol. wt, 17,500) is
excreted abont 25 times more rapidly than hemoglobin and this is
thought to be due to the more complete filtration of the smaller molecule.

Tntraperitoneal mjection of bovine albumin 1n rats has been found to
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1nerease the excretion rate of intravenous hemoglobn for 2 given plasma
concentration of hemoglobm, that is, 1t lowers the hemoglobin thresh-
01d[666] Pombly mo factors are concermed in this phenomenon,
namely, an inere lar permeability and a saturation of the
transport system for protem reabsorption (§315-318)

Albumim 15 consistently present in the urine of mfants i the second
to fifth days of extrauterme lfe It is present even more markedly
1w the urne of premature mfants[995]. Presumably some albumin
normally filters at the glomerulus and is reabsorbed by the tubulcs in
man as m other ammals[303] with } g
is not always a benign phenomenon When marked, 1t 1s ofter asso-
crated with depressed renal function, tubmlar lesions, or nephrosts(122,
203, 636] However, there 15 evidence that hemoglobm can be prepared
1n a stable form and mfused without evoking sertous renal damage and
that hemoglobinemra 1s probably not the basic factor m the production
of renal lesions seen m eertan chimeal states(8471.

The tubular reabsorption of electronegative colloidal particles such
as hemoglobin, egg albumin, globulin, Trypan blue, cte 1s apparently
dufferent from that of erystalloids hke glucose or urea Gérard[419)
uses the term athrocytosts to mndicate the mtracellular flocenlation which
follows the absorption of such eolloidal particles and therr storage in
the brush border segment of the tubules This process duffers further
from ordinary in 2 prol d of material m the
tubular epithelium Tlm earthworm with an open nephrostome in the
coelomie cavity requires an athroeytic process to recover protem and
other valuable dissolved materials which would otherwise be lost In
the normal state the adult human kidney may never show marked
athroeytoms, nor do mast homootherms, but m disease, when eollodal
particles pass more freely through the capsular walls, the athrocytie
function, which has been lying dormant, appears In the dog the
athrocytie capacity has been estimated at 2 mg /min for hemoglo-
bin {7901

Increased lymph pressure n lumbar channels, leadmg to rupture of
these vessels, 1 beheved to play a role mn the spilling of chyle Chyluria
15 evidenced by milky, cloudy, or white urime oecasionally contaming
cots It 1s characterized by a collmdal suspenston of fat particles
which cannot be centrrfuged, m contrast to Iipuria m which fat 1n urine
15 1 the form of globules wisible to the eye and stainable with Sudan
11 Parantie chyluria 1s a fairly common eomplication of filanasis,
nonparasitic ehyluria 15 of mostly unknown origin{686]. Chylune
unine may contain 1 per cent fat on & high fat diet and less than 01
per cent on & low fat diet  Lipuna and albuminuna oceur after decom-
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Dression of the briefly occluded renal artery of the dog. The fat may
be secreted by the tubules[1099].

34 Tubular Reabsorption, Passive and Actie. The tubnlar reab-
sorption of water, which in the mammalian lkidney ean produce a
urme of greater osmotic pressure than the plasma, is reparded at least
in part as an aelive reabsorption. Sinee such a urine in the tubules
might be expected to oppose the reabsorption of water through its
effective osmotic pressure, it is supposed that there is an expenditure of
metabolic energy by the tubules, related to the difference in osmotic
pressures between urine and plasma, *‘Osmotic work’ may be per-
formed on any substance (more properly, ‘‘by” any substance), includ-
ing water, and this performance (or potential performance) is recog-
mized by the existence of a difference of concentration between the
plasma and the tubular or bladder urine for that substance This
difference is known as a concentration gradient. Wherever there is
2 concentration gradient, there is a concentration ratio (urinary con-
ecentration -plasma concentration) greater or less than unity. Were
“¢osmotic work’’ not 1nvolved in the creation or dissipation of a con-
centration gradient, then, aside from the effects of the Gibbs-Donnan
equilibrium in beterogeneous systems, the conmcentration ratios should
tend to wmty, followmg free diffusion between urinary and plasma
water

Acetone and alcohol are examples of substances whose free diffusion
through the tubular walls probably aceounts for the fact that their
concentration ratios are always close to 1 despite tubular reabsorption
of water which acts to create higher rattos[36, 1140] The type of
reabsorption shown by acetone 1s assumed to be passive, conditioned
by its minute concentration gradient between fluid of the tubular
lumen and plasma, set up when water 1s withdrawn from the glomerular
filtrate. There is reason to believe that urea 1s another substance show-
ing passive reabsorption[721, 959, 961]. However, urea ig thought not
to be so freely diffusible through tubular walls as acetone or aleohol,
and a greater concentratton gradient between tubular fluid and plasma
is set up during twater reabsorption.

When a concentratien ratio for any solute is different from 1, either
it or water, or both, may be undergoing acfie reabsorption. If we admit
the diffusibility of urea through the tubular well in response to a
concentration gradient, that 1s, its passive reabsorbability, then e
can assmue if e wish that any observed concentration gradient could
have been set up by the abstraction of water from tubular fluid with
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an expenditure of metabolie emergy (for an alternate assumption, see
§3.13)

A solute like sodmm or chloride may at different times have a con-
centration ratio less thanm, equal to, or greater than 1. When it is
equal to or greater than 1 we cannot demde whether reabsorption
of solute is active or passive although some active reabsorption of water
might be indicated where the ratio exceeds unity, A concentration
ratio less then 1, however, mplies in eurrent thought an active reab-
sorption of the solute from the glomernlar filtrate by tubular acuvity.
The term ‘‘active reabsorption’ applies to the process whereby a
tubular transport system expends metabolic epmergy m moviag a sub-
stance from the tubular fluid, aeross the tubular wall into the plasma
It 1s called “active’” by wirtue of the belief that physical (osmotic)
work must be mvolved, and 1t 15 called “‘reabsorption’ because con-
vention has given the name to that direction of transport

35 Tubular Secretion A trausfer of substances m the reverse
direction, that is, from the plasma to the tubular fluid, is called tubnlar
secretion. It is consistent with the glomerular filtration theory that
thus process be always active for freely filterable, passively reabsorbed

in the jan kidney A secreted by the
tubules 13 usually deposited in a glomerular filtrate which already
contains that substance in essentially the same comcentration as the
plasma water or 1n a higher concentration, as where some reabsorption
of water from the filtrate has oceurred  This addition raises the concen-
tration of the substance i the tubular fluid further. Thus, the
concentration ratio for a substance secreted by the tubules is always
greater than 1 although that fact alone does not prove that seeretion
1s operating in any particular case®

To buman renal excretion the greatest body of expernmental and
theoretical Work tells us that water 1s normally filtered (120 cc /mm )
at the in ly larger than the final volume
of formed urine (1 ce /min.) and that tubular reabsorption (119 ce/
min ) of th? greater bulk of the filtered water oceurs. In aglomernlar
kidneys, as in the toadfish whose nephric umits are merely blind tabules

* To the rule that the coneentration ratio for secteted substances is always greater
than 1 there ore at leoat two exceptions. (1) A substante bound to plasms
protein so that an appreciable fraction does not filter may At bigh urine flow be less
concentrated in the urine than 1 plasma (but not in plasma water); (2) an actively

Teabsorbed pubstance, eoneervably also mecteted ot gome portion 6f the mephron
above or below the site of reabsorption.
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pression of the briefly occluded renal artery of the dog The fat may
be secreted by the tubules[1099]

34. Tubular Reabsorption, Passwe and Active. The tubular reab-
sorption of water, which in the mammelian kidney can produce a
urne of greater osmotic pressure than the plasma, is regarded at least
in part as an active reabsorption  Since such a urme in the tubules
might be expected to oppose the reabsorption of water through its
effective osmotie pressure, 1t is supposed that there is an expenditure of
metabolic energy by the tubules, related to the difference 1 osmotic
pressures between urme and plasma  “‘Osmotic work’’ may be per-
formed on any substance (more properly, “by” any substance), nclud-
mg water, and this perf (or 1 perf ) is recog-
nized by the existence of a difference of conmcentration between the
plasma and the tubular or bladder urne for that substance This
drfference is known as a concentration gradient Wherever there 1s
a concentration gradient, there is a concentration ratio (urinary con-
centration -plasma concentration) greater or less than unity. Were
““osmotic work’’ not involved in the creation or dissipation of a con-
centration gradient, then, aside from the effects of the Qibbs-Donnan
equilibrium in heterogeneous systems, the concentration ratios should
tend to umty, following free diffusion between ifrinary and plasma
water.

Acetone and alechol are examples of substances whose free diffusion
through the tubular walls probably accounts for the fact that their
concentration ratios are always close to 1 despite tubular reabsorption
of water which acts to create higher ratios[36, 1140] The type of
reabsorption shown by acetone is assumed to be passive, conditioned
by its minute concentration gradient between fluid of the tubular
lumen &nd plasma, set up when water 1s withdrawn from the glomerular
filtrate. There is reason to believe that urea 13 another substance show-
ing passive reabsorption[721, 859, 961]. However, urea is thought not
to be so freely diffusible through tubular walls as acetone or aleohol,
and a greater concentration gradient between tubular fluid and plasma
1s set up during water reabsorption

When a concentration ratio for any solute 1s different from 1, either
it or water, or both, may be undergoing active reabsorption. If we admit
the diffusibility of urea through the tubular wall in response to 2
concentration gradient, that 1s, its passive reabsorbability, then we
can assume if we wish that any observed concentration gradient could
have been set up by the abstraction of water from tubular fluid with
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TaE CLrARANCE CONCEPT

37 When urea i solution is injected 1ntravenously it diffuses to alt
parts of the body with great rapidity, the diffusion bemg almost com-
plete n a few mmnutes Under many condtions 1ts rate of exeretion
15 directly proportional to its coneentration 1n the blood[52, 721]. These
{acts taken alone imply that the rate of excretion of urea is proportional
1o 1ts load m the body and that 1t obeys the law of exponential decay
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Fig 7 A Curve Hlustrating the Law of Exponiential Deeay m the slow empty-
ing of & buret whose outline and contained volume are indicated in the drawings
supermmposed on the eurve at umt tume antervals The buret, which contaims
100 umts of volume ymbially and Which 1s set to empty 1n such & way as to
eontain ove half that volume after one uwmit of time, wall tontan one quarter
a3 much after two umis of time, ome-eighth as much after three umts of tume,
ete

m much the same manner &s radwactive disintegration, the electrical
discharge of a condenser, or the slow emptying of a buret.

38  The Law of Decay 1n Exzcretion  Consider the burets m figure
7. With a slow rate of emptyimng, the rate at any time, #, 13 proportional
0 the pressure head above the outlet and, therefore, to the volume, V.
The equation describing the emptying of the buret is

V=Vt a1
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prosimally, water finding 1ts way mnto the nrine must be seereted This
particular kind of seeretion was shown to be an active process by
Bieter[116] who demonstrated that the pressure of wune delivered at
the ureters of this fish can be greater than the dorsal sortie pressure
The former pressure s of the order of 18 mm of mercury and the
latter about 14 mm  Smee the mamn supply of this kidney is venous, .
the ureteral pressure rs probably 4 or 5 tumes as high as the pressure
1 the renal capillanies
Marshall and Vickers{728] offered proof of the secretion of the sub-
stance phenolsulfonphthalein, known also as phenol red and PSP They
showed that phenol red was largely adsorbed on plasma proteins so
that only about one-fifth was free, diffnuble, and filterable at the
glomerulus (§3.15). Using estimates of the renal blood flow and the
probable fltration rate m dogs, 1t was possible for them to show that
more phenol red was found in the urine than could possibly have been
contributed by the glomerular filtrate alome, The ewistence of the
proeess of tubular secretion of phenol red was then posited to account
for the excess of dye finally exereted Later, in answer to crities hike
Cushny {268] who would not mcorporate the process of secretion into
a theory of renal function, Marshall[719] showed that the dog kidney
Mronamed ine whaqol red than creatinine, which Iatter
t the process of filtration alone (that
. atively greater rate of exeretion of
phenol red than of creatimne (per Tespective unmif plasma concentra-
tron) 18 considered sound evidence that a seeretory process contributes
to the final urinary exeretion of the dye

36. Iomc Exchange Summary Pitts and his associates{864, 865,
866, 934] have proposed that there may be a ‘‘pseudosecretory’” mecha-
nism in which sodium ion 1s taken up by the tubular cells (Fig 10)
from the luminal fluid 1p exchange for hydrogen ions given up to the
juminal finid Apparently a useful working hypothesis, psendosecretion
of hydrogen fon is believed capable of accounting, at least in part, for
the process of acidification of the urme

In fine, the excretion of the
of a few fundamental processes: either filiratton alone, where 2 sub-

stance entering the tubular lumen from the glomerular capsule passes
into the final urine without g any i or ’. t
ag & result of tubular transport, or filtration and active or passive reab-
sorption (er both), or filtration and secretion, or one or more of these

in urime 1s g bly the result

processes, and *‘exchange. ”
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where u is the rate of urine flow {ce /mm ), U is the concentration of
a substance {urea) in the urne (mg /ce.), and A is the concentration
of that substance 1n the arterial blood plasma, essentially identical with
the jon in systemis venous plasma* The valoe C,
relatively constant at clevated urme flow, was called the *‘clearance’
by these guthors The umts of the clearance are given in cc /min and
the clearance 1tself 1s allied to a veloeity constant of exeretion. It
is strictly defined by equation (13) as the rate of excretion of a substance
(urea, 1 this case) per nmunute per umt plasma concentration Another
defimtion 1s almost equally vahd. Tramshiterating the symbols of
equation (12) we see that the urea clearance represents the number of
ec of plasma (flowing through the kidney 1n a minute), of a certam
urea concentration, which would be requred to supply the quantity of
urea put out In the mrinme (the number of cc of urine multiphed by
the urinary concentration of urea) mn ome mmute Plasma flowing
through the kidney 15 not, however, completely stripped of all 1its
contaned urea{1088], actually enly about one-tenth of the urea 18
removed from the renal arterral plasma, mme-tenths being left in the
renal venous plasma The urea cl does not
an actual quantity of plasma stripped completely of its contained urea
during a minute’s flow It represents rather a wriual quantity of
plasma, that is, a quantity whick, 1f completely stripped of its urea,
would provide the amount found in the urine formed m one minute

If the renal plasma flow through the human kidney had been 750
ce /mmn and the urea clearance 75 ¢c /min, then each of those 750 ec
of plasma flowing through the kidney mught have been cleared of 10
per cent of 1ts contained urea But 75 ce of plasma could have been
stripped completely of its urea and provided the same quantity of
urea for one minute’s urme. Thus, it 1s proper to say that the elearance
of urea 1s the number of cc of plasma virtually cleared of this substance
1 one minute This aspect of renal clearance 1s successfully employed
empincally s a basis for renal function tests When the urine flow is
above 1ts “‘angmentation hmt’’ (§87), 75 ecc /mun 15 & normal urea
clearance 1n man  Clearance values appreciably below this are con-
sidered evidence of defective renal funetion, particularly glomerular

Urea clearance 13 a nmgque function of the rate of urmme flow The
exact relation has been the subject of numerous mvestigations[52, 222~
224, 304, 306, 308, 478, 551, 959] and various empirical and sem-
theoretical equations have been used to describe it, none completely

* For the sigmficance of the error which may arise from the use of Tenous rather
than artenal blood, sce Brun, Tilden, and Raaschou[188]




40 URINARY FUNCTION OF THE KIDNEY

where V', is the amount of finid left at the time #, ¥;1s the initial volume
of fluid in the buret, ¢ 15 the base of natural logarithms, and & is a
““veloeity constant.”” The curve of this equation, drawn in figure 7,
has many interesting properties Its slope i3 always proportional to
the height of the ordinate.* Equal time intervals are required for the
buret to empty from 1ts initial volume to one-half its volume; from
one-half volume to one-quarter; from one-quarter to one-eighth; ete.
Theoretically the buret would never cease to deliver fluid and would
never empty were it not for the effective intervention of physical
factors such as eapillarity and evaporative loss, in the case of water.
In the same way there are half-lives for radioactive elements which
theoretically never disappear except for the fact that there are a finite
number of atoms in a given mass and eventually the final particle
disintegrates.

The law of decay is the opposite of the law of growth whose equation
has the same form as (11) except that the sign of the exponent of ¢
is positive. The multiplication of bacteria, the rate of increase in weight
of young ammmals (the bigger they are, the more they eat, the faster
they grow), and the inerease of primeipal i the bank at compound
interest (tbe eompounding is performed every instant in nature) are
all instances of thiy cognate natural law. Where the ordinate alone
of the coordinates of a growth or a decay curve is plotted on a
logarithmic scale, the curve is a straght line.

We could readily plot the rate of exeretion of a load of urea against
time and find an exponential curve similar to that of the emptying
buret DMany other substances such as inulin, acetone, and phenol red
can show this same characteristic type of exeretron.

39. Clearance: The First Aspect, DMoller, McIntosh, and Van
Slyke[787] studied further the excretion rate of uren and confirmed
the proportionality of its excretion rate to blood or plasma concentration
(and, therefore, to load). The relation could be stated that

wU=CA 12)
or
- vT 15
C=> [¢5))

*The decay equation 1s derived from the premise that rate of emptyiug is pro
portional to volume, that is dP/dt = ~L¥, and equation (11) fs tbe integral of

this expression.
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where u is the rate of utine flow (¢c /min.), U is the concentration of
a substance (urea) in the urine {mg /ec.}, and A is the concentration
of that substance in the arterial blood plasma, essentially identical with
the eoncentration in systemie, nonrenal venous plasma® The value C,
relatively constant at elesated urine flow, was called the ‘‘clearance””
by these authors The units of the clearance are given in cc /min and
the clearance itself is allied to a velocity constant of exeretion It
15 strictly defined by equation (13) as the rate of excretion of a substance
(urea, 1 this case) per minute per umt plasma concentration Another
defimtion is slmost equally valid. Transliterating the symbols of
equation (12) we see that the urea clearance represents the number of
cc. of plasma (flowing through the kidney in a minute), of a certain
urea concentration, which would be required to supply the quantity of
urea put out in the urine (the number of cc of urine multiplied by
the urinary concentration of urea) in one mpute. Plasma flowing
through the kidney is not, however, completely stripped of all its
contamed urea[1088], actually only about one-tenth of the urea 1s
removed from the renal arteral plasma, nme-temhs being left in the
senal venous plasma. The urea ¢l , does not
an actual quantity of plasma stripped completely ni 1ts contained urea
during a mmute’s flow It represents rather a wriual guantity of
plasma, that 1, a quantity whach, +f completely stripped of its urea,
would provide the amount found 1o the urine formed in one minute

If the renal plasma flow through the human kidney bad been 750
¢ /min. and the urea clearance 75 cc /mun, then each of those 750 ce,
of plasma flowing through the kidney might have been cleared of 10
per cent of 1ts contammed urea But 75 ce of plasma could have been
stripped eompletely of 1ts urea and provided the same quantity of
urea for one mmute’s urie  Thus, 1t is proper to say that the clearance
of urea is the number of cc of plasme virtually cleared of this substance
n one minute  This aspect of renal clearance 13 successfully employed
empiricaily as & basis for renal function tests When the urime flow 15
above 1ts ‘‘augmentation Lumit™’ (§87), 75 cc /min 15 & normal urea
clearance 1n man  Clearance values appreciably below this are con-
sidered evidence of defective renal function, partieularly glomerular,

Urea clearance 15 a unique function of the rate of urine flow. The
exact relation has been the subject of numerous investigations[52, 222

224, 304, 306, 308, 478, 551, 939) and various empirical and serui.
thmretm\ equations have been used to describe it, none completely

* For the migmifitance of the errot which may arwse from the vse of venous rather
thin arterial blood, sce Brun, Milden, and Rasschou[188]1
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1n general, the clearance is greater as the rate of urine flow is greater.
Austin, Stillman, and Van Slyke{52] found in man that urea clearance®
rose with inerease in urine flow until the latter reached a velue between
1 and 2 cc/min. Above this value tht clearance was not found to
augment further and the term ‘‘augmentation hmit’’ was apphed to
the entical urine flow In this sense the augmentation limit is probably
a fietion There is actually no well-defived asymptote of ““maxmum
clearance’’ (787] toward which urea clearances rise as urine flows
increase. At present, renal theory would place the maximum possible
urea clearance at the level of glomerular filtration This would be
attained as the urine flow itself approached that level, but under
conditions of such intense diuresis the glomerular filtration itself would

probably increase

310 The Second Aspect of Clearance. Of more interest to remal

p y than the irical use of the cl as » renal function
test is & second aspect of clearance which may be examine\d as follows,
Assuming that a given sub; is neither synthesized nor decom-

posed by the kidney, meither stored in nor hberated from renal par-
enchyma, and not utilized,t then the quantity of that substance leaving
per minute by both renal vein and urine equals the quantity arriving
per minute via artery. We may state

ad=aRit+ull (14)
where @ 18 the renal arterial blood or plasma flow to the kidney
(ec /oun.) and R is the concentration of the substance in renal venous
blood or plasma n the same units as A and U (sce Appendix).

a(A—R)=uU (15)
Dividing by 4,

. a-=—=

(16)

Thus, the clearance of a substance 13 seen to be the product of the

*These authors did not use the term *‘clearsnce,’’ which had not yet been

introduced, but employed its mathematical equivalent.

t ««Utihization?” refers to the sum of the processes of metabolism and extrarenal
t100[207]. .

oy nous fow from

ression o 1 used instead of rE (where r is the renal ve
ahez :?d‘;:yx ‘;;:r minute) at this pomnt sinee o and r are almost equal  The difference
which results from umng r instead of a 13 the one which 1 respongible for the fact
that the two definitions of clesrance previously given have different degrees of
vabdity (§3.20), Lymph removal from the kduey 1s slso neglected in this formuls,
beung relatively msignificant 1 effect on the ealeulations to be made here.
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urme flow but not along a rectangular hyperbola (Fig. 8).. For still
other substances, such as chloride, the concentration ratio is a complex

TasLe 1T

Urine plasma coneentration ratios, U/4, found i normal man at two different
rates of urme flow, u==1 snd #=2 ce/mm. The product of fhese eoncentration
ratios and corresponding urie flows 13 the clearance. T and NT classify the sub-
stances a3 ¢‘threshold’’ and ‘‘mo-threshold,’” Tespectively. Class T n this table
1meludes, without distmetion, thresholds of exeretion aud of tetention (§72)

v/4
Substance Class P

=1 wz=2
Protein ... . . . T <1 <1
Glueose o ... . - .. T <1 <1
Amino ands .o <1
Water . T 1 1
Thioeyanate * . . - 1
Sodiwm ... .. T <1to? <1lto2
Chlorde - - T <1tod <1tod
Bromide - T <13 <ltod
Bicatbonate . . .. . LT <1to3
Caletam ...y . ... . T <Ited
Magnesum* . . VR 5
Phosphate . - . T <1t016
Sulfate . . . T 18
TUne aed . T <1to24
Potagsium . - . . - T <1tod0
Xylose* . «.. . 50
Hydrogen ron . T < 1to> 800
Acetone .+« <. - . NT 1
Ethanol . . . NT 1 1
Urea . .. e NT 54 38
Ingln.. . .. . NT 120 50
¢‘Exogenous’’ . . NT s 88

ereatinine §

Phenol redt . . ... NT 400 200
Drodrast oo P NT 700 350
p—Ammolupplu'ate te e NT 700 350
Pememt .. . . NT 700 150
Thsmin - -« « . . NT 700 250

¥ Threshold mature not established.
1 At low plasma comcentration -

funetion of urine flow and may either increase or decrease with it,

or remain essentially unchanged.
If we first consider the ion ratio of a sub like phenol
red and recognize that this substance is exereted in part by the process
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of tubular secretion, and then consider the concentration ratio for,
urea, and recognize that due to its highly diffusible and penetrating
nature it 15 probably reabsorbed by the tubules to some extent, it
becomes intriguing to speculate that there may be 2 concentration ratio
between these two which belongs to some substance peither secreted nor

aoo

u (cc /)

Fig 8. Relation of Umne Plasma Coneentration Ratios (//4) to Unne Flow
(u) in Man, Curve 1 13 given as a straight line, Curve 2 belongs t0 no well
Qefined family of eurves and the values of /4 when u w very small may or
taay ot be constant [743] 'The product of the coordinates at any pomt of
any curve 1s equal to the plasma clearance of the substance mdicated  Curvea
3,4, 20 5 ate pven here a9 yeetangular hyperbolas aithough the cleatances of
the represented substances are mot always totally independent of urine flow

The of such a sub: are estremely interest-
g If the glomerulm- filtration rate, g (ce /mm ), is multiplied by the
concentration of this substance 1n the plasma, the product, representing
the quantity of this substance filtered per minute, is equal to the quantity
excreted 1n the urine per minute This follows because the tubules
neither add to, nor subtract from, the filtered quantity in its passage
to the bladder, that is,
gA=ul (18)
and

LA (9
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uU,/A,, s!muld be independent of the plasma concentration. T
condition in large measure excludes the possibility of tubular eserets
and tubular reabsorption. (36) Where (3a) cannot be demonstrat

! T T T T T T
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DIODRAST
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GLUCOSE 100 200
VITAMIN C© ] 2
CREATININE 20 40
PHENOL _RED 10
DIODRAST IODINE 20

PLASMA CONCENTRATION (M. PER CENT)

Fig. 9, Diagrammatic Summary of Excretion of Yarious Types of Compounds
by the Human Kidney Modified from Smuth {1002].

because of inconstancy in the rate of Hltration jtself, it is of equal
force to show that the clearance of « is constant, relative to the
clearance of some other substance, at various plasma levels of z. ()
A ing that adeq doses of phlorizi letely block the tubular
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reabsorption of glucose, then in the phl ized animal the
of x would be equal to the glucose clearance (This, of course, 1s not
evidence that phlorizin does rot block the tnbular reabsorption of z
itsel.)  (5) Where_the simultaneous clearances of two or more sub-
stances are identical under a wide variety of conditions (plasma level,
urine flow, ete ), this may be taken as ewidence that both substances
are excreted by the glomerul, without interference from the variable
factors of tubular reabsorption or tubular secretion (6) Where a com-
pletely filterable substance 13 excreted in part by tubular activity, the
3! of that sub when d d by elevatmg the plasma
level should approach the elearance of z as the limting asymptote

Of each of these points 1t may be remarked correspondingly+ (1) This
isa ary but i dition to establisk a particelar sub-
stance 1n the role of a standard  (2) This 15 neither direct nor indirect
evidence  Presumptive or cirewmstantial evidence cammot eonstitute
proof. (3a) This 15 a necessary but mmsuffictent condition to establish
a particular substance 1n the vole of a standard Urea, acetone, 1nulin,
and other substances fulfill this condition and bave widely different
cleatances  (3b) This 1s presumptive evidence Urea and acetone have
clearances which can be constant relative to the clearance of mulin
and certain other substances (4) This 15 a resort to a subsidiary
Lypothesis whose validity has not been completely established Indeed,
Conway, Fitzgerald, and MacDougald{238] not only deny that phlorizin
blocks the tubular reabsorption of glucose but also mndicate that glucose
may actually be secreted nto the lumen of the proximal tubule 1n the
frog. This 1s said to oceur with no water reabsorption 1 this tubular
segrent, directly eontradieting the observations of Walker et al [1106]
whiC}l are alleged to have been nusmterpreted Furthermore, as Smuth
has indicated, we do not know that phlorizin does not alter the tubular
handhng of z atself, (5) This 13 presumptive evidence  Aetual experi-
mental error makes 1t dufficult to distingmish small differences 1n clear-
aoces accurately, with the result that substances of different nature
may ouly appear to be handled smilarly  Also, the nature of this
evidence ﬂoef; not exclude the possibility thet many substances remaimn
to be nvestigated which may behave as members of groups in such
8 way that groups differ from each other by having different, char-
a'ctgrlstxc, mean clearances, while members of a group have closely
su{ﬂlar or identical clearances (6 This is possibly the best, if indirect,
evldevime. However, it 15 based on an assumption that the clearance
osz is at the level of a clearly defined asymptote. Actnally, several

fably different el have been used asymip-

se, when it was believed to measure glomerular

with
totically, for example, xylo
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clearance,* and later inulin  Clearances have found themselves approac]
ing the asymptote theoretically most attractive at a given period |
renal physiology

The above criticisms directed at the use of test standards to measuz
glomerular filtration are not mtended to negate the value of attemptin
to exploit such substances but rather to point up the hazards whic
are run as long as clear criteria of eqnivalence between clearance an
glomerular filtration rate are lacking for all conditions nnder whie
these standards are to be used. When it is argued{1000] that it i
implausible for substances of such different natures as eulin, ereatinine
and thiosnlfate to be either excreted or reabsorbed by the tubules t
precisely the same extent in different speetes of animals, and that i
may be accepted that i these species the substances are exereted by
filtration without tubular participation, we should seriously questior
the evidential nature of i bi What can be giver
that the inulm standard remamns inviolate when it ean be said tha
1n the dog, its elearance is numerieally equal to that of creatinine and
thiosulfate, yet 1n man 1ts clearance is lower than that of creatinine,
angd in the cat[120]} its clearance is lower than that of thiosulfate?

It is well to know the hmitations of snch a standard if it is used to
Brol

judge the behavior of other sub in remal
et al.[323] caution, ‘“As disillusion has so often followed the most
convincing advoeacy of renal theories, 1t may be well ., to summarize

. results which can easily be m a form independent of

theoretical beliefs, even the belief that the ereatinine clearance is
related to the rate of glomerular filtration.”’

A number of Smth's views on renal function, but particularly those
concerned with the measurement of glomerular filtration, have been
attacked toot and bramch by Ekehorn{329-331, 833]. The latter
author prefers to retain the use of creatinine as a standard substance,
after Rehberg[890, 891], while Smith{1002] asserts that the use of
creatinine is erroncous Whichever position has the greater validity,
it is apparent that exhaustive analysis of this question has failed to
produce an answer satisfying to all investigators, Conceivably, any
contention of this nature may be unverifiable

Failure to re-examine first prinuples can generate suspicions con-
sistency in experimental effort When the clearance of a standard
substance falls, as 1n, disease, can we be, certain that the glomerular
filtration rate has decreased and that tubular reabsorption has not

* The glomeralar clearance of any substance, frerly filterable, 13 theoretieally equil
to the glomernlar fltration rate, that 18, g = C == uD/4, where U/4 for capsular
“tunne’? is 1, and u=g
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occurred?! How can we credit the reliabi of the inuli d
filtration rate in disease if inuln does not measure satisfactorily the
filtration rate 1n the 1solated kidney[969]% When it 15 found that in
the rabbit{579] the cl of inuhn d with d d urine
fow and showa & precipitous drop as urine flows fall below 1 ce /sq
m /min, how can we be eertain that glomerular filtration is changing
in direet equi o the inulin ck and that tubular reabsorp-
tion of iulin remams at zero! And 1f protein is admittedly reabsorbed
by the tubules[303] how can we exclude mulin {mol wt., 5100) or
mannttol (mol wt, 182) from possible reabserptiont

McCance and Widdowson[748], m a case of alkalosis, and Keith
King, and Osterberg{586], observing debydration following large doses
of potassiom, found that the clearance of potassium could be greater
than that of inulm They accepted the wmplication that potassmm,
ordmanly reabeorbed, could also be secreted This remarkable pro-
ceeding apparently sigmfies that potassium has properiles common to
both threshold and no-threshold substances (§316). Berliner and Ken-
nedy (103} and Mudge, Foulks, and Gilman[795] support the hypothesis
that potassium can be secreted as well as reabsorbed They do not
believe that the filtration rate i therr expersments could have exceeded
the clearances of creatimine, wnulin, and thiosulfate, which are equal
in the dog{434)

Barelay ct al {67, 69, 71] conceive a definite three-component system
of renal excretion for a variety of substances ineluding potassiom,
phosphate, urea, and members of the sulfonamide group They hold
that these substances may undergo one, two, or all three of the processes,
namely, filtration, veabsorption, and seeretion, in the eourse of bemg
transferred from plasma to bladder urine. The evidence for the opera-
tion of these processcs 1s based on the form of the curve obtaimed when
the 1ndex E 1s plotted against A, This index is defined us

_ U/ ,~1 20

S WAyt @n
For many substances, and particularly at low urine flows, £ can be
approximated by the ratios C,/Cu or by ul,/Ciad., that 13, the amount
of solute exvreted per minute divided by the amount filtered per minute
Providing ¢ method of analysis, the index E 13 of considerable interest
although one may doubt that the conclusions drawn from such analyss
umsiatre Wine ity pussidie expumition ot fne excretory “oénavior ot
the kudney”’ even in seleeted cases

Txt us for the purpose of argument consider an unorthodox *“secre-
tion-filtration-reabsorption” theory (to be called here a *‘secretion’
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%heory) which holds that of the substances making up the urine, not
ineluding water, the larger part is secreted by the tubule cells while
only some small quantity of water and erystalloids is added by the
glomeruli. Some water may be secreted by the tubules but ths is
uot essential to the theory. Further, let 1t be held that small, filtered
quantities of glucose and some other sub are normally reah d
or utilized by the tubules and therefore do not appear in the urine
Such a view resembles in important partieulars that of Herdenhain[507)
and some others For the moment let us consider pomts in favor of.
or at least consistent with, such 2 theory, disallowing the tenet that
inulin clearanee measures glomernlar fltration

Secretion does not reqinre a umiquely hagh rate of capillary transude-
twn The rate of glomerular filtration eould be m acecord with those
of renal lymph flows (<14 ce/mm)} No astomshingly high rates
{120 ec /mm } need be contemplated Hemodynamics previously based
on the assumed fact of the higher filtration rate could probably, without
violence to underlying hypotheses, be based on a lower rate on equally
rational terms. Renal arterial-venous-glomerular-ureteral pressure
relations provide no direct contradiction to a secretion theory. They
are at present no more than compatible with current theory and do

not prove it
Secretion of water 1s a tenable physwlogical principle. Water can

be secreted by the tubules of aglomerular fish It is not less reasonable
to suppose that water can be secreted by similar cells in mammals than
to suppose, as has been done, that because inulin is not secreted by
aglomerular kidneys 1t 15, therefore, not seereted by mammalian tubules
Tubular posons such as eyamde often produce an oliguresis, or at
least no remarkable dinresis[466, 678, 1026]. Ths is consistent with
poisoning of a tubular secretory mechanism for water rather than a
tubular reabsorptive mechanism, allowing that the main contribution
of water is from the glomernli, Changes in the latier could account
for such observations as the inerease of urinary flow 1n certain phases
of mereury posonng  Depressed urmary excretion of solutes 1s readily
accounted for by assuming that their secretory transport mechanisms
have been attacked by the poison

Concentraton rattos U/A vahtes greater than 1 for solutes are
not more evidence for reabsorption of water by tubule eells than they
are for seeretion of solutes by these cells.

Recretion and the law of exponential decay. The fact that the excre-
tion rate of mulin or that of many other substances, for example, .aoetﬂne,
urea, or phenol red at low plasma concentrations, is proportional to
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plasma concentration does not prove that these are excr.etec} fmly by
filtration. Investigators have had po qualms aboul maintaining, for
example, that urea can be passively reabsorbed[993], actively reab-
sorbed{998], or seereted{1107]. A constant clearance even over a
large range of plasma concentrations may sumply evidence the opera-
t10m of the ubiquitous law of exponential decay (§3 8) 1n any one or more
of many different possible systems  Consder for a moment (in the
current theory of Tm; §315-318) the tubular reabsorption of glucose
when 1t 15 below 1ts threshold of excretion The quantity reabsorbed
15 proportional to the quantity present m the tubules Turn this arga-
ment to phenol red below that plasma concentratron at which self-
depression of phenol red clearance begins Not filtered freely, it is
nevertheless saxd to be scereted at a rate proportional to its quantity
m the blood sinee 1ts clearance 1s constant; the filtered contribution
15 Iikewse proportional te the quantity m the blood The self-depression
and self. 10n of eertain cl (Fig 9), with their approach
toward the clearance of inuhn as therr plasma levels rise, has been
& potent argument favormg the hypothesis that 1nulin clearance equates
to glomerular filtration rate We have questioned this earlier In
answer to the charge that many unlikely assumptions must be made
if we are to diseard current theory for some other such as the one
under dsscussion, we note that the apparent unlikehness of such assnmp-
tions merely reflects the degree of cur ignorance in the whole matter
Mass action and competitive reabsorption-secretion (§3.17, 318, 319)
are probably as consonant with the secretion theory as with cur-
rent theory

The gugmentation phenomenon *Washing out’’ effects on certam
solutes during dsuresis could represent merely a general secretory stimu-
lation induced by whatever diuretic agent 1s copcerned Curves for
many substances, for example, acctone, urea, inulin, and creatimine,
relating clearance to urine flow, show that in some range the two
vanables increase together. Where wmulin 1 pot granted smngular
properties, the differences m these eurves[224, 579, 959, 1146] fit nto
the secretion theory in terms of speeific differences in handlimg of
these substances by the tubules

Secretion of electrolytes  Certain electrolytes, for example, potas-
swm, are currently believed capable of being both secreted and reab.
sorbed by mammalian tubules Sneh handling, changed as condstions
differ, could reflect Iittle more than differing relative seeretion rates

where filtration 135 mmimal, as in the seerction theory we have arbi-
trarily proposed
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theory) which holds that of the substances making up the urine, not
including water, the larger part 1s secreted by the tubule cells while
only some small quantity of water and erystalloids is added by the
glomerull. Some water may be secreted by the tubules but this s
not essential to the theory, Further, let it be held that smell, filtered
quantities of glucose and some other sub 11 heorhed

are T
or utibized by the tubules and therefore do not appear in the urne.
Such a view resembles tn important particulars that of Heidenham [507]
and some others For the moment let us consider points in favor of,
or at least comsistent with, such a theory, disallowang the tenet that
mulin clearance measures glomerular filtration

Secretion does not require @ umiquely high rate of capillary transudas-
tion The rate of glomerular filtration could be in 2ccord with these
of renal lymph flows (<14 ce/mm). No astonishingly high rates
(120 cc /mm } need be contemplated Hemodynamies previously based
on the assnmed fact of the hugher filtration rate conld probably, without
violence to underlying hypotheses, be based on a lower rate on egnally
rational terms. Renal arierial-venous-glomerular-ureteral pressure
relations provide no direct contradiction to & secretion theory. They
are at present no more than compatible with eurrent theory and de
not prove it.

Secretion of water 18 a fenedle physiological principle Water can
be scereted by the tubules of aglomerular fish. It 1s not less reasonable
to suppose that water can be secreted by similar cells 1n mammals than
to suppose, as has been done, that because imulin 15 not secreted by
aglomernlar kidneys it 13, therefore, not secreted by mammalian tubules
Tubular poisons such as cyanide often produce an oliguresis, or at
least no remarkable diuresis[466, 678, 1026]. This is consistent with
poisoning of a tubular secretory mechamsm for water rather than a
tpbular reabsorptive mechamsm, allowing that the main contribution
of water is from the glomerull. Changes 1n the latter could account
for such observations as the increase of urinary flow in certan phases
of mererry poi D d urinary ion of solates is readily

ted for by that their y transport i
have been attacked by the poison

Concentration ratws U/4 valdes greater than 1 for solutes are
1ot more evidence for reabsorption of water by tubulz cells than they
are for secretion of solutes by these cells

RSecretion and the law of exponenfiel decay. The fact that the excre-
t10n Tate of inulin or that of many other substances, for example, .acetane,
urea, or phenol red at low plasma concentrations, is proportional to
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tion put here s whether we now possess 8 body of proper, scientific
evidence for that view or whether some alternate concept could not
be made out, substantially as logical and ultimately as useful.

314, Glomerular Internuttence. The question of whether the glo-
merular eireulation 1s constant or undergoes some physiological type
of i activity has a rather steady interest In
large measure its answer determines the kind of working hypotheses
renal physiology shall employ.

Richards and Schmidt[901] made direct observations of the glo-
mernlsr erreulation of the frog and reported intermittence of aetivty.
For s¢veral years following, lxttle progress was made m extending
these observations either in the frog or in the mammal, but they were
responsible for a growing common belief m the general occurrence of
itermittence Adolph[13] repeated these studies, mecorporatmg cer-
tain esperimental procedures such as the mduction of anoxia In the
absence of oxygen urine formation ceased (only 4 per cent of an
atmosphere of oxygen was required to prevent this reaction) with the
flow in all glomernl stopped by a comstriction of arterioles rather
than by any general aireulatory effect Denervation kad no influence
The effects of anoma, therefore, were mmalar to higation of the renal
arterioles Whereas Richards and Schmidt had surmused that flow
through the glomerulus was a function of the call for oxygen and that
glomerular flow would be a response to Jack of oxygen, this was not
the case  Adolph conjectured that intermittency i the sense of &
temporary cessation of eireulation from groups of glomerul was actually
uncommon and was best seen only in ammals whose cirenlations had
suffered interference. However, Ekehorn(332] mferred from direet
observation that only about one-tenth of the glomerular capillarres per
unit glomerulus were open to the bloodstream at once, indicatmng that
mtermittence of an intraglomerular nature mlght oceur
glomeruh, utilizing the *‘functional rcserve
laries, can be produced upon

Glumemlar ntermittence, in the sense of interglomerular alterna-
tion of activity, was investigated by White{1126] 1 normal dogs and
rabbity  Experiments of short duration durmg which Indiz mk was
injected into the renal artery, followed by hustological examnation,
Jed kim to the conelusion that the mammalian kidzey showed all of
1ts glomernli open all of the tume, that is, that there was no inter-
mittence, at leost under such conditions, No visusl evidence for glo-
merular intermittence was found by Walker and Oliver[1103] either

Hyperemie
* of the glomerular eapil-
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Thresholds. 'Thresholds of excretion and retention (§7.2) ea
accounted for under the di postulated by the fon t
as well as under those of our currently acceptable system.

Comparatwe angtomy; human pathology. Comparative ana
suggests that secretion is a primitive funetion of the kidney; Oliver,
observes that ‘“, . whatever the uncertainty of physiologieal evic
as to what constitutes tubular activity in the normal kidney, th
the aglomerular nephron (in man) must consist of something
than absorptive processes that act on a glomernlar filirate.”’

The arguments in favor of a seeretion theory, like most of 4
which have been used to support current theory, prove little.
are presented simply to suggest that it is possible to establish
parable degrees of credibility for the ome theory as for the o
Perhaps they exemplify the futility of reasoning out a theory of 1
funetion. How many will aceept today the ratiocination of Brodie|!
when ke tells us the glomeralus 1s a seereting and not a filtering surf

Despite protest to the contrary, nothing in a secretion theory
cludes onr learning empirically and theoretically the laws which -
operate in such a system There is no sound reason to suppose |
“‘seeretion’ will be any more refractory to experimental analysis 1
“reabsorption ** Nerther Cushny’s dialectical attack on the secre
theory[268], nor its more modern variants[999], give assurance f
it will not turn out eventually to be fundamentally sound, I
needlessly hypereritieal to belabor, but germane to observe with
further comment, the madequacy of Cushny’s defemnse of his ¢
filtration-~reabsorption theory in view of the contrariety of experimer
findings[728] then current,

Many statements, to accord with a secretion theory of renal exe
tion rather than with current theory, need only verbal reorientat
somewhat after the manner of Poncelet’s Principle of Duality * wher
the terms secretion and reabsorption are interchanged appropriat
There is at present no evidence, independent of inulin clearance analy
which wilitates decistvely agamnst such substitution. The reluctm
of the author to adopt without reservation the canon of the imn
clearance is based meither on a disbelief in the absolute valdity
the method mor onr a wish to espouse some more cherished doctri
Perhaps the former will some day be established unequivoeally to
ast satisfaction of all renal physiologists. The substance of the qu

h pars that fx
* All the propomtions of plane projective Beometry oteur in soc

cither praposition of s particular pair, the other can be nferred by interchsnp:
The words point nd hne Thus, (R0 posnts ste on one, and enly oue, hae} two br

e e
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tion put here 1s whether we now possess 2 body of proper, scientific
evidence for that view or whether some alternate eoncept could not
be made out, substantally as logical and ultimately as useful.

314 Glomerular Intermittence. The question of whether the glo-
merular cireulation 18 constant or undergoes some physiological type
of intermittent activity has attracted a rather steady interest. In
large measure 1ts answer determines the kind of working hypotheses
renal physiology shall employ.

Richards and Schmidt[901] made direct observations of the glo-
merular eirculation of the frog and reported intermuttence of activity.
For several years following, little progress was made in extendmg
these observations erther 1n the frog or i the mammal, but they were
responsible for a growing common belief m the general occurrence of
intermittence Adolph[13] repeated these studies, incorporating eer-
tamn expenimental procedures such as the mduction of anoxia In the
sbsence of oxygen urine formation ceased {only 4 per cent of an
atmosphere of oxygen was required to prevent this reaction) with the
flow in all glomeruh stopped by a constriction of arterioles rather
than by any general eirculatory effect  Denervation had no influence
The effects of anoxia, therefore, were similar to hgation of the renal
arterioles Whereas Richards and Schmidt had surmised that flow
through the glomerulus was a funetion of the eall for oxygen and that
glomerular flow would be a response to lack of oxygen, this was not
the case Adolph conjectured that intermittency in the sense of a
temporary cessation of eireulation from groups of glomernli was actually
uncommon &nd was best seen only 1n ammals whose eirculations had
suffered mterference. However, Ekehorn([332] inferred from direct
observation that only about ome-tenth of the glomeralar capillaries per
wumt glomerulus were open 1o the bloodstream at onre, mdicating that

1 i e of an int nature might occur Hyperemic
glomerul, utilizing the ““functional reserve’ of the glomerular capil-
laries, can be d upon st i

Glomerular intermittence, in the sense of interglomerular alterna-
tion of activity, was investizated by White[1126] 1n normal dogs and
rabbits  Experiments of short duration daring which India mk was
injected into the renal artery, followed by histological examination,
led him te the conclusion that the mammaban kidney showed all of
its glomernl: open all of the time, that is, that there was no futer-
mittence, 8t least under such conditions, No visual evidence for glo-
merular 1ntermittence was found by Walker and Oliver[1108] mh%
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in anesthetized guinea pigs or rats, or in some other mammals, Thewr
observations revealed that after oil droplets had been injected into
the tubules the ol column formed therein showed at its proximal
end the effect of pulsatil t ly tr d to it
from the glomerulus. These continued without interruption, consti-
tuting evidence for a lack of intermittence of glomerular activity m
these preparations. Shannon et al [966] and Smith{1002] have sup-
ported this view of the mammalian kidney by their analyses of clearance
data. However, Handley et al.[483] find evidence in clearance analysis
that dehydration may decrease, and hydration increase, the number
of active nephrons in the dog

Trueta et al [1072, 1073] have reopened the problem of glomerular
intermittence in the mammal (rabbit) as a result of extensive studies
based on direct observation of the remal cireulation by means of a
variety of specrally developed techni including angi . They
conclude

The course taken by the blood in its passage through the kidney
does not show that degree of constancy which has commonly been
inagimed. In fact, the kxdney has two potential circulations, a
greater and a lesser, and in extreme conditions the blood may pass
either almost exclusively through one or other of two pathways,
or, in less abnormal circumstances, to a varying degree through
both The vessels making up the pathway of the greater circula-
tion are those associated with the cortical glomeruli; the channels
of the lesser circulation are those d with the dullary
glomeruli. . . .

The blood reaching the kidney has two potential 1outes through
that organ .  The two routes diverge where the afferent arterioles
of the juxtamedullary glomeruli leave the interlobular arteries.
One route, the medullary, continues through the juxtamedullary
glomeruli, the efferent vessels of the glomeruli and thejr derivative
vasa recta, to the interlobular veins The other route, the cortical,
continues through the interlobular arteries, the afferent artertoles
of the remaining glomerul, these glomernli themselves, their efferent
vessels and the cortical intertubular eapillary network into which
these break up, and finally through the veins draining this network
into the interlobular veins, The rest of both routes, like their begin-
ning, 1s identical and is through ever larger venous trunks to the

main renal vein

The effects of these latter studies remain to be eluudated _Tl’u'
concept of a remal cireulation subject to the grossest kmfi of inter
mittenee as a Tesult of nervous, humoral, or chemical activity (§9.11,
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is fraught with possibihities for the reinterpretation of experimental
results, but thus fer it 1s not clear that such marked renal circulatory
effects can be obtamed 1 other mammals[894, 1086} or that they have
functional sgmficance In the rat, the remal vein may be occluded
for 30 muinutes (60 minutes wn the dog) without appreciable pathologic
or functional change, whereas the whole kidney pedicle can be occluded
for more than twice this period without serious damage (§86) The
characteristic lesson of occlusion of any type reflects degemeration of
the eprthelium of the proximal tubule The distal tubule and glomernli
remamn relatively unaffected except in more prolonged occlusion Scheibe
et al [931] discuss the variance of these findings with the impheations
that Trueta shunts may bring about lower nephron nephrosis (12 which
the distgl tubule 15 affected seleetively) through cortical ischemia.
Simlan, Bergman, Siver, and Prinzmetal[986] have proved that
arteriovenous anastomoses, considerably larger than capillaries, exist
in man and are normally patent m rabbits and dogs This was ascer-
tained by injecting tiny glass spheres of known sice mto renal artertes
and checking the sizes of the spheres recoverable m renal venous blood
Spheres up to 180 micra 1 diameter were recovered in Living animals
and spheres up to 440 miers from postmortem kidneys of man It
would seem that such passages are capable of coudnctmf- large quanti-
ties of blood and have physiol They are
thought by Black and Saunders[126] to account for the oceasional fall

m 1nulin and paraammohippurate elearance found in cats and rabhts
when the selatic nerve is stimulated

315 Tubular Reabsorption and Secrefion Normally, hittle glucose
15 found n bladder urine but 1t is filtered from the plasma at the
glomerulus 1n the same concentration in the water of the glomerular
filtrate as iz plasma water, that 1s, approximately in the same con.
centration as 1 plasma, If we take the clearance of inulin as the
equivalent of the glomerular filtration rate (about 120-130 e¢ /mn )
then the product of the inulin clearance, Ci,, and the plasma glucose
concentration, A (mg./ce ), represents the amount of glucose filtering
mto the tubular lumina per mmute (mg/min). Since the amount
normally appearing in the bladder is essentrally zero, the fltered amount
is eompletely reabsorbed and that rate of glucose reabsorption, Ty, may
Ve estimated as

Ta=Cudy (21)

If the plasma concentration of glucose be raised sufficiently above the
““threshold”’ concentration, the appearance of glueese in the urine is

v
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taken to signify that the tubular reabsorptive capacity has been satu-
rated and that the value of T, from equation (21) is a mazimum tubular
reabsorptive capaciiy for glucose with nmits in mg./min It is sym-
bolized Tm,, Thus,
Tomg=Cindgt— 1Ty (22}
On dividmg each term on the right-hand side of equation (22) by A
and also multiplying that whole side by A,1, we get

Tmg=(Co—tUp/Ap) 4= (Cox—Cp) At (23)
If Tm is constant, then as the plasmea level of glucose is increased, the
clearance of glucose mathematically approaches that of inulm (Fig 9).
Sinee the inulm elearance may vary where conditions set up by the
actual mtroduction of glueose or some other snbstance into the body
are such as to alter the filtration rate, it may be better said that the ratio
C,/Cyy approzches 1.

If A4, 18 the plasma concentration of a substance z, then the rate of
tubular reabsorption of z 18 Cred,—ulU, The fraction of the filtered
quantity which 1s reabsorbed per minute 18 (Cind:~uU:)/Cind.. Divid-
ing each term by A, we bave (Ci,—C,)/Cis. For example, if Cin=120
ce /mm and Cur,=75 cc./min, then (120~—75)/120=0.837 Thus, 37
per cent of filtered urea is reabsorbed by the tubules in this case.

The mazimum tubular ercretory capacity* for a substance like
phenolsulfonphthalemn (PSP, phenol red) would be represented, by
similar reasonmg, as

Tmesp=(Cpsp—Cin) dpsp (24)

The force of the formulation of Tm 1s that where substances sre either
reabsorbed or secreted in fixed amounts by the tubules, the clearances
of those substances tend to approach a glomerular clearance as their
plasma concentrations are raised. Coneretely this is so because as the
plasma concentration nereases without limit, the total quantity filtered
per minute increases in proportion, becoming indefinitely 13‘59. The
constant tubular increment or decrement (provided by sceretion or
reabsorption, respectively) pales into msignificance in comparison with
the huge glomerular contribution to the bladder urinz so that at very
high levels of plasma concentration it 1s as 1f there were no influence of
the tubules at all. As has been indieated previowsly (§5 24}, the elesrame
of 2 substance uninfluenced by tubnlar activity would be at the level of
glomerular filtration; and if mulm were excreted at that leve}, the
clearance of the substance 1n question would approach that of inulin

(Fig. 9).
* ¢4 Bsepctory "=t tsecretory*? in application to tubular actrty
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The formulation of equation {24) is not complete Smith, Coldring,
and Chasis{1005] who present the method for caleulating the rate of
tubular seeretion give it n the form of

Tmpsp=uUpsp—Condpse WF (25)

“where W is the fraction of water in the plasma and P i3 the fraction
of phenol red (in this case) free in the plasma and filterable The latter
fraction 1 approximately D2, the other 08 bemg bound to protemns
by adsorption when the total concentration of the dye m human plasma
is 1 mg. per cent. When the plasma level of the dye 18 rawsed, the
fraction of free dye 18 increased Thus, theoretseallf, at highest plasma
Jevels, the ratio of the clearance of phenol red to that of inulin should
approach the fraction of free dye im the plasma The lowest value
recorded for this clearance ratio was 089, found m normal man at
Apgp=282 mg per cent[099]

316 7Tubular Trausport wn Readsorpfion and Its Relation fo
Threshold  With the conception of 8 maximum reabsorptive capacity
for certam substances, one accounts for a threshold concentration merely
a3 a reflection of a8 Tm of reabsorption since an actively reabsorbed
substance which has a Tm will not frankly appear 1n urie until its
plasma concentration reaches such a level that the product of that con-
eentration and the filtration rate (the ‘‘load’’ presented to the tubules)
exceeds the Tm for that substence For substances filtered st the
glomerulus certain statements can be made which mtegrate the threshold
(of appearance) concentration (§7.2) with other aspects of current
n.-nnl theory., (1) Al substances not reabsorbed by the tubules are

1l secreted sub: as well as
these eliminated by filtration alone. (2) All substances only passively
reabsorbed by the tubules are no-threshold substances, for exsmple,
urea, and acetone, (3) Any nonsecreted substance with a reabsorptive
Tm 13 2 thresheld sub , all d whieh are
actively reabsorbed by the tubules are threshold whether or not they
have a Tm  Thus, glucose, with & Tm, has a threshold and electrolytes
hke ehlonde, with no Tm, have thresholds (4) Any substance, freely

filterable, which ever shows a concentration ratio of less than 1 13 o
threshold substanee

The statement ean still be made with reasonable assurance of validity
in terms of eurrent renal theory that any actively reabsorbed subsiance
19 threshold +f «f 1s ot also secreted ot a rate equal 1o or grealer than
that of s reabsorption; all other substances are no-threshold
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3.17. Tubular Transport Theory Shannon[963] proposed a theory
of tubular transport based upon the reversible combination which might
be formed in the tubular cells between an actively handled solute and
some cellular element which is present in constant but Limited amount
Two conseeutive reactions are required:

A-+-Be=AB—Ts+R (26)

where A 1s the solute at the proximal side of the reaction, in the inter-
stitial fluid around the tubular cells, B is the cellular element, AB
is the eomplex formed reversibly by these two, and 7Ts is the solute
on the distal side of the limiting reaction. It is suggested that the
second Teactron 1s a first-order process, its rate being slow in relation
to the rate of attamment of equilibrium in the first reaction, in
order to arrive at a maximal rate of tubular secretion.* This hypothesis
has been provisionally adopted by many renal physiologists although
Ekehorn[331] takes exception to 1t.

318 Competitive Reabsorption and Secretion The Shannon mass-
action hypothesis was proposed to account in part for the mutual
depressions and elevations of clearances which have heen observed
(Fig. 9)

Xylose clearance ordinarily is less than inulin clearance (Table IT)
and the former 1s, therefore, said to be reabsorbed. If the plasma
glucose concentration 1s raised from sub- to superthreshold concentra-
tions during xylose excretion, the clearance of the latter rises[960]
This phenomenon 18 consistent with a process of “‘competitive resb-
sorption’’ which could econcervably oceur if both substances were
transported in the same tubular reabsorptive mechanism. Tnereased
filtration of glucose would demy some of the xylose molecules access
to the reabsorptive element common to both substances, on & mass
action basis The clearances of ds such
sulfamethazine, sulfadiazine, sulfathmzole[lﬂs], and sa]mylate[ll45]
are by the admini: ion of sodium bicarbonate or even by
other salts such as sodium chloride, tum chloride, or potassin
chlorade, but it 15 not known whether this type of augmentation is
also a manifestation of competitive reabsorption.

The “‘tubular maximum® hypothesis (§81) has been extended to
clectrolytes  Ayer, Schiess, and Pitts[54] suggest two broad categores

*+ Shanmon actually uses the term ‘‘tubular exeretion’” to demote transfer of 8
preformed substance from iterstitial flmd to tubular Jamen, as distingmshed from
the process called secretion’” which may melude a change i the chemucal eonsti
tion of the substance.
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cent via glomerniar and 80 per cent via tubular seeretion, it is beliered
to be trangported by the same tubular mechanism as the latter
substances By raising the plasma concentration of these other sub-
stances(110, 882] the penicillin clearance can be diminished, it is
thought, by saturating the common tubular transport system.

Beyer and his associates{108, 111, 112] have discovered that the
compaund carinamide (4'-carboxyphenylmethanesulfonanilide, formerly
“‘caronamide’’) inhibits reversibly the renmal tubular trausport mech
anism for pemerllin. The clearance of carinamide itself, coerected far
the concentration of the drug, unbound to protein, in plasma wateh
varies from balf to more than twice the creatinine clearance; thel
18, it is possibly reabsorbed and secreted although its tubular secretion
has been questioned. 'This compound inhibits the tubnlar fransport d
phenol red and parasminohippurate Tt does not affect the transprt
of plucose, arginine, or creatinine. These facts have been consistet
with the p 1 that a sep inciple might be involved aside fromy
or in addition to, the mass-action principle of Shannon, which latter &
seen maost effectrvely at high plasma concentration. This separate pri#
ciple, namely, fubular inhibition, which would supposedly opesett
effectively at low plasma concentrations of penicillin, was considertd
to involve mnterference with, and halting of, specific enzymatio P
employed in tabular transport. In any case, carinamide can be ued
suceessfully to reduce the rate of elimination of a load of peniellis I
the body 1n order that an antibiotie level might be mamtained 10”
effectively,

s 8 fist
coutd
e

320. Renal Blood Flow. In 310 1t was shown that #
approximation, the blood or plasma clearance of a substan®®
be considered the praduct of the venal blood or plasma flow & e
corresponding extraction fraction. It was noted that if 8 ot
were completely estracted from the plasma going to the pepos
or active exeretory portions of the kidney, its clearance wou
numerically equal to the effective renal plasma flow Due to :Lw
ence of known shunts or bypasses taken by some of the plood £ ¥
the ureters, capsule, etc, the question arises as to Whether e ”;,,
certain that theve is 100 per cent extraction from the ﬂ““sh‘m“d{r\sf
White and Heinbecker]1182] determined the actual extractio? ol
tion of diedrast in the dog by sampling arterisl and renal "enwm 4
They found that 73 per cent of the diodrast was remov{d ;oi! I3
arterial blood. This conld imply a shunt whose magnit® Euﬂ“’
per cent of the total blood flow *\d with 100 per eeot o
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Fig 10 ligpothetial, Nephronie Pattesrns of Exeretion i the Mammal, The
loeations of potastiom and ammonia secrebion and of calelum reabsorption are
particolarly speculative. Water, sodium, ehlonde, ete. sre grouped together
since they all Are thought to be filtered freely and, in varying degrees, resb
sorbed in all segments of the renal fubule. Ppanible relative contributions to
torminal urine, positive or megative, of the foar sections of the schemstized

nephron are indwated tonghly by the changes un mze of the arrows for indr
idual eubstances.
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cent via glomerular and 80 per cent via tubular secretion, it is beheved
to be transported by the same tubular mechanism as the latter
substances. By ralsing the plasma concentration of these other sub.
stances[110, 882] the penicillin clearance can be diminished, it is
thought, by saturating the common tubular transport system.

Beyer and his associates[108, 111, 112] have discovered that the
compound carinamide (4-carboxyphenylmethanesulfonanilide, formerly
“‘caronamide’’) inhibits reversibly the renal tubular transport mech-
amsm for penicilin  The el of carinamide itself, d for
the concentration of the drug, unbound to protein, in plasma water,
varies from half to more than twice the creatinine clearance; that
15, it 1s possibly reabsorbed and secreted although its tubular secretion
has been questioned. This compound inhibits the tubular transport of
phenol red end paraaminohippurate. It does not affect the transport
of glucose, arginine, or creatinine, These facts have been consistent
with the proposal that a separate principle might be involved aside from,
or in addition to, the mass-action principle of Shannon, which ].atter‘l's
seen most effectively at high plasma concentration. This separate prin-
ciple, namely, tubular inhabition, which would supposedly operat
effectively at low plasma concentrations of penicillin, was considered
to involve interference with, and halting of, specific enzymatic processes
employed 1 tubular transport. In any case, carinamide can be Ut
successfully to reduce the rate of ehmination of a load of penieillin from
the body n ovder that an antibiotic level might be maintained more
effectively

320. Renal Blood Plow. In §310 1t was shown that as & &
approximation, the blood or plasma clearance of a substance conld
be considered the product of the renal blood or plasma flow and the
corresponding extraction fraction [t was moted that if a sobstal®
were completely extracted from the plasma going to the nephrom?
or active exeretory portions of the kidney, its clearance wmx!d"’e
numerically equal to the effective renal plasma flow. Due to the &5
ence of kmown shunts or hypasses taken by some of the blood 0¥ fo
the ureters, capsule, etc, the question arises as to whether we cin &
certain that there is 100 per cent extraction from the nonshunted 807
White and Heinbecker[1132] determined the actual extraction {rat
tion of diodrast in the dog by sampling arterial and renal venous b
They found that 73 per cent of the diodrast was removed froﬂj (Z:
arterial blood This could imply a shunt whose magnitede -
per cent of the total blood flow, coupled svith 100 per cent extracti®
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Fig. 10 Hypothetseal, Nephrome Patterss of Eseretion im the Marat The
Jocations of potassiam and Ammonsa sceretion 2nd of cileium seatsorpticn are
patticatarly speealative. Water, sodwmm, eblonde, et are grovped togesher
nnce they all are thonght to be fltered freely and, in varymg degrees, resh-
sorbed in al] segments of the renal tobale, Pognbly relative eontribatms ta
fermupa) wrine, posivz or negative, of the foor sechions of the gebemstingd
sephron are indicated raghly by the changen w nse of the arecws far o
w1doal yubytances.
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from nonshunted flow. However, there 1s no way to be certain that
the nonshunt extraction is complete, although the probability mereases
as the observed extraction fraction approaches unity. Warren, Bran-
non, and Merril1[1114], using a long ureteral catheter passed through
the antecubital ven into the vena cava and the renal vein, found
that the estraction fraction of paraaminchippurate in unanesthetized
man averaged 0.88 An extraction fraction of 087 has been found
m dogs[848]

It is thus likely that under normal conditions the clearances of
compounds hke paraaminohippurate{1004], diodrast[999], ete. closely
approximate at 600-700 ec /muin. the effective renal plasma flow. In
man the equivalent renal blood flow of approximately 1200 ce/min
amounts to perhaps one-quarter of the resting cardisc output
Van Slyke{1086] has shown that in the second phase of ‘‘shock
kidney”" where, after prolonged 1schermia, restoration of blood flow does
not restore renal funetion, the paraammohippurate elearance no longer
serves to measure renal plasma flow. 'This type of limitation to clearance-
based studies of the tenal circulation must be kept in mmd{243]. It
is not fully known yet what consequences, if any, the Trvets
shunts (§314, 911) will have for the validity of clearance-determin-d
plesma flows.

Van Slyke, Rhoads, Hiller, and Alving[1088) introduced a method
for determimng tofal renal blood flow in the dog By explanting the
left kidney * between the muscle and skin, pedicle intact, they made
it possible to obtain blood from a renal vemn by subcutaneous peedle
puncture during a urine collection period. (The ureteral cm.hel‘rf
technique of Warren, Brannon, and Merrill[1114], noted above, permits
sampling of remal venous blood in man for similar purposes} e
their experiments arterial blood was also obtained during this perd
and midpoint values, approxi g the average concentration of W
1n the blood during the time of urine formation, were estimated. The
formula they used, analogous to the Fick principle for cardiat ontpot
determination, was

k1% @n
A--E
where these symbols have meanings nrevindy ssamhed (5 alse
Appendix). Equivalent to dividing the clearance of urea by its et
tion fraction, this formula permits the calenlation of the tofal renal
blood flow as opposed to the efective renal blood flow, independentb‘ o
any i fons as to 1 of extraction (§310).

a==

* Lackett[679] has given & method for the prepatation of bilatera} renal espi™™
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Equation (27) follows from equation (15) mn §3.10 which is based
on the assumption that the venal vemous blood flow equals the renal
arterial blood flow. It negleets the diminution in blood flow which
should oceur 8s the urine is separated from the eircalation Such
neglect results 1 errors in caleulated blood flows which are relatively
small Ior subitanc(‘s with high estraction fractions but which are of
connd de a3 the jon fraction becomes small and
as the unwe flow becomes large[1169] A paradox is evident for
substances that are excrcted slowly stnce a npegative flow could be
computed from equation (27) alone. It 13 preferable to derive the
total bloed flow formula as follows

=rR+ul (28)
where r 1s the renal venous blood flow
ra—u (29)
ad=(a—u)B4ul (30)
_t (. —R\
—r h

Equation (31) differs from equation (27) by the factor uR/(A—R)
n which the sub-factor B/(A—R) varies inversely with the extraction

Tasie 111

At 8 unine flow of 1 ¢c /min and & given tota) remal blood flow of 750 ee./mun,
the expresaion B/(L—X) 18 numenically equal to the number of ee. which must be
subtracted from the total flow caleulited by equation (27) to correet it for the
effeet of loss of unnary volume from the renal qireulation.

Substunea Used far A=K
Caleulation of Flow p)
Parasmuinohippurate 09
Phenol red 05
Inuhn (34
Uren* 010
Protemn t —000133 —750

* Urea may st Almes hate & pegative extinction fraetion, there leang more nrea
1 the rvnal venous blood than in arterial blood[7, 1093).

111 Is aasumen) hers that the rate of excretion of protein, «T, ia fero.

fraction, (A—R)/A With subs(ances of high extraction fraction, for

example, p , the ge of equation (31} 12 negh-
gible, but with substances hnvm" extraction fractions like that of inulin

!
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or urea {ca. 017 and 010, respectively), the errors resnlting from falure
to use equation (31) ean be considerable, Table ITI mdicates how errors
grow when the corrected equation is not used. Equation (31) does not
allow for the Iymphatic loss during passage of blood through the kidney,
a correction Which js probably small and difficult to estimate. Renal
lymph is not derived exclusively from the larger collecting duets of the
Kidneys despite the high concentration of urea in that fimid. Tt is
apparently derwved from both the renal blood plasma and the tubular
reabsorbed flmd [578]

The statement of equation (28), in being more exact than that of
equation (14), provides the basic reason why the definition of clearance
as the number of ec. of blood virtually cleared of urea in one minute 13
not a general one  In the strictest sense the only correct definitions of
clearance thus far considered are (1) the minute rate of escretion of
a substance per (1ts) unit plasma concentration, and (2) the product
of the urine volume formed per minute and the average concentration
ratio; or any definition which transliterates the clearance formula,
wU/A=C (§3.23, 5.2)

821. The Mitration Fraction. If it be true that the clearance of
inulin or thiosulfate[434] or certain other substances is numerically
equal to the glomerular filtration rate, and 1f the clearance of dwdrsst
or inohippurate (PAH) is ically equal to the effective
renal plasma flow, then the ratio of the clearances representing thest
renal functions, that 15, Cin/Cpan, 18 & value indicating the fraction of
the effective plasma flow which 15 filtered off at the glomerulus
normal value in man might be 120/700==017 From equation (16}
of §310 1t may be seen that the filtration fraction is approximatﬂy
equal to the extraction fraction of inubn. The concept of the filiratio?
fraction has been put to use in investigations of the circulatory dynamits
of the kidney where, for example, an inereased filtration fraction
taken to indicate constriction of the efferent arterioles of the glomers!
with, perhaps, a reduced renal plasma flow in the presence of an
essentially normal glomerular filtration rate

322, The Variability of Some Clearance-based Renal Functions A
discussion of the manner 1n which ehanges oceur in the inshs 82
diodrast clearances and in Tm values is given by Smith[1002] ““d,‘“
not be pursued here. The inulin clearance in man and dog is selativel?
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constant. Presumably it changes (proportionately) when the glo-
merular filtration rate changes, although all conditions under whch
this Tay be troe have not been certified  In disease, where the number
of funetiomng glomerul: 1s reduced, one finds a decrease in the inuln
clearance which makes the determination of thus value clically
interesting. Kaplan and Smith[579] found in the rabbit that the
1mulin el a with d urine flow and decreased very
rapidly with decreased urine flow especally when the latter was small,
but no such relationship was seen by Wills and Mam[1146]). Chesley
{224] showed that with urine flows 1n man below about 035 ce /min.
the endogenous creatinine clearance (taken as the glomerular filtration
rate) shows a linear dependence on urine flow, suggesting that urine
flow 13 proportional to filtraton rate in this range. At normal and
high urine flows, the jnuln clearance s rather constant, indicating
under most conditions{959], but not ali[1146], a dissociation of urine
flow and fltration rate  According to Lassen and Husfeldt{647], glo-
merular flltration 1n man (creatimne clearance) 1s reduced with lowermg
of systolic blood pressure under spinal anesthesiza  Ohgura is often
found under these conditions

The effective renal blood flow given by the diodrast or parsaminehip.
purate tlearance 1s somewhat more variable It may be decreased by
exercise such as walking{217], and by epinephrine, with coneomitant
rise in filtration fraction and lttle change in filtration rate *‘Psycho-
genic renal vasoconstriction’ during alarm and apprehension has an
effect similar 1o some respects to that of adrenalin injectron Spinal
anesthesia has no consistent effect on renal cirenlation[778, 1006] which
has made for the claim that the tone of renal artersoles is not maintained
by virtue of central nervous system regulation[13] A humoral rather
than neurogeme control has been postulated as subserving this end
The development of syncope induced by the sustained uprght posture
13 sccompanied by a drop in both the diodrast and inuln elearance
“Pyrogenie”’ inulin and pyrexial reactions of other origin give rise to
renal hyperemia as evidenced by mereased diodrast elearances Disease,
agamn, can lead to marked changes (usually decreases) in effective
renal plasma flow; in congestive heart failure renal plasma flow 13
proportional to cardiae ontput{[773)

The Tm of & reabsorbed or of a secreted substance 1s thought to
vary durectly 2s the mass of renal tubular tissue involved 1n the transport

process  The ineursions of disease or the ablation of renal tabular
tissue 13 reflected 1n a cor diminution of tubular

reabsorptine or secretory eapacity.
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or urea (ea 0.17 and 0.10, respectively), the errors resulting from failur
to use {31) can be iderable. Table III indi how error
erow when the corrected ion is not used. Equation (31) does no
allow for the lymphatie loss during passage of blood through the lndney
a correction which is probably small and diffienlt to estimate. Rens
Iymph is not derived exclusively from the larger eollecting ducts of the
kidneys despite the high concentration of urea in that fluid It s
apparently derived from both the remal blood plasma and the tubular
reabsorbed fluid{578].

The statement of equation (28), in being more exact than that of
equation (14}, provides the basic reason why the definition of clearante
as the number of cc. of blood virtually cleared of urea in one munute 1
not a general one. In the strictest sense the only correct defimtions of
clearance thus far considered are (1) the minute rate of exeretion of
a substance per (its) unit plasma concentration, and (2) the Pf"d}“'
of the urine volume formed per minute and the average concentration
ratio; or any definition which transliterates the clearance formils
wU/A=C (§323, 52).

321. The Fultration Fraction If it be true that the clearance of
mulin or thiosulfate[431] or certain other substances is pumencaly
equal to the glomerular filtration rate, and 1f the elearance of dodrast
or paraaminohippurate (PAH) 1s numerically equal to the. effectis®
renal plasma flow, then the ratio of the clearances representing '115;
renal functions, that is, Ci/Cpag, 15 2 value indicating the fracto?
the effective plasma flow which 15 filtered off at the glomer}llus o
normal value 1n man might be 120/700=0.17. From equation Ir v
of §310 it may be seen that the filtration fraction is appmﬂmz’ﬂn
equal to the extraction fraction of inulin The concept of the fltrs .
fraction has been put to use in investigations of the cireulatory dﬂ{”’m“
of the kiduey where, for example, an inereased filtration fraction "

taken to indicate constriction of the efferent arterioles of the El”mi":n

with, perhaps, a reduced remal plasma flow in the presenc® o
. essentially normal glomerular filtration rate.

3
The Varabihty of Some Clearance-based Renal Fufff:‘;:’“

sion of the manner in which changes oceur in the mand
diodrast clearances and in Tm values s given by Smxth[lﬂv?fﬁhmd’
not be pursued here The mulin clearance in man and dog 15
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where both y and b are known Formula (38) has been used to estimate
the volume of distribution of thiosulfate from its cl {434], and
the proportionahty between y and € was demonstrated by Barnett[79]
for inulin

324 The “Average” Plasma Concentration TFor those substances
whose Tate of exeretion follows the law of exponential decay (§38), the
plasma concentration of these may also, folowmg a load, decay along
an exponential curve (Fig 7). When urme forms in an interval
during which plasma concentration 1s so changing, it 15 necessary for
the computation of a clearance to determine that specific plasma con-
ecentration which 13 Tepresentative of the integral and fimte urine col-
lection period. This * ‘average’ concentration 1s called ‘4 bar’’ and
symbolized as A Tt can be obtamed by a graphic method[1153] in
which the exponentral curve of serum concentration is plotted against
time, The area under this curve 1s estimated by some appropriate
method (for example, plammetry) for the time interval relevant to the
clearance period This area is then dwided by the abscissal time
nterval

A method for approximating the average plasma concentration during
a persod of fall 1s that of ** lation *’ A 1
plot of In A agamst time, f, 18 drawn, The urme collection interval
(t1—1;), where f; is the beginning of the mterval and ¢, is the end,
18 1ndicated on the abscissa  Where perpendiculars ereeted from 2,
and {; interseet the plntted lme, perpendjculars ean be dropped to
the ordinate at of plasma 1ons, In
Ay and In 4. The mdpont of the urme collection mter\'nl t,.,,
provides by similar construction a corresp e 1 ithm of
plazma concentration called In ., The sntilogarithm of the latter
18 Aw, By plotting the curve on semilogarithmic paper, the value for
App 15 Tead dirvetly from the ordmate This approuimation to the
theoretieal A is withn 1 per cent until Az/A, falls below 061 When
this ratio 13 025 the deviation from A 13 8 per cent; when the ratio

18 01 the dewiation 13 13 per cent A values are always higher than
A, values. Dy formula,

Amar ™

e
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where both y and b are known. Formula (38} has been used to estimate
the volume of distribution of thiosulfate from its clear: 1434], and
the proportionality between y and C was demonstrated by Barnett{79]
for inulin.

324 The “Average” Plasma Concentrotion. For those sabstances
whose rate of excretion follows the law of exponential decay (§38), the
plasma concentration of these may also, following a load, decsy along
an expomential curve (Fig 7) When unne forms mn sn interval
during which plasma coneentration is go ehnn-vm it 18 necessary for
the of & ol tod thet specific plasma con-

which 18 ive of the integral and finite urine col-
lection period _This *‘average’” concentration 15 called ‘A bar'’ and
symbolized as A. It can be obtained by & graphic method{1153] in
which the exponential eurve of seram concentration is plotted against
time The area under this curve 1s estimated by some appropriate
methed (for example, plamumetry) for the time interval relevant to the
clearance period This area is then dimded by the abseissal time
interval

A method for approximating the average plasma concentration dum:"
a period of fall is that of *‘mi lation.”’
plot of In 4 aganst time, ¢, is drawn The urine collection interval
(ty—ta), where ¢; 15 the beginming of the interval and f. is the end,
13 dicated on the abscissa  Where perpendiculars erected from 1,
and 1, intersect the plotted lme, pcrpemhculam ean be dropped to
the ordinate at of plasma In
Ay and In As The mxdpomc of the \mne eollecuon mtcrval (..,|
provides by similar a ot p
plasma concentration called In I, Th: antilogarithm of the latter
18 dnp By platting the curve on semiloganthmic paper, the value for
Ty B8 read direetly from the ordimate This approxumation to the

theoretieal o is within 1 per cent until s /4, falls below 061, When
this ratio is 0.25 the deviation from A is 8 per cent; when the rato

is 8.1 the deviation 15 19 per eent. A values are always higher than
Ay values, By formula,

A= Viid, (39
Although math ly more riporous o may be given for

the proper A formula{29], the following 19 simple and useft)  The
exponential deeay equation is equivalent to

In (Ayfds) eyt
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3.23. The relation between Clearance and Volume of Distribulion,
It is possible to cstimato the clearances of certain no-threshold sub.
stanees without collection of urine. This is consequent to a relation
which exists between the clearance of a no-threshold substanco and
its volume of distribution (§6.2). Derived by DNominguez[305),
Wolf[1170}, and Newman, Bordlay, and Winternit2[810], this relation
depends on tho fact that the exeretion of many substances such as
inulin and urea obeys the Jaw of deeay (§3.8). When a load of such
o substance is being climinated by tho kidneys the following equations
are largely valid.

A= Tt (32)

where 4, is the plasma concentration at timo ¢ after loading, 4, is the
initial plasma concentration upon loading, y iz the veloeity constant of
cxcretion, and ¢ is the base of natural logaritlims, Thus,

In (Add) (33)
=

1f we plot tho natural Jogarithm (2.303 times the common or Driggsian
logavithm) of the plasma concentration agninst time, a stralght line
is obtained, alter the interval required for mixing of the load in its
volume of distribution, That is, tho logarithm of the plasma concen-
tration js proportional to time. The slope of this line, easily measared,
is tho veloeity constant, y. 13y extrapolating the line to zero time, wo
approximate thero tho virtunl initial concentration of plasma, Ay at the
initial Jond, Ty, 5o that the volume of distribution, o, ean be ealeulated a4
bwid @n
A

(Newman et al.[810] suggest using either a normal value for b or
determining it by another method, Rquation (31) is not equally acen-
rato with substances of differing mixing time and exeretion rate,) Since
by definition

'i_l_l (38
[
whaie the bar means “average,” and
L=b (38)
U @n
TR

o (38
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excretory mechanism and passage across cells to tubular lumen; and (4)
dead space time reguired for the urine to pass down the tubules, through
the pelvis and ureters, to enter the bladder.

Tastz IV

An **A bar’’ tablo which can be used to find the average plasma concentration of
a substance during a urme collection period n which that substsnce is removed from
the plasma accordng to the law of expomential decay. Knowing the value 4,/4,,
we ean locate the factor A74, corresponding to 3¢ 1n the table Thi faetor, multi-
plied by 4,, gives 4 Delay time must be allowed for separately See text for details

A4, A Ag4, Ay, 404, 14,
100 10000 066 08182 032 0.5968
099 09951 065 08174 031 05892
098 09304 08t 08067 030 05811
097 09358 063 08008 029 05736
098 00701 062 07949 028 05656
095 09754 061 07850 027 05575
094 oo701 060 07830 026 05193
093 oagee 058 oM 025 05410
092 09500 058 oym 024 05325
001 09513 057 07630 023 05239
0% 09500 056 07530 22 05181
089 noaso 055 07597 .21 056t
083 054 07485 o0 0 4971
087 0353 07402 o019 04877
0386 052 07340 018 04782
033 051 077 017 04631
084 050 07214 016 04584
083 o4y 07149 013 0.4481
082 043 07085 014 04374
as1 047 05020 €13 04264
080 045 06951 012 04150
079 085 D683y 011 04032
078 04y 06321 010 03909
077 043 o6y 009 03779
076 042 06636 008 03643
475 041 0.6617 007 03497
o7t 040 06513 006 03341
053 033 Deirg 005 03205
072 038 06408 004 02082
o7 037 06338 003 ovrEs
o5 036 06265 ooz 02505
€9 035 06192 001 2150
083 034 osus 0001 0.1446

067 0.8241 033 06043 00001 01088
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where 4, and A; are the respective plasma concentrations at the begin-
ning and the end of a urine collection period. From equation {37
of the previons section

_uU (41)
L
Combining (40) and (41)
In (41/42) =1££ 2
Ay
From (42)
T ult “)
Tln (A4
Independently, .
ult=(4A1-A2)b )
Combining (44) and (43)
- (d1—42) (41—43)
In (Ay/Az) 2303 log (4:1/A2) (45}

Equation (45) has been used as the basis for table IV where, know-
g the ratio A5/A,, we can find the value Z/4,. By multiplying the
latter ratio by A; we obtain 4 Where plasma concentration is mam-
tained at a fixed level, as during isorrheic infusions (§7.5) of the
excreted substance, that plasma concentration is, of course, the
“average '’

325. Delay Time and Dead Space. Still another consideration
enters into the computation of clearances, particularly over periods in
which plasma concentration is changing. Urine, as ordmanly collected
from the bladder, 13 formed not from blood whose composition is that
at the moment the extruson of urine into the bladder occurs, but from
blood of a ecomposition existing some time before the extrusion. Thus,
a sample of urine forms from blood not of the average composttion of
“gimnltanecus’”’ systemic venous (or artertal}) blood, but of the average
composition existing some time earher. This time interval was desig-
nated by Smith, Goldring, and Chasis[1003] the fofel deloy time. It
may in some instance be the sum of () ewrculation time from ante-
cubital vemn to right heart to renal artery to capillary plexus around
the tubules; (2) diffusion time from eapillary stream through inter-
stitial fnid, (3) penetration time into tubule cells, reaction with the



CHAPTER IV

Renal Physiology

Osmotic Work; Specific Gravity; Function
Tests; Other Studies

41, Renal Energy. The lndney develops and utilizes emergy in
various forms IHeat emergy 1s produced from oxrdative reactions,
neutralizations, and from physical transfers of materials within the
organ, including flmd frietion  Work energy 15 also developed and
employed 1 physical transfers of water and solutes The secretion
pressure of water in the aglomerular fish[116] which may be higher
than the hydrostatic pressure of the dorsal aorta (§3 5) 15 a manifestation
of the mechameal work which can be performed by the kidney. Also
the distention of the mammalian bladder as urine is forced into 1t is
noteworthy, the minimal work expended being the product of the urine
volume and the average tension mn the bladder wall, where gravity and
ureteral peristalsis do not enter  Electrical energy is released and can
be recorded as a elect ) (ENG), bl
a function of changes in cellular activity 1n the renal parenchyma[312]
Finally, there is osmotic work reflected in and numerncally equal to
the free energy for different substances which is established with con-
centration gradients across the tubular wall between plasma and urine,
and besween each of these and tubular cellular finid

Osyoric WorRk

42 The Computation of Osmotic.Work Recognizing the fact that
the mammahan kidney 15 capable of producing a urine whose osmotic
pressure may be bigher or lower than that of the plasma, many physi-
ologists have sought to express this aetivity quantitatively Reviewed
by Cushny[268], older estimates of osmotic work were based on the
relative changes brought about between the plasma and the urine
with respect to their over-all composition as indieated by freezing pomt
depressions.  Cryoscopy, however, {ails to take into account the fact
that different substances arc on the one hand concentrated in the urine
while others are diluted, relative to the plasma.
73
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The latent period in the total delay time other than (3), which latter
reflects *‘storage,’” is called the minimal excretion time. This may be
estimated by injecting phenol red intravenously and mnoting the time
for its initial appearance in the urine. In man this minimal exeretion
time for phenol red has been found to be 120 seconds at a urine flow
of 20 ec /min , 200 seconds at a urine flow of 1 ce./min.; and about 150
seconds at urme flows of 6 to 2 ce /mm.

Gaudino and Levitt[405] use the term delay time to represent the
interval elapsing between the fall m plasma level and subsequent fall
m excretion of a substance like inulin when an infusion, which has
previously mamtained a constant plasma inulin concentration, is sud-
denly stopped. The plasma level begins to fall immediately. The
product of delay time (min) and umnary flow (cc./min) in the dog
is a constant, 6 ce. This volume represents a dead space containing
flmd in that portion of the urinary tract between Bowman's capsule
and the bladder.



CHAPTER IV

Renal Physiology

Osmotic Work; Specific Gravity; Function
Tests; Other Studies

41 Renal Energy The kidney develops and utilizes energy in
various forms. IHeat energy 15 produced from oxidative reactions,
neutralizations, and from physical transfers of materials within the
organ, inelnding fluid frietion. Work energy is also developed and
employed in physical transfers of water and solutes. The secretion
pressure of water n the aglomerular fish{116] which may be higher
than the hydrostatic pressure of the dorsal aorta (§3 5) 15 2 manifestation
of the mechanical work which can be performed by the kidney. Also
the distention of the mammalian bladder as urine is forced into it is
noteworthy, the minimal work expended being the product of the urine
volume and the average tension in the bladder wall, where gravity and
ureteral peristalsis do not enter  Electrical energy 1s released and can
be recorded as a sp eleet (ENG), pr bly
a function of changes in ceflnlar activity in the renal parenchyma[312]
Finally, there is osmotic worh reflected in and numerieslly equal to
the free energy for different substances which 1s established with con-
centration gradients across the tubular wall between plasma and urine,
and between each of these and tubular eellular fluid.

Osworic YWork

42 The Computation of Osmotic.Work Recogmzing the fact that
the mammalian kidney is capable of producing a umne whose osmotic
pressure may be lugher or lower than that of the plasms, many physi-
ologists have songht to express this activity quantitatively. Rewiewed
by Cushny[268], older estimates of osmotic work were based on the
relative changes brought about between the plasma and the urine
with respeet to their over-all composition as indicated by freezing point
depressions  Cryoscopy, however, fails to take into account the fact
that different substances are on the one hand coneentrated in the urine
while others are dilated, relative to the plasma

12
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The latent period in the total delay time other than (3), which latter
reflects ““storage,’” is called the munimal ezcrefion time. This may be
estimated by injecting phenol red intravenously and noting the time
for its initial appearance 1n the urine. In man this minimal exeretion
tume for phenol red has been found to be 120 seconds at a urine flow
of 20 ce /mn., 200 seconds at a urine flow of 1 ce./min ; and about 150
seconds at urme flows of 6 to 2 cc /min.

Gaudino and Levitt[405] use the term delay fume to represent the
interval elapsing between the fall m plasma level and subsequent fall
in excretion of a substance like inulm when an infusion, which has
previously maintained a constant plasma inulin coneentration, is sud-
denly stopped. The plasma level begins to fall immedately. The
produet of delay time (min) and urinary flow (ce./min ) in the dog
is a eonstant, 6 ce. This volume represents a dead space containing
fluid 1n that portion of the urinary tract between Bowman's capsule
and the bladder.
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physical terminology, osmotic work 1s called zero on the basis of an
algebraic summation of partial work, it is to represent a state of main-
tained, and not chemical, equilibrium. There must still be a finite
e d of bolie energy in the mai of this equilibri
which is not brought to the attention in this mode of analysis.

Even 1f we accept some standard method of computing total or
fractional osmotic work, there remains the question of its significance
for renal funetion[796, 887]. If the caleulations of renal efficiency are
based on deficient knowledge of all the paths alomg which work
energy may be diverted and expended, and how these paths vary under
differing conditions of renal zetivity, we are hampered in attaching
speaific value to that which we caleulate The fact that an infinity of
functional relations can be drawn between the simple concentration
ratio, U/4, and rensl activity measured 1n different ways, makes
further suspect the physiological value of the present concept of osmotic
work

Consider the concentration of ammonia in urine and plasma Fursl,
what kind of plasma shall we take for our eguations of osmotie work?
Shall 3t be the systemic venous or arterial plasma whose ammoma is
assumed to be 0000554 mols /ky water by Borsook and Winegarden
{15111 Small absolute errors in the determination of this minute
value will make for large errors in our final summation of osmotic work,
especially where large quantities of ammonia are being excreted 0%
shall our concentration ratio be based upon the ammonia content of
peritubular capillary plasmat If ammonia (or some other substance)
were to be formed de novo in tubular cells and diffuse iu such a mannet
as to cause no concentration gradient hetween urine and perituhulr'ﬂ
plasma, we could not regard the tubule as having expended energy 2
the erection of a concentration gradient Yet when the peritabalar
blood becomes mixed with that of other tributaries of the kidney haviss
had no contact with ammonigeme tissue, and with the extrarenal
systemie blood whose concentration in ammenia is lower than that
of the blood among the tubules, there is created & #* goncentration
gradient’” which can be used nncritically to assess an 1maginary amoust
of tubular osmotic work Tt 15 well to recognize mot only that the
computations for ammonia require revision[235] but that the fre¢
energy contained in a liter of urine is by no means synonymoos o
a fixed renal emergy expenditure mpled by the clinically ‘onorifie
term, osmotic work

Little attention has been given to the dual concentration gredin®
> e
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(i itial flud)-tubular cell or, for that matter, to the
effeets of “*difercntial permeability’’{14], and other germane faetors
Where (U—A) gradients are zero the mntegrty of the cell may never-
theless sustain di in ion for those sut between
its own cellular fld and both plasma end umme These regions of
energy dsssipation in osmotic activity may be as real and erucial, or
more 80, than that region artificially contrived to possess gross (U—A4)
gradients, as 1f a single membrane separated urine from plasma. Cer-
tainly the computation of zero osmotie work when U==A does not reflect
the bolic energy i for the mai of the di
between tubular cell and its urinary and plasma mterfaces; and this
requirement may, for given gradients, be some function of the combined
area of the interfacial membranes

C bly the falling urinary fon of solutes
observed in lyuretic diuresis at high solute loads (§39) represents a
breakdown of the urine-cell ion gradient, reflecting injury

to the cell This could 1n some degree account for what otherwise seems
a discrepancy, that is, that (U—A) falls as 4 inercases. That the
tubule cells do not support as high a (U—A4) gradient at high 4 values
2s at low need not militate, therefore, against the hypothesis of active
water reabsorption (§8.9). The assertion that at high absolute T values
the limit of osmotie work by the kidney may be approached and that,
therefore, (U—A) falls, could of eourse be merely another way of stating
that the gradient at the urine-cell mterface metaboheally breaks down
at certan absolute values of the concentrations involved

44 The Osmotic Limits of Renal Concentration and Dilution. Com-
pared with distilled water, the freczing point of maximally concentrated
urine in man is depressed between 22° and 26° ¢, althongh Cushny
(268] states that maximaily concentrated urine may not freeze until

C 1sreached The freezing point depression of plasma is 056° C

Ordinarily unine has a freezing pomt of —1* to —25° C  The total
freczing pornt depression due to salt and urea m maximally concen-
trated urine is A=22° G, In dilute urine, such as forms during water
duress, freezmng point depression has been reported as A==0075* C.
Osmolal concentration is approzimated by A/1.86, so that for a A=26°
C, the urine concentration may be expressed as 26/1.86 or 14 osmolal
(§52)  The validity of this computation is greater where the solutes
arc nonelectrolytes rather than electrolytes, where the electrolytes are

of low rather than high valence, and where the solutions are dilute
rather than concentrated.
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physical terminology, osmotie work is called zero on the basis of an
algebraic summation of partial work, it is to represent a state of main.
tamed, and not chemical, equilibrium. There must still be a finite
expenditure of bolic energy in the mai of this equihbri
which is not brought to the attention in this mode of analysis,

Even 1f we accept some standard method of computing total or
fractional osmotic work, there remains the question of 1its sigmificance
for renal function[796, 887}, If the caleulations of renal efficiency are
based on deficient knowledge of all the paths along which work
energy may be diverted and expended, and how these paths vary under
differing conditions of renal activity, we are hampered 1n attaching
specifie value to that which we calenlate. The fact that an infimty of
functional relations can be drawn between the simple concentration
ratio, U/A, and renal activity measured in different ways, makes
further suspect the physiological value of the present concept of osmobe
work.

Consider the concentration of ammoma in urine and plasma First,
what kind of plasma shall we take for our equations of osmotic work!
Shall 1t be the systemic venous or arterial plasma whose ammonis i
assumed to be 0000554 mols /kg water by Borsook and Winegarden
[151]¢ Small absolute errors in the determination of this misute
value will make for large errors in our final summation of osmotic work,
especially where large quantities of ammonia are being exereted 0%
shall our concentration ratio be based upon the ammonia content of
peritubular capillary plasma? If ammonia (or some other gubstance}
were to be formed de novo in tubular cells and diffuse 1 such a manset
as to cause no concentration gradient between urine and peritobalat
plasma, we could not regard the tubule as having expended energy 2
the erection of a concentration gradient Yet when the pentuh\ﬂﬂ
blood becomes mixed with that of other tributaries of the kidney havizs
had no eontact with ammonigemic tissue, and with the extrarentl
systemic blood whose concentration in ammonia is lower than thif
of the blood amomg the tubules, there is ereated a *concentrati®
gradient’” which can be used unenitically to assess an imaginary amoust
of tubular osmotic work. Tt is well to recognize not only that te
computations for ammonia require revision[225] but that the ffte
energy contained in a liter of urme is by no means syponymous ¥
a fixed renal energy expenditure mphed by the chmically ‘oorif
term, osmotic work

Little attention has been given to the dual concentration grader®
nintaired  anmce b o et am v ay e s m 3 +ha plasma
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(interstitial fluid)-tubular cell interface or, for that matter, to the
effects of “'differential permenbility’’{14], and other germane factors.
YWhere (U~A) gradients are zero the integrity of the cell may never-
theless sustain m for those sub between
its own cellalar flud apd both plasma and urine These regions of
energy dissipation in osmotie actinty may be as real and crucial, or
more 50, than that region artificially contrived to possess gross (U—A4)
gradients, as if a sgle membrane separated urine from plasma  Cer-
tainly the computation of zero osmotic work when U= does not reflect
bolic energy i for the of the
between tubular cell and its urinary and plasma interfaces; and this
requirement may, for given gradients, be some function of the combineg
area of the interfacial membranes
Conceivably the falling urinary con of solutes
observed in lynretic dinresis at high solute loads (§89) represents a
of the 1 ion gradient, reflecting injury
to the cell. This could in some degree account for what otherwise seems
a discrepancy, that is, that (U—A) falls as A increases. That the
tubule cells do not support as high a (U—A) gradient at gk A values
as at low need not militate, therefore, against the hypothesis of active
water reabsorption (§89). The assertion that at high absolute U values
the limit of osmotic work by the kudney may be approached and that,
therefore, (U—A) falls, could of course be merely another way of stating
that the gradient at the urine-cell interface metabolically breaks down
at certain absolute values of the coneentrations involved

44 The Osmotic Linuts of Renal Concentration and Dilution Com.
pared with distilled water, the freezing point of maximally coneentrateq
urine in man 13 depressed between 22° and 26° €, althongh Cushny
{268) states that maxmally concentrated urine may not freeze until
—5° C s reached  The freezing point depression of plasma is 0.56° .,

Ordinanly urine has a freezing point of —1° to —25° C. The tota]
freezing point depression due to salt and urea in maximally concen.
trated urine is A=22° C. In dilute urine, such as forms during water
dwresss, freczing point depression has been reported as A=0075° Q.
Osmolal concentration 1s approximated by A/1 86, so that for a A=2ge
C,, the urine concentration may be expressed as 2 6/1.56 or 1.4 osmola)
(§52) The valdity of this computation is preater where the solutes
are nonelectrolytes rather than electrolytes, where the electrolytes are

of low rather than high valence, and where the solutions are dilate
rather than coneentrated,
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physieal terminology, osmotic work is called zero on the basis of a
algebraic summation of partial work, it is to represent a state of main
tained, and not chemical, equilibrium. There must still be a finit
egpenditure of metabolic energy in the maintenance of this equilibrium
which 1s not brought to the attention in this mode of analysis.

Even 1f we accept some standard method of computing total o
fractional osmotic work, there remains the question of its sigmficanes
for renal fanchion]796, 837). If the calenlations of renal efficiency ar
based on deficient knowledge of all the paths along which work
energy may be diverted and expended, and how these paths vary under
differing conditions of renal activity, we are hampered in attaching
speafic value to that which we caleulate. The fact that an infinity of
functional relations can be drawn between the simple conceniration
ratio, U/A, and renal activity measured in different ways, mabes
further suspect the physiological value of the present concept of osmoti
work.

Consider the concentration of ammonia in urine and plasma First
what kind of plasma shall we take for our equations of osmotic work!
Shall 1t be the systemic vemous or arterial plasma whose ammoma B
assumed to be 0000554 mols /kg. water by Borsook and Winegarden
[151]% Small absolute errors in the determination of this minoe
value will make for large errors m our final summation of osmotic werk,
especially where large quantities of ammonia are being excreted O,
shall our concentration ratio be based upon the ammonia content of
peritubular capillary plasmat If ammonia (or some other substance}
were to be formed de novo in tubular cells and diffuse in such a mange
as to cause 1o concentration gradient between urine and peritubulsr
plasma, we could not regard the tubule as having expended energy i
the erection of a concentration gradient Yet when the peritubular
blood becomes mised with that of other tributaries of the kidney havisg
had no contact with ammonigenic tissue, and with the extrarentl
systemic blood whose concentration m ammonia is lower than thet
of the blood among the tubules, there is created a concentrali®
gradient’’ which can be used uneritically to assess an imaginaty amonst
of tubular osmotic work. It 1s well to recognize not only that th
computations for ammonia require revision[225] but that tbe free
energy contained in a Iter of urine is by no means synonymous ™
a fized yenal energy expenditure mmphed by the chmieally hoserte
term, osmotie work

Little attention has been given to the dual concentration gradienﬂ
maintaied across the urine-tubular cell interface and the P
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physical terminology, osmotic work is called zero on the basis of an
algebraic summation of partial work, it is to represent a state of main.
tained, and not chemical, equilibrium. There must still be a finite
expenditure of metabolie energy in the maintenance of this equilibrium,
which 15 not brought to the attention in this mode of analysis.

Even if we accept some standard method of ing total or
fractional osmotic work, there remains the question of its sigmficance
for renal function[796, 887] 1If the calculations of renal efficiency are
based on deficient knowledge of all the paths along which work
energy way be diverted and expended, and how these paths vary under
differing conditions of remal activity, we are hampered in attaching
specific value to that which we caleulate. The fact that an infinity of
functional relations can be drawn between the simple coneentration
ratio, U/4, and renal activity measured in different ways, makes
further suspeet the physiological value of the present concept of osmotit
work,

Consider the concentration of ammonia jn urine and plasme First
what kind of plasma shall we take for our equations of osmotic work!
Shall it be the systemic venous or arterial plasma whose ammoma i
assumed to be 0000554 mols /kg water by Borsook and Winegarden
[151]% Small absolute errors in the determinmation of this minufe
value will make for large errors m our final summation of osmotie work
especially where large quantities of ammonia are being excreted Or,
shall our concentration ratio be based upon the ammonia content of
peritubular capillary plasmat If ammonia (or some other gubstance)
were to be formed de novo 1n tubular cells and @iffuse in such a mandtt
as to canse no concentration gradient between urine and pcrimbnlr'ﬂ
plasma, we could not regard the tubule as having expended energy 1
the erection of a concentration gradient. Yet when the peritnb\ﬂﬂ
blood becomes mixed with that of other tributares of the kidney bavits
had po contact with ammonigeme tissue, and with the extrarest!
gystemic blood whose coneentration 1 ammenia js lower that thet
of the blood among the tubules, there is created a * concentrat®®
gradient’” which ean be used uncritically to assess an imagmary amount
of tubular osmotic work It is well to recogmize mot only that the
computations for ammonia reqmire Tevision[225] but that the free
energy contamed in a liter of urine is by no means synonymous ™
a fized renal energy expenditure implied by the clinically honortfe
term, osmotic work

Little attention has been given to the dual concentration gradients
maintaived gcross the urmetubular coll interface znd the PE™
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physieal terminology, osmotie work is called zero on the basis of an
algebraie summation of partial work, it is to represent a state of mam.
tained, and not chemical, equilibrium. There must still be & finite
expenditure of metabolie energy in the maintenance of this equilibrium,
which 1s not brought to the attention in this mode of analysis.

Even if we accept some standard method of computing total or
fractional osmotic work, there remains the question of its sigmficance
for renal function{796, 887] 1If the caleulations of renal efficiency are
based on deficient knowledge of all the paths along which work
energy may be diverted and expended, and how these paths vary under
Aiffering conditions of renal activity, we are hampered in attaching
specific value to that which we calculate. The fact that an infinity of
functional relations can be drawn between the simple concentration
1atio, U/4, and Tenal activity measured in duifferent ways, makes
further suspect the physiological value of the present concept of osmotie
‘work.,

Consider the concentration of ammonia in urine and plasma. First,
what kind of plasma shall we take for our equations of osmotie work!
Shall it be the systemic venous or arterial plasma whose ammoms i
assumed to be 0000554 mols /kg. water by Borsook and ‘Winegarden
[1517¢ Small absolute errors in the determination of this minote
value will make for large errors in our final summation of osmotic work,
especially where large quantities of ammonia are being excreted. Or,
shall our concentration ratio be based upon the ammonia content of
peritubular eapillary plasma? If ammonia (or some other substance)
were to be formed de novo in tubular eells and diffuse in such a manner
as to cause no concentration gradient between urine and peritubﬂlﬂ!
plasma, we could not regard the tubule as having expended ener¢y in
the erection of a concentration gradient. Yet when the peritub\ﬂﬂ
blood becomes mixed with that of other tributaries of the kidney baviog

bad no contact with ammonigemc tissue, and with the extrarensl
systemie blood whose concentration in ammonia is lower that
of the blood among the tubules, there is created a s¢poncentratios
gradient’” which ean be used uneritically to assess an imaginary amotnt
of tubular osmotie work Tt is well to recognize not only that the
computations for ammonia require revision{225] but that the ff"
energy contained in a liter of urine 15 by no means synonymoos ™
a fixed rensl energy expenditure implied by the clinically honori®
term, osmotic work.

Little attention has been given to the dual concentration gradi™®
maintained across the urinetubular cell interface and the PIS™*
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specific gravity for each 1 per cent of plasma protein, for example,
0003%6=0018 The nonprotein speeific gravity of plasma would
be 1028—0018=1010 Since some constituents in the urine may
be more and others less concentrated than in plasma, 1t may be illusive
to aceept the occasion of any urmary specific gravity of 1010 as
mdieative of complete renal insufficiency. However, as 1sosthenuria
develops with renal i as 1ndicated by concentration-dilution
tests (§412), this interpretatton of the 1sosthenuric point probably
takes on more significance. It 1s properly cantioned[646] for clinical
purposes that the urmary specific gravity should be corrected for
protein which may be present by subtracting 0003 umts from the

TABLE V.

Spectfic granity of aqueous solations of glucose *

Per Cent d Glucose i
1.00 10007

21 10051

4.36 10146

1020 10370
15.72 1.0604
2014 10795
2403 10962

* From International Critical Tables, Vol II, p 247, 1927, Courtesy of McGraw-
Hll Book Company

specific gravity for each 1 per cent protein found therein. The baruris
resulting from the presence of glucose mn the urine has no established
“‘correction’’ (Table V) Apparently glucose or sucrose in the urine
lowers the maximal urmary concentration of electrolytes[393, 537]

4.7 Some Quantiative Aspects of Urinary Concentration and Composi-
tion. The term specific gravity (relative density), as applied to urine,
ususlly refers to the ratio of the weight of any volume of urine to the
weight of an equal volume of water either at the same temperature or 3t
the temperature at which the density of water is maximal, namely 4° C.
Symbolically, these urinaty (U) specific gravities are represented 25
(DF)v and (DT)y, respectively. The latter is numerically equal to the
density of the urine at 7° C. Sohd substances of greater density than
water will, when dissolved in water, cause the relative density of the
resulting fluid to exceed that of water by an amount called the specrfie
gravity wncrement. The increments for (Dfs)y and (D%)y are, respec
tively, [(DR)y—1] and [(DF) v— (DF)mol, where (DE)m,o is the density
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of water at T° C. Unnary epecific gravitics, determined at 20° C.
and referred to water at 4° C. thus have increments spproximated by
(D) v—09082).%

If urine is difuted with water, the specific gravity increment varies
inversely with the degree of dilution, Where a small sample of urine i3
diluted n-fold with water to pcnmt s determination of speeific gravity,
(D?T)e on the larger volume of urine U”, the speafie gravity, (DT, of
the onginal urine sample U would be given by

(DX o=n[(D7) v~ (Dm0l (Dm0 (19)
or,
(D°F) p=n[ (D7) —0 9982] +0 9952 (50}
To find (D) y, where the specific gravity of the diluted urine is (D}3) o
we would have
(DI v=n((D}F)w-1]+1 (51)

The obvious correlation between the speefic gravity of the urine
and the quantity of dissolved matemal 1t contamns 1 & unit volume
has 1wspired a number of methods for functionally refating these.t They
&) involve the use of “‘coefficients,”” among the oldest of which are
those of Trapp and of Haeser(499). Trapp’s coefficient was 2, A
urinary specifiec gravity of 1010 was regarded as if 1t were numerically
1010, and the ‘“formula’ of Trapp consisted of subtracting 1000
from the latter and doubling the diffcrence The result, 2X10=20,
was taken to equal the number of grams of total solid per liter of
urine  Iiiiser introduced the cocfficient 233 to be apphied in place
of Trapp's cocficient, contending that it gave mare accurate results,
Vogel[499] considered Trapp's coefficient more exact for close-to-
normal urine, and Haser's coefficient better for urine contaiming sugar.

Later, Long{687] measured the solids 1n fresh urine from normal
mdividuals and obtaned what he called a *“laser coefficient” by divid-
ng the second, third, and fourth decimal places of the specific gravity
into the weight of solids contaned per liter  When the specific gravity
was taken at 25° C and referred to water at 4° C., this coefficient
averaged 0260 In using this coeflicient with a urine of specific gravity
10215, we would caleulate 0260X215=5590 grams of total urinary
solid per Iiter

The use of these factors to estimate the approximate quantity of
material dissolved in the urine does not prove uniformly good with
urtnes of random composition  In normal subjects on fixed dicts the

“0 M52 = (D70 1,0, the donsity of water at 20° C

1 Dunenlred subetanees excrt a yurface actvity in urine which has been pelated to
specifia gravity  Vor Mahs[47¢) fouad some pross dependence of the surface temsion
of the urine vpon §ts speeste gravity,
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specific gravity for each 1 per cent of plasma protein, for example,
0003X6=0018. The nonprotein specific gravity of plasma would
be 1028—0018=1.010 Since some constitnents in the urine may
be more and others less concentrated than in plasma, it may be illusive
to accept the oceasion of any urinary speeifie gravity of 1010 as
indicative of complete renal insufficiency However, as isosthenuna
develops with renal insuffi y as indicated by eoncentration-dilution
tests (§412), this interpretation of the isosthenuric point probably
takes on more mignificance It is properly cautioned{646] for chnical
purposes that the urinary specific gravity should be corrected for
protein which may be present by subtracting 0003 units from the

TaBLE V
Speaific granty of aqueous solutions of glucose.*
Per Cent @ Glucose b
100 10007
211 1.0051
436 10146
10 20 10370
1572 10604
20,14 10795
2103 10962

* From International Critical Tables, Vol I, p 347, 1027. Courtesy of MeGn¥
Hill Book Company.

speeific gravity for each 1 per cent protein found therein The baru®
resulting from the presence of glucose in the urine has no estabhsheﬂ
“‘eorrection’’ (Table V). Apparently glucose or suciose in the u
lowers the maximal urinary concentration of electrolytes[393, 551

47 Some Quantialwe Aspects of Urinary Concentration and Compos
tion, The term specific gravity (relative density), as appled to un%
ustally refers to the ratio of the weight of any volume of urine tot :
weight of an equal volume of water either at the same tempersture o:ﬂ
the temperature at which the density of water 1s maxial, namely
Symboheally, these urinary (U) speafic gravities are represented &
(DF)v and (D%)y, respectively The latter is numerically equal 0 e
density of the urine at 7° C. Solid substances of greater density ﬂ’:“
water will, when dissolved in water, cause the relative densty of the
resulting fluid to exceed that of water by an amount called the spect
graviy ancrement. The increments for (DIe)y and (DR)v are "'jpc::
tively, [(DF)o~ 1] and [(DF) o~ (D) mso], where (DE)moistbedee™
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of waler at T° C. Unnary specific gravitics, determined at 20° C.
and referred to water at 4° C thus have increments approximated by
1(D¥)yp—0.0082).* . .

If urine is diluted with water, the specific gravity increment varies
inversely with the degree of dilution, Where a small sample of urine is
diluted n-fold with water to permit a determination of speeific gravity,
(DT} on the larger volume of unme U, the speeific gravity, (D), of
the ongmnal urine sample U would be given by

(D) p=nf{ (D)o — (Dm0l + (Dm0 49)
or,
(D% p=n[(DF) -0 0982]+0 9952 (50)
To find (D'}, where the specific gravity of the diluted urine1s (D} o,
we would have
D) o=n{(D}F) v ~1]+1 (51)

The obvious correlation between the specific gravity of the urine
and the quantity of dissolved maotensl it tontams 10 8 umt volume
has inspired & number of methods for functionally relating these t They
all involve the use of ‘‘coefficients,” among the oldest of which are
those of Trapp and of Haser[499] Trapp’s cocfficient was 2 A
urinary speaifie gravity of 1.010 was regarded as if 1t were numencally
1010, and the ‘‘formula’ of Trapp econmsisted of subtracting 1000
from the latter and doubling the difference The result, 2X10=20,
was taken to equal the number of grams of total solid per hiter of
urte  Ildser introduced the coefficient 233 to be applied 1n place
of Trapp’s coefficient, contending that 1t gave mare accurate results.
Vogel[499) considered Trapp’s cocfficient more exact for close-to-
normal urine, and Haser's coefficient better for urine contaning sugar,

Later, Long{687] measured the solids m fresh urine from normal
mdividuals and obtamned what he called a ** Haser coeftictent” by divid-
mg the second, thard, and fonrth decrmal places of the speaific gravity
into the weight of solids contained per liter. When the specific gravity
was taken at 25° C. and referred to water at 4° C, this coeflicient
averaged 0260 In using this corflicient with & nrine of specific gravity
10215, we would calenlate 026021553 90 grams of total uninary
sohid per Liter,

The nse of these factors to estimate the approximate quantity of
material dissolved in the urme does not prove uniformly good with
urines of random composition In normal subjects on fized diets the

00752 m (7 )11,0. the donity of water at 20° C

1 THtolred aulatanees exert w surface actinity Jn urine which has been related to
wpecifle gravity. Voo Maha[471) found some gross depezdesee of the surface tenvion
©of the urine upon 1te Kpecifc granty.
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specific gravity for each 1 per cent of plasma protein, for example,
0.003%X6=0018 The nomprotemn specific gravity of plasma would
be 1.028—0018=1.010. Smnce some constituents in the urins may
be more and others less concentrated than in plasma, it may be illusive
to accept the occasion of any urinary specific gravity of 1010 as
indicative of complete renal insufficiency. However, as isosthenuria
develops with renal i as indicated by concentration-dilution
tests (§412), this interpretation of the isosthenuric point probably
takes on more significance It is properly cautioned[646] for chmical
purposes that the urinary specific gravity should be corrected for
protein which may be present by subtracting 0.003 umts from the

TabLE V.
Specific gravity of aqueous solutions of glueose *
Per Cent d Glucose o
1.00 10007
s11 10051
436 10146
1020 10370
w572 10604
2014 1.0795
2403 10962

* From Internahional Cratzeal Tables, Vol II, p 347, 1027. Courtesy of Mcbs™
Hill Book Company

speaific gravity for each 1 per cent protein found therein The barung
resulting from the presence of glucose in the urine has no established
“‘correction’” (Table V) Apparently glucose or sucrose in the uns
lowers the maximal urinary comcentration of electrolytes{393, 53]

47 Some Quantitatwe Aspects of Urinary Concentration and Comp™
tion. The term specific gravity (relative density), as applied to urme,
usually refers to the ratio of the weight of any volume of urine to Lh:
weight of an equal volume of water either at the same temperature 0’1' o
the temperature at which the density of water is maximal, namely £'¥
Symbolically, these urinary (U) speafic gravities are represmted &
(DF) v and (DR)y, respectively The latter 15 numenpally equsl he
density of the urine at T° C. Solid substances of greater density 'h;’:
water will, when dissolved in water, cause the relative density © L
resulting fluid to exceed that of water by an amount called the spect
gravity wncrement The increments for (DR)y and (DEF)w 8f@ mp‘;
tively, [(DR) y—1] and [(DF) g— (DE)mso], where (DE)mofs theder™
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of water at T° C. Unnary epecific gravities, determined at 20° C.
and referred 1o water at 4° C. thus have merements approximated by
(D% v—00982) * . i

1f urine 15 diluted with water, the specific grawty increment varies
inversely with the degree of dilution, Where a small sample of urine is
diluted n-fold with water to permit a determination of specific gravity,
(D) v on the larger solume of utine U, the speafie grovity, (D)v, of
the onginal urine sample U would be given by

(D)o =r[(DF) v~ (Dm0l +- (D)0 “9)
or,
(D) p=n[(DF) v~ 0.9982]+0 9982 (50}
To find (D}$)y, where the specific gravity of the dduted urine1s (D}3}er,
we would have
DR r=n[(D}F)er-1]+1 (51)

The obvious correlation between the speerfic gravity of the urine
and the quantity of dissolved matenal it contams m & umt volume
has inspired a number of methods for functionally relating these § They
all involve the use of *‘coefficients,” among the oldest of which are
those of Trapp and of Haser(499] Trapp’s cocflicient was 2. A
unnary specific gravity of 1.010 was regarded as if it were numerically
1010, and the *“‘formula’’ of Trapp consisted of subtracting 1000
from the latter and doubling the difference The result, 2X10=20,
was taken to equal the nmmber of grams of total solid per hter of
urine  Iiser introduced the cocfficient 233 to be applied 1 place
of Trapp's cocficient, contending that 1t gave more accurate results,
Vogel{499] considered Trapp’s coefficient more exact for close-to-
normal utine, and Haser’s coefficient better for urine containing sugar

Later, Long[687] measured the solids m fresh urine from normat
ndisiduals and obtained what he ealled a “Hiser coefficrent’ by divid-
ng the second, thurd, and fourth decrmal places of the specific gravity
mto the weight of solids contained per iter When the specific gravity
was taken at 25° C and referred to water at 4° C, this coefficient
averaged 0260. In using this cocflicient with a urine of specific gravity
10215, we would ealenlate 0260X215:=5590 grams of total urinary
solid per hiter.

The use of these factors to estimate the approximate quantity of
material dissolved 1 the urine does not prove uniformly good with
urines of random composition  In normal subjects on fixed dicts the

09982 = (77 Y11,0, the deneity of water at 20° €

1 Dissolved sutatances exert & surface activity $n urine which has been related to
wpeetfic granity, Von Mabn{474] found some grose dependenes of the surfacs tension
of the urine upon its speeific grarity,
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specific gravity for each 1 per cent of plasma protein, for example,
0003X6=0018 The nonprotem specific gravity of plasma would
be 1.028—0018=1.010 Smce some constituents in the urine may
be more and others less concentrated than in plasma, it may be tllusive
to accept the occasion of any urinary specific gravity of 1010 a
indieative of complete renal insufficiency. However, as isosthenura
develops with renal insufficiency as indicated by concentration-dilution
tests (§412), this interpretation of the isosthenuric point probably
takes on more significance It is properly cautioned[616] for clmical
purposes that the urinary specific gravity should be corrected for
protein which may be present by subtracting 0003 units from the

TaBLE V

Specific gramnty of aqueous solutions of glucase *

Per Cent d-Glucose D
100 10007

211 10051

436 10145

1020 1.0370
1572 1.0604

20 14 1.0795
2403 10962

* From International Critieal Tables, Vol IT, p 347, 1927. Courtesy of McGra®
Hull Book Company

specific gravity for each 1 per cent protein found therein The baruné
resulting from the presence of glucose in the urine has no established
“‘correction’” (Table V). Apparently glucose or sucrose in the un
lowers the maximal urinary concentration of electrolytes[393, 51

47 Some Quaniiaiwe Aspects of Urinary Concentration and Compo%
tion. The term specific gravity (relative density), as applied to ring
usually refers to the ratio of the weight of any volume of urine & 'h:
weight of an equal volume of water either at the same tempersture ' %
the temperature at which the density of water is maximal, narely 4
Symbolically, these urinary (U) specific gravities are represented f
(DF)v and (DT, respectively. The latter is numerically equsl 02
density of the urine at T° C Sohd substanees of greater density ﬂ’;g
water will, when dissolved 1n water, cause the relative density o“ﬁt
resulting fluid to exceed that of water by an amount called the aﬁf“
gravity ancrement. The inerements for (Df)y and (DF)v a%& r?zl:l"
tively, [(DR)y—1] and [(DF)y~ (D) mol, where (DT o s the 8
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of water at T® C. Urinary specific gravities, determined at 20° C.
and referred to water at 4° C. thus have inerements approximated by
D) v—09082) *

If urine is diluted with water, the speeific gravity increment varies
inversely with the degree of dilution Where a small sample of urine is
diluted n-fold with water to permit a determmation of specific granty,
(D%}t on the larger volume of urine U, the specific gravaty, (D)o, of
the original unine sample U would be given by

(DD p=n[(DF) v~ (D) sn:0)+ (DT )mo 19)
o (D) v (D) 1r—0 9982] +-0 9952 (50)

To find (D1¥)y, where the specific gravity of the diluted urines (D))o,
we would have
(D) o=nl(DIF)r—11+1 QY
The obvious correlation between the speeific gravity of the urine
and ihe quaniity of dissolved material it contains in 3 umi volume
has inspired a number of methods for functionally relating these They
all involve the use of ‘‘cocfficients,’” among the oldest of which are
those of Trapp and of Hiiser[499]) Trapp’s coefficient was 2 A
urinary specifie gravity of 1010 was ded as if 1t were ieall,
1010, and the *‘formula’” of Trapp comsisted of subtracting 1000
from the latter and doubling the difference The result, 2X10=20,
was taken to equal the number of grams of total solid per liter of
unne Tldser introduced the cocfficient 233 to be apphed i place
of Trapp’s coefficient, contending that it gave more securate results
Vogel{499] considered Trapp's coefficent more exact for close-to-
normal urine, and Haser’s coefficient better for urine containing sugar
Later, Long{687] measured the solids in fresh urine from normal
mdividunls and obtained what he called a ““Iliser coeffictent’” by divid-
ing the second, iurd, and fourth decimal places of the specifie gravity
into the weight of solids contasned per Liter. When the speeific gravity
was taken at 25* C. and referred to water at 4° C, this coefficient
averaged 0260 In using this coefficient with a urine of specific gravity
10215, we would caleulate 0260X215=55.90 grams of total urmary
solid per liter,
The use of these factors to cstimate the approximate guantity of
material dissolved in the urine does not prove uniformly goed with
urines of random composition  In normasl subjects on fixed diets the

00452 @ (D37 11,0, the density of water at 20° C.
1 Duasolred substanevs exirt a surface activity in urine which bas been related to

spectfie granty, Vos MNabn{474] found some grons dependenes of the rurface tension
of the urina upon irs speaifie granty,
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speerfic gravity for each 1 per cent of plasma protein, for example,
0003X6=0018 The nonprotein specific gravity of plasma would
be 1.028—0018=1010. Since some constituents in the urine may
be more and others less concentrated than in plasma, it may be illusive
to accept the occasion of any urinary speeifie gravity of 1010 &
indicative of complete renal insufficiency. However, as isosthenuma
develops with renal insuffici as indreated by ion—dilut

tests (§4.12), this interpretation of the isosthenuric point probably
takes on more significance. It 15 properly cautioned[646] for clmical
purposes that the uriary specific gravity should be corrected for
protein which may be present by subtractmg 0.003 units from the

TaRLE V

Specific gravity of aqueous solutions of glucose ®

Per Cent d-Glucose D3
100 10007

211 10051

436 10146

1020 10370
1572 10604
2014 10795
24.03 10962

* From International Critical Tables, Vol. II, p. 847, 1927 Courtesy of MeGre¥
Hill Book Company.

specifie gravity for each 1 per cent protein found therein. The ba}'ﬂm
resulting from the presence of glucose in the urine has no establlﬂ}?d
““correction’ (Table V). Apparently glucose or suciose in the urint
lowers the maximal urinary eoncentration of electrolytes[393, 531)

47 Some Quanitatwe Aspects of Urinary Concentration and Compos®
tion. The term specific gravity (relative density), as applied & urint;
usually refers to the ratio of the weight of any volume of urin to :
weight of an equal volume of water exther at the same tempersture o' &
the temperature at which the density of water is maximal, namely & s
Symboheally, these urnary (U) specific gravities are represeat ﬂ:e
(DF)v and (DT, respectively The latter is numericatly eaual 12
density of the urine at T° C Solid substances of greater density ﬂ:l’:
water will, when dissolved in water, cause the relative density ©
resulting flud to exeeed that of water by an amount called the sﬂf
gravty ncrement. The increments for (Df)y and (D})v 871® 'e“P,w
trvely, [(DF)o—1] and [(DF)o— (D )mol, where (DF)mos he 5
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of water at T° C Unnary speaific gravitics, determined at 20° C.
and referred to water at 4° C. thus have increments approdimated by
(D% p—09982).%

If urine 13 diluted with water, the specific gravity increment varies
inversely with the degree of dilution. Where a small sample of urine 13
dllutcd n-fold with water to permit a determmation of pecific gravity,

D) on the larger volume of unne U’, the speaific gravity, (D D)o, of
the original urine sample U would be given by

(DY o=nl(D%) =~ (D) 110} + (D)o “9
= (D) o=n[(DT) 1r—0 9982]+0 9982 (50)

To find (D)%) v, where the specific gravity of the diluted urine is (D}5) o
we would have
Dife=n{(DiF) v —1]+1 (Y]
The obvious corrclnhon between the specific gravity of the urine
and the quantity of dissolved material it contains i a unit volume
has ispired & number of methods for functionally relating these 4 They
all involve the use of ‘‘cocfficzents,”” among the oldest of which are
those of Trapp and of Ilaser{499] Trapp's coefficient was 2. A

urnary speeifie gravity of 1010 was regarded asaf it were 1
1010, and the “formula’ of Trapp conuisted of subtracting 1000
from the latter and doubling the difference The result, 2X10=20,
was taken to equal the number of grams of total selid per liter of
unine  H&ser introduced the coefficient 2,33 to be applied in place
of Trapp's coefficient, contending that it gave more accurate results
Togel{499]) consmidered Trapp’s coefficient more exact for close-to-
normal urine, and Iliiser’a coefficient better for urine contaming sugar

Later, Long[687) measured the rolids in fresh urine from normal
udividuals and obtained what he ealled a *“Iliser eoeflicient’” by divid-
ing the second, third, and fourth decimal places of the specific gravity
into the weight of solids contained per liter When the specifie gravity
was taken at 25° C and referred to water at 4° C., this coefficient
averaged 0260. In wsing this coefficient with a urine of specifie gravity
10215, we would ealeulate 0260X215=5590 grams of total urinary
rolid per liter,

The use of these factors to estimate the approximate quantity of
material diwolved in the urine does not prove unifermly good with
urines of random composition. In normal subjeets on fixed diets the

09982 = (DT Y00 the density of water at 90° €
1 Distoleed substanecs exert a aurface activity in urise which has been rlated to

apecifc pravity. Vo Habn[474] found same gross derendence of the sutface tension &
of the urine upon ite specific granty.
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specific gravity for each 1 per cent of plasma protein, for examyle,
0.003%6=0.018. The nonprotein speeific gravity of plasma would
be 1.028—0.018=1.010 Since some constituents in the urine may
be more and others less concentrated than in plasma, it may be illusive
to accept the occasion of any urinary specific gravity of 1010 as
indicative of complete renal insufficiency. However, as isosthenuna
develops with renal insuffi as indicated by concentration-dilution
tests (§412), this interpretation of the isosthenuric point probably
takes on more mgmficance. It is properly cautioned{646] for clinical
purposes that the wrinary specific grawmty should be corrected for
protein which may be present by subtracting 0003 units from the

TaBiE V
Specifie gravity of aqueous solutions of glucose.*
Per Cent d-Glucose o

100 10007

211 10051

436 10146

10 20 10370

1572 10604

20.14 10795

2403 1.0962

* From Tnternational Crstacal Tables, Vol. TT, p. 347, 1927 Courtesy of MeGa™
il Book Company

specific gravity for each 1 per cent protein found therein The baruria
resulting from the presence of glucose in the urne has no estabﬁs}ffd
““correction’” (Table V). Apparently glucose or sucrose in the urin¢
Jowers the maximal urinary concentration of electrolytes(393, 581

mpost-
urine,

1o the

eorsb
o

47. Some Quantitatwe Aspects of Urinary Concentration and Cor
tron. The term specific gravity (relative density), as apphed to
usually refers to the ratio of the weight of any volume of urine
weight of an equal volume of water either at the same temperatur
the temperature at which the density of water 1s maximal, namely
Symbolically, these urinary (U) spemfic gravities are represent
(DF)u and (DT v, respectively The latter is numenecally equal t
density of the urine at 7° C Sohd substances of greater density mﬂ
water will, when dissolved m water, cause the relative densty o 5
resulting flmd to exceed that of water by an amount called the HP_’“C .
granty increment The increments for (D1)p and (DF)v &8 rkFity
tively, [(DF)y—1] and [(DF) y~ (DE) mol, where (D )mo s the 4

od 25
o the
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of water at T° C. Urinary specific gravities, determined at 20° C.
and referred to water nt 4° C. thus have merements approximated by
{(DF)u—09982) *

1f unne is diluted with water, the specific gravity inerement varies
wversely with the degree of dilution. Where a small sample of urine is
diluted n-fold with water to permit & determination of speeific gravity,
(D%}t on the larger volume of urnine U, the speaific gravity, (D), of
the original unine sample U swould be given by

(DT o=n{(DF) = (Dm0l + (DT )m0 9
or,
(D) v=n{(DF) rr—0 9982]+0 9982 (50)
To find (D!§) ¢, where the speaific gravity of the diluted urine is (DIF) o,
we would have
D) e=n{(DF)r—1)+1 ®1)

The obvious correlation between the speerfic pravity of the wurine
and the quantity of dissolved matenal it contains 1n a umt volume
has inspired 8 number of methods for functionally relating these.f They
all involve the use of “‘coefficients,”” among the oldest of which are
those of Trapp and of iser[499} Trapp's coefficient was 2. A
urmary speaific gravity of 1010 was regarded as if it were icall,
1010, and the “formula’ of Trapp consmisted of subtracting 1000
from the latter and doubling the difference The result, 2X10=20,
was taken to equal the number of grams of total sohid per liter of
wrine. laser introduced the coefficient 233 to be applied in place
of Trapp’a cocffleient, contending that it gave more accurate results
Vogel[499] considered Trapp's coefficient more exact for close-to-
normal unrine, and Miser's coefieient better for urine contamning sugar,

Later, Long[687] measured the solids 1n fresh urine from normal
mdividuals and obtained what he ealled s *“Haser coefficient’’ by divid-
ng the second, third, and fourth decimal places of the specific gravity
1nto the weight of solida contamed per liter, When the specific gravity
was taken at 25° € and referred to water at 4°* C, thia coefficient
averaged 0260 In using this coefficient with & urine of specific gravity
10215, we would ealculate 0260X215=5590 grams of total urinary
sobd per hter.

The use of these factors to estimate the approximate quantity of
materal disolved in the urine does not prove uniformly good with
urines of random composition  In normal subjects on fized diets the

*0 0052 = (D0 11,0, the denvity of water at 20° C

¥ Dhesolres} submtznces excrt a anrface sctivity In urine which has been elated to
apecifie gravity, Von Hahn[474] found some pross dependevce of the surfacs tension
of the Brino upon ts specife gravity,
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specifie gravity for each 1 per ecent of plasma protein, for example,
0.003X6=0.018. The nonprotein specifie gravity of plasms would
be 1.023—0.018=1.010. Since some constitnents in the urine may
be more and others less concentrated than in plasma, it may be illusive
to accept the oceasion of any urinary specific gravity of 1010 as
indiestive of complete renal insufficiener. However, as isosthenuris
develops with renal insuffieiency as indicated by coneentration-dilution
tests (§412), this interpretation of the isosthenuri: point probably
takes on more significance. It is properly esutioned[646] for clinical
purposes that the urinary specific gravity should be corrected for
protein which may be present by subtracting 0.003 units from the

Tarz ¥
Specific gratity of agueous salutios of glocose.”

Per Cext d-Glacose ny
1.00 2.0007

B84 10051

136 10148

0.0 10370
1302 10504
o 10785
2403 109862

* From Interationsl Cntica) Tables, Vol IT. pu 543, 1625, Coartesy of MeGnr
IR Bock Company.

specifie gravity for each 1 per eent protein found therein. The barant
resnlting from the presence of gloeose in the urine has mo :stab!xs.‘fed
““eorrection’™ (Table T). Apparently glneoss or suerose in the urize
Jowers the maximal urinary concentration of eleetrolytes[303, 337}

1.7, Soree Quantitatire Aspects of Urinary Cowgeniration and Corpos
#iom. The term specific gravity (rolative density), as applied to uncé,
usually refers to the ratio of the weight of any volume of urice to the
weicht of an equal volume of water either at the same temperatunt o.r 2
the temperature at which the density of water is maximal, namely 4 Cj
Zymbolically, these urinary ({7 speeific gravities are represented 3%
{(DW)r and (DT r, rospectively. The latter i numerieally equal to the
density of the urine at 7° C. Rold substances of greater density than
water will, when dissolved in waler, eause the relative density ““;he
vesulting fuid 1o exoeed that of water by an amount calied the specife
™., intrement, The inerements for (D) and (DR)p are, 109C
15, [(DF) e=1] and [(DT o= (D), where (DT )nois the density
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of output of water augments more than that of other substances[16].

The high speetfic grawity (baruna) which may be obtn.ined during
water restriction and ohiguria in normal individuals under uniform condi-
tions is used 0s a standard in so-called “‘concentration tests” of renal
function (§1.12). “Dilution tests,” similarly, may be battcd on ﬂ.xe normal
response to water freely taken or forced. Urinary specifie gravity under
{hese conditions commonly approaches that of pure water (for exnmplc,
where (DR)i0=1000, we may find (DF)y=1.001). Such dilute urine,
flowing profuscly, characterizes the state of Aydruria In general the
rate of excretion of dissoh ed materials is greater at high urine flow than
at low {268, 1013] but there are exceptions to this (§8.7).
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cent of body welght), Dogs on constant diot. Each black dot represents &
separate day, in negative losds, 3 individuals deprived of water, in positive
loads, 2 otber Indinidusle given water repeatedly by stomach, Fach wbite dot

represcnte a mean spoeifls gravity for & 1 per cent interral of load. After
Adolph (16]

48, Unnary Specific Gravily as a Function of Age. In normal
wen over 40 years of age 1t has been demonstrated by Lewis and
Alving[658] that the concentrating ability of the kidney, as measured
by the specifie gravity of the unne during restricted water intake
(concentration test), falls from 1.030 at 40 years to 1.023 ut §9 yeare
They submit an equation of regression

Nonprotein specifie gravity=1.036—0 000154 (35)
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tome solutions of urea, chloride, or phesphate is accompanied by a
Jowering of the specific gravity of the urine In diuresis induced by
solutions of sodium sulfate of comparable coneentration, specific gravity
can actually be increased{775]. The functional relation between speeifie
gravity and the urine flow, depending eomplexly as it does upon the
patticular substances calling for exeretion, is less informative physi-
ologically than that between urinary copventrations for individual
substances and the urmne flow, sithough even the latter interdependence
1s oceasionaily baffling
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Feg. 12, Relation between Uninary 8pecific Grawnty and Dnﬂy‘Urme Valvmr{.
Each pawt represents one measvrement made in desert conditions ozt 2
1he subjects were soldsers The broken line is & hyperbola passing through the
mean of all points. On ths hyperbola oerur squal exeretions of total salates
Qiverse wrmary volumes, After Adolph and Assoeiaten [20].

Urinary specific gravity, as a function of wrinary flow, I8 clasely
related to the body's water Joad (Fig. 12, 13). A single measurement
of urinary specific gravity may do more to jdentify the existence of &
vater increment than any other single measurement. Curiously cnou_'.ﬂly
in positive water loads, samples of urine vary around one conﬂenﬁl?l?ﬂn
and in negative water loads aronund another, with a ste’ep traasition
between (Fig. 13). Concentrations of many urinary constituents (chl:
ride, urea) correlate similarly with water load, It may be condude‘
{hiat where loads of water alone give rise to water diuresis, the rate
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of output of water augments more than that of other substances{16].

The high specific gravity (baruria)} which may be obtained during
water restriction 2nd oliguria in normal individuals under umform eondi-
tions is used a9 & standard in so-called “concentration tests” of renal
function (§4.12). “Dilution tests,” sumlarly, may be based on the normal
response to water freely taken or forced, Urinary specific gravity under
these conditions commonty approaches that of pure water (for example,
where (D)a,0=1000, we may find (DR)y=1001) Such dilute urine,
flowing profusely, characterizes the state of hydruma In general the
rate of excretion of dissolved materials is greater at high urine flow than
at low [268, 1013] but there are excepttons to this (§8 7).
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Fig 13. Spefic Granty of Urme n Relation to Total Water Load (per
cent of body weight). Dogs on constant diet. Each black dot zepresents a
separate day, w negative loads, 3 individuale Qeprived of water, 1w pomtive
loads, 2 other indwiduals miven water repeatedly by stomach Each white dot

representa & mean speaific gravity for & 1 per cent interval of load. After
Adolph [16]

48 Unnary Specific Gravity as ¢ Function of Age. In mormal
men over 40 years of age it has been demonstrated by Lewis and
Alving{658] that the concentrating ability of the lndney, as measured
by the specific gravity of the urine during restricted water intake
(concentration test), falls from 1030 at 40 years to 1023 at 89 years
They submit an equation of regression

Nonprotein speerfic gravity==1036—0 000154 (58)
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tonie solutions of urea, chloride, or phospbate s accompamed by a
lowering of the specific gravity of the urine. In diuresis indaced by
solutions of sodinm suifate of comparable concentration, speeific gravity
can aetnaliy be inereased{775]. The functional relation between specifie
gravity and the urine flow, depending eomplexly ay it does upon the
particular substances calling for exeretion, is less informative physi-
ologically than that between urinary concentrations for individual
substances and the unine flow, although even the latter interdependence
is oceasiopally bafllimg.
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Fig. 12, Relation between Urinary Specifie Gravity and Daily Urne Yolunt:
Fach pomnt represents one measurement made in desert conditions. 3ost ot
the subjects were soldiers The broken line ia a hyperbola passing through the
mean of 21l points, OB this hypesbola otenr equal excretions of total solutes %
diverse uninary volumes  After Adalph and Assoeaates [20).

Utinary specific gravity, as a function of urinary flow, i3 closely
related 10 the body’s water load (Fig 12, 13). A gingle measureent
of urinary specific gravity may do more to identify the existence of 8
ater increment than any other single measurement. Curiously enouf;h«
in positive water loads, samples of urme vary around one concentﬂlifﬂﬂ
and in negative water loads around another, with a steep transition
between (Fig. 18). Concentrations of many urinary constituents (dﬂfs
ride, urea) corrclate similarly with water load. It may be. concludet
that where loads of water alorie give rise to water diuresis, the rate
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of output of water angments more than that of other substances{16].

The high specific gravity (baruria) which may be obtained during
+water restrietion and oliguna 1n normal individuals under uniform condi-
tions is used a8 a standard in so-called “‘concentration tests” of renal
function (§4.12). “Dilution tests,” similarly, may be based on the normal
Tesponse to water freely taken or forced. Urinary specific gravity under
these conditions coramonly approaches that of pure water (for example,
where (DR)m,0=1.000, we may find (Dfe)y=1.001) Such dilute urine,
floning profusely, characterizes the state of hydrune In general the
rate of excretion of dissolved materials is greater at high urine flow than
at low {268, 1013] but there are exceptions to this (§8 7)
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SPECIFIC GRAVTY OF URINE
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TOTAL \WATER LOAD
Fig 13 Rpeafic Gravity of Unme in Relation to Total Water Load (per
ceat of body weight). Dogs on constant diet. Fach black dot represents a
separate day; 1 negative loads, 3 wmdmnduals deprived of water; 10 positive
loads, 2 other mdiniduals Riven water repeatedly by atomuch. Fach white dot

Tepresents a mean spearfic gramty for & 1 per cent iaterval
Rt P erval of load. After

48 Urmary Specfic Gravity as @ Funchon of Age In normal
men over 40 years of age it has been demonstrated by Lewis and
Alving[658] that the concentrating abihity of the kidney, as measured
by the specific gravity of the urine during restrieted water imtake
{eoncentration test), falls from 1030 at 40 years to 1023 at 89 years
They sabmit an equation of regression

Nonprotein specific gravity=:1036—000015A (55)
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where A is the age in years Howell and Pigpot[560] do not find the
drop in speeific gravity proportional to the age in years in men over
65. The volume of urine excreted during restricted water intakes
15 sumilar 1n men of different ages.

The urine of newborn infants is markedly hypotonic with respect
to the plasma althongh in the first two days of extrautcrine life infants
ordmarily exerete # comparatively concentrated urine (400 millosmolar
compared with plasma at 300 and with adult urmes from 600 to
1300 or 1400 nullwsmolar) From the third to sixth day in infants
there is a decrease in urinary concentration which seems to be cor-
related with the volume of flmd intake[518]. Despite small urime
volumes ranging from 16 cc per 24 hours on the first day of extra-
uterine life to 200 ¢c per 24 hours on the sisth day, the specific gravity
is no higher than 1012 on the first day and decreases to about 1003
or 1.004 on the sixth[995] By adult standards the osmotic pressure
and concentration of infant urine are defective, but they may rise to
adunlt levels when the serum eomposition is highly abnormal[744]

49 Eirpermental Hyposthenuria Hayman, Shumway, Dumke, and
Miller[505] have reverwed the literature of hyposthenuria and studied
several aspects of experimental hyposthenuria in the dog  After kidney
denervation urmary flow 1s mereased and the speeific gravity under
coneentration test 15 duimimshed Decreasing the renal mass by any of
a number of applieable techniques also results in polyura and hypos-
thenuria These are thought to be adequately explamed by relatively
mereased blood flow and greater volume of glomernlar filtrate to the
remaining glomeruli, resulting 1n a more rapid flow of fluid down the
tubules, with decreased time for tubular reabsorption Where r{zza]
mass 15 reduced, the ant:diuretic mfluence of pitressin does not bring
about a higher urinary speeific gravity than does water deprivation
Urinary solute concentration js not high, so this is not the lmtmg
factor. Dogs with subtotal nephrectomy can excrete a concentrated
urine, however, under certam condittons These melude iucreasgd eon-
centration of plasma collords, low blood pressure, and injection® of
sodium suliate after water deprivation Thus, there may ‘be 1O TRed
to postulate tubnlar damage under these eonditions On the other
hand, tubular damage, as from uranium poisoning or ureteral obstrue-
t10n, constitutes a separate category of hyposthenuria. I, ypostherurias
are classified as tubular and tubular, the former including all deﬁmse
tubular degenerations and the latter, reductions in renal mass. 11\0
definite category is given for the hyposthenurias of denervation, low
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protein diet, and of pregnancy. The ordinarly lower urinary specific
gravity of pregnancy, labor, and the postpartum period are correlated
with larger than normal uninary 1olumes

Rexaw Fuxcriox Tests

410 It 15 not within the province of this book to desl at Jength
with repal fumction tests whose mumber 15 legon and which bear
empirically for the most part on problems of renal pathology. Poten-
tially, an almost infinite number of procedures might be adapted to
serve a9 *‘ function tests’’ with more or less suceess  Yet, of the large
number actually proposed only relatively few have stayed on. These
endure beeause of their clinical procedural smplheity, reliability, and

physi i\ i They are needed beenuse of the
unreliability of certan direct observations which may be highly sug-
gestive  For example, albumin and casts may be abuent from urine
m severe renal disease yet they may be present when there @ wo
primary kidney disorder{917] Quantitative renal function tests in
common use today may be grouped roughly as tests of relention, con-
centrafion-diluhion, excretion, and clearance

411 Retention Tesls. When the kidneys are unable to exerete
eertan body solutes 1n normal quantities, at normsl rates, or with the
normally mereased rates which characteristically follow the ereation
of salate loads, there is a retentson of these materials relative 1o the
body water content, and an inerease i their plasma concentrations ean
often be demonstrated  Urea mitrogen, nonprotein nitrogen, creatinine,
hydrogen ion, ete, are among those substances whose abnormal plasma
levels are taken to mdieate renal msufficiency 4 Of course, plasma

* The normal coneentration of blood urea mtrogen (BUN) 15 assd to vary witl
ge|658) from 12 mg. per cest at 40 years to 18 mg per eent at 89 years, the
regression equation being

RUN (mg per cent) =756 + 01124 (56)
where 4 1s age i years Howell and Piggott{460] find no ehange 1 blood urea
in persony over 65 years of age.

t Abnorpal retention 13 refected in other body fluids tham ylasma.  Hench avd
Aldrich{5311 fiod that the blood urea mitrogen we patatied i the aakwa by Abe tome
bined sahivary mtrogen of urea and ammoma, Urea enters the mawa largely by
diffusion bt a certain fraction of that urea ia hydrolyzed (depending portly on the
condition of the mouth) with the formation of ammoma In cbildren or otber
yorsons difficalt to Weed, the salivary comlaned mtrogen may be used ln plico of
the blood urea mitrogen for diagnostic purposes
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coneentration of solute reflects a state of load rather than a state of
renal excretion of solute, when body content of water is normal, Ramd
intake of acid-forming salt such as ammonium chloride causes at Jeast
temporary acidemia even in normal persons despite elevated excretion
of urinary amd Serum urea varies importantly with dietary consump-
tion of protein. In 10 healthy men average serum urea concentrations
were found to be 18, 23, 36, and 43 mg. per cent, corresponding to pro-
tein consumptions of D.06, 05, 15, and 25 g /kg.[4). Thus, 2 sermm
urea level of 50 mg. per eent might be normal for a high protemn intake

In view of these and related facts, high plasma levels are oceasionally
distinguished a3 primarily renal (as in disease of the kudney), prerend,
ot posirenal. Prerenal azotemia, for example, arises mot only from
elevated mtake of nitrogen but with factors affecting tissue metabolsm
It has been used to include renal dysfunction, but not mecessarily on
morphological basis[367}, as 1n widespread burns with shock, suzgicsl
shock, hyperemesis gravidarum, etc. Postrenal azotemia may follow
urologic obstruction. It has been said that in renal insufficiency, the
substances with normally high concentration ratios are most prominently
retained. This should be qualified on at least two counts. First, 2
substance hke potassium which is capable of being highly concentrated
(Table II) by the normal kidney[1154, 1173] is not markedly retamed
in many renal dysfunctions[585] and second, substapces like sodnun
and chioride, which show low concentration ratios, may be retammed
along with water in edema fluid though without a significant increment
in concentration

412. Concentration-Dilution Tests. When the body is deprived of
water for a period exceeding several hours the specific gravity of the
urine rises, constituting a reprodueible physiological reaction (Fig 1),
In renal msufficiency where there is tubular dysfunction, the speerfie
gravity does not rise under this concentration test to so great a.d.egm
as in the normal The specific gravity provoked, if below an empirically
determined value (for example, 1026 in average men), can be takg'ﬂ s
an indication of tubular damage Conversely, when the body is posttively
Toaded with water the speeific gravity of the urine normally falls (F1§
13), along with an increase in urinary flow (Fig 37). This also is a pbys-
joloical reaction depending on tubular integrity In severe renal disease
e whether formed under conditions of water deficiy or excess,

in the neighborkood
y the

the urine, t ;
tends to remain at & rather uniform specific gravity, b
of 1,010, and the degree of this isosthentiria measures rather reliabl,

degree of insufficiency
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Pituitrin has been employed to facilitate the eoncentrating power
of the kidney[192]. In dogs restricted of food and water for 18 hours
prior to 8 test, the administration of surgieal pitwitrin resulis 1o the
formation of & more concentrated urine than oceurs Iollowing restriction
of water slone[832] The sverage speafic gravity has been found to
rise from 1035 without pituitrin to 1049 with the drug  The specifie
gravity of dog's urine is greater than that of human urine under com-
parable eonditions of water deprivation (Figs 12, 15).
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Fig. 14 Relation between Unzary Speciic Granty 1 Man and Body Water
Defiat. After Adolph and Associates {201

In man pituitary hormone is reported to produce a baruria equal
1o or 1m excess of that obtained by simple water deprivation{1012, 1111}
This 13 especially true in cases of eardise edema where flmd from the
edema may enter the urine and prevent the attainment of a speeifie
gravity as igh a3 would otherwise oceur in a simple concentration test
Ifowever, some workers[1049] find that simple dehydration pives less
venable and higher average specific gravities than pitressin, and that
the specific gravity “‘celing” 19 not reached with pitressn  Pasqualim
[838) uses the lack of normal antidiuretic response to pitressin a3 a
measare of renal dysfunction, rather than the concentration response,

Alving and Van Slyke[30] have evaluated the sigmficance of con.
centration and dilution tests in Bright’s disease. They find that the
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similar to those of the MUC during changing states of hydration, solute
load, hormonal influence, ete. But neither the MUGC nor the maximum
specifie gravity can be used to measure purely “‘physiologic’ renal
function beeause they are obtained under metaphysiologic (§1.6) con-
ditions wluch, if mamtained, lead to death. It would be of some
interest 1f it could be established that the higher of two specific pravities
obtained under concentration test in two different, normal individuals
implied greater physiologic reserve Such a relation has a certain
intuitive appeal but no eurrent renal theory justifies predietion of its
existence (§7.8, 7.10)

413, Excretion Tests  The defective uriary exeretion of dyes in
certain renal diseases[917, 918] has been recognized since Achard and
Castaigne[3] introduced the methylene blue test into medicine. Rown-
tree and Geraghty[918], however, showed the superiority of phenol-
sulfonphthalemn (“‘phthalein’’, PSP, phenol red) as a test substance and
set forth one of the simplest and most useful renal function tests known

When a fixed dose of phenolsulfonphthalein (6 mg. in 1 e¢) is
injected intravenously its prompt excretion, primanly by tubular secre-
tion, sets in according to the law of exponential decay. In mormal man
it is found that 40 to 60 per cent of the injected quantity is excrefed
within one hour. An additional 20 to 25 per cent is elimmnated in the
second hour Marked diminution in this normal rate of exeretion
suggests the presence of renal disease, primarily tubular * Because 8
standard dose of dye is used in the phenolsulfonphthalein test it may
be assumed that in normal individuals this raises the plasma concen-
tration close to some average value. This implies that variations in
the measured rate of excretion correspond in a way to variations 1
the clearance of this material }

«The glomerular and tubular partitiomng of phenol red may be given as fo-
lows[899]: pherol red 13 adsorbed on plasma protemn such that at a total plasmt
concentration of 1 mg per cent, about 20 per cent of the dye 1s free and Hlteralle
At a glomerylar filtration rate of 120 ce./mm, the glomerular clearance of 3¢
would be 120 % 022=2¢ ce/mn  The total renal clearance of phenol red is 400
cefmin. The fubular clearance 1, therefore, 400—24=37¢ cc/mn  Thus, the

nm armt

(measured by per eent excreted per umit time) for the elumnation of puesus v *
do adults, when intromuscolar Injections are piven[436]
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434 Cleorance Tests These tests, from the physiclogiesl and chinical
iewpoints, have been treated at length in many places[222, 223, 787,
T o
a

999, 1002). A el test is ial of a retention
test and an excretion test i that 1t measures & rate of excretion per unit
plasma lon  First employed in fon with urea[787},

the clearance determmation was rapidly extended to other substances
as its curions math ical properties d many phy
apphieations (Chapter III).

As bas been (§312), the el of certain subst
such as mulin, urea,® creatrmine, or mamutol may closely parallel the
glomerular filtration rate and, withm limits,t may be used as specific
or relative{1153] tests of glomerular function Clearances of other
substances such as phenol red, parasminolppurate, and diodrast pre-
sumably reflect tubular function for the most part and with proper
standardization they may be so interpreted The Tm (§315), acother
clearance-based value, has also been used to provide information on
recal tubular activity. These, together with the previously mentioned
(Chapter III) determinations of effective renal blood flow and filtra-
tion fraction have brought the clearance into considerable prominence
s a tool for the study of renal function

It 18 possible, however, for testy to become so elaborate that ome
loses track of simpler, equivalent measures of renal function. Coreoran

tolomienl

* The **clearance of urea’” ga n Tenal function test refers to the value of wU/d
for urea at urine flows sbove the augmentation Lt (§39) of 1 t0 £ ec./mun,
m man  Moller, MeIntogh, and Van Slyke[787], who origimally wtroduced the
term *‘dlearance,’” tafled the formulation wU/4 the ‘““‘manimum clearance®® of
urea because it sppeared to reach mo higher value than sbous 75 ce/mm. with
imereamng unne flow above the augmentation Lmit In secking to apply thus
fanction test at lower unne fowa than the augmentation Lmat, such 3 might be
found in children, they made use of the empineal Snding(52] that at emall urme
fown, between the ““mmimal’’ unze flow of 035 to 05 co/mn[222-224] and
the augmentation lmit, the rate of excretion of urea per umt plasma concentration
was proportional to the square root of the urme flow, that 18

-'g:c-ﬁ 6N

and
g ;
=" &)

where C, Was & constant 1 normal mdwiduals, numencslly equal to 54 This
was ealled the ‘‘standard elearance’’ ond deviations from the everage valuo of
54 were used to assess the state of renal funetion Dimensionally the standard
tlearance i6 not 3 clearance at all and has none of the latter’s theoretical sigmficance

# Bxcept, for example, where tubular permeability 18 so increased by ¢'njury’’
8 to result in decrements in the clearances from passive Teabsorption.
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similar to those of the MUC during changing states of hydration, solute
load, hormonal influence, ete. But neither the MUC nor the maximum
specific gravity can be used to measure purely *‘physiologic’ renal
function becanse they are obtained under metaphysiologic (§16) con-
ditions which, 1f maintained, lead to death. It would be of some
nterest 1f it could be established that the higher of two specific gravties
obtained under concentration test in two different, normal indtvidnals
implied greater physiologic reserve. Such a relation has a certain
ntwitive appeal but no current renal theory justifies predietion of its
existence (§7.8, 710).

413. Ezcretion Tests The defective urmary excretion of dyes m
certain renal diseases[917, 918] has been recognized since Achard and
Castaigne[3)] introduced the methylene blue test into medicine Rown-
tree and Geraghty[918], however, showed the superiority of phenol-
sulfonphthalein (*‘phthalem’’, PSP, phenol red) as a test substance and
set forth one of the sumplest and most nseful renal function tests known

When a fixed dose of phenolsulfonphthalein (6 mg in 1 cc) s
injected intravenously its prompt excretion, primarily by tubular secre-
tion, sets in according to the law of exponential decay. In normal man
1t is found that 40 to 60 per cent of the injected quantity s excreted
within one hour. An additional 20 to 25 per cent is eliminated in the
second hour Marked diminution in this normal rate of exeretion
suggests the presence of repal disease, primarily tubular,* Because 2
standard dose of dye is used in the phenolsulfonphthalen test it may
be assumed that 1 normal imndividuals this raises the plasma concen-
tration close to some average value. This implies that varafions 1t
the measured rate of excretion correspond in a way to variations 1t
the clearance of this materal t

*The glomerular and tubular partitiomng of phenol red may be gen a8 fob
1ows[999]. phenol red 18 adsorbed on plasma protem such that et a total plm;'ﬂ
concentration of 1 mg per cent about 20 per eent of the dye 1 free and filterable
At & glomerular filtration rate of 120 cc/mun, the glomerular clearance of d!;
would be 120 % 02==2¢ ce./mm  The total renal clearance of phenol red 33 40
ce./mn. The tubular clegrance 13, therefore, 400—24=376 cc/mm, Thus, fh:
tubular contribution to the total phenol red exeretion 15 100 X 376/400 = 94 per ccx;

1 By way of qualification, phenol xed excretion 18 10 to 13 per cent greater in :;
recumbent thaz 1n the erect position[245], It 15 less xapid 1n age, less rapid 10 :
presence of some cardiac diseases, and more rapid in cbildren{367] if 1t i3 gXFC
intravenously Even the youngest infants and children show about the sime caplu!z
(measured by per cent exereted per umt tume) for the elmmation of phevol red &
do adults, when intramusenlar mjections are given[436]
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and decreases the polyuria Water diuresis cannot be produced in the
isolated kidney[1166}

The urine of the jsolated kidney is ordnanly free from glucose but
with admimstration of hydrocyame acid or sodwm cyanide which
poison and suspend tubular actingy, it eppears  This type of tissue
poison leads to some dwresis with the excretion of almost, but not
quite, & pure glomerular filtrate[89, 326, 466, 1026] Starlng and
Verney(1026] dered the fall 1n con 1on and rate of excre-
fron of urea m the cyamde-perfused kidney 23 evidence for the tabular
excretion of this substance It mught be supposed, 1 more modern
terms, that cyamde poisoming should institute a diuresis approzching
m magmtude the glomerular filtration rate since the active Teabsorp-
tion of water and sodium, among other substances, would be depressed.
Yet urine flow does not mcrease much In the intact rabbit, potassium
eyanide potsorung leads to a decreased urme fow[678] No satisfactory
resolution of this problem has yet been made despite the eontention
of Richards and Barnwell[896] that poisomng of the renal tubules
by eyamde should not produce diuresis because the permeability of
the tubules would be nereased and tubular flud would tend to be
reabsorbed by the effective osmotic pressure of plasma protems. The
volume of flurd moved thus passively 1 the poisoned kidney 1s supposed,
1n this view, to equal that reabsorbed in the normal kidney.

Phlerizin will also powson the tubules of the isolated as well as
the intact kidney, imterfermg with glucose reabsorption Complete
nterference 15 obtained by & dose of 85 to 10 mg per gram of kndney.
How phlorizin acts on the glucose reabsorption meehanism js uncertain,
disturbance of phosphorylation processes having been ruled out since
the concentration of phlorizin effective in the kidney 1s probably lawer
than that necessary to mhubit esterification 1m musele pulp and
yeast[692, 999]  Phlorizin also lowers the ability of tubules to excrete
diodrast[1127] and ereatinine  Shapiro{970] beleves 1t necessary to
assame that int of ydrog systems 15 the pri-
mary basis of phlorizin action 1 the kidney Action of phlorizin on
glucose utilization and phosphorylation are considered secondary to
the whibition by the drug of the production of high energy phosphate
bonds He assumes that phlorzin acts primanly on dehydrogenase
systems that are coupled with phosphorylation The iactivation of
high energy phosphate honds by phlomzn fits 1n with the 1dea that
such bonds are important n renal function for other purposes than
glueose reabsorption

Conway, Fitzgerald, and MacDougald{238) suggest that after phlos-
1zin administration, glucose 1s secreted by the tubules in the frog (§318)
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and Page[241] studied the relations among urinary specific gravity,
urea cl , and diod Tm and luded that it was possible
to caleulate the latter in terms of the other two. That such correla.
tions exist excites inquiry into the supposedly fundamental nature of
any of these factors and calls for the greatest simplification of remal
theory compatible with the facts

Perrused, IsoraTep, aNp ArrrriciaL KipNEYs

415 Inadd to the hod idered so far which permit the
study of remal function in the intact animal, there are others used
by physiologists which have attained importance These latter include
perfusion of the kidney in siu as practiced by Hooker[555] and by
Richards and Plant{897], perfusion of the so-called “isolated kid-
ney[89, 530, 858, 1026, 1100, 1160], and sutoperfusion of artificial
kidneys[2, 31, 610, 801, 991]. The latter may be used in conjunction
with 1ntact kidneys or substituted for the matural organs when these
have been removed from the practice of physiologieal regulation either
through design or disease. These methods do not constitute & strietly
homogeneous group but are considered here together because they are,
in common, powerful and direct and they can be used to enrich our
understanding of renal and extrarenal regulations.

416 The Isolated Eidncy. An isolated kidney is one arranged
mechanically to receive freshly defibrinated blood,® oxygenated by the
lungs and circulated either by means of the heart (beart-lung-kiduey)
or a pump (pump-lung-kndney) It is a preparation which can be
made to function at constant blood flow or blood pressure, constant
urine flow or ureter pressure, or chosen values of these. Furthermore,
1t produces an abundanee of urime which is usually markedly hypotoni¢
to blood serum[323, 530, 1026, 1137, 1166]. .

Urea and sulfate are present in greater concentration in such uriné
than in the serum whereas chloride usually has a concentratton ratio
much below one This 15 attributed to the fact that the isolated Induey
-does mot ordinarily receive the circulating antidiuretre and oxytoric
prineiple supplied by the pitwitary gland. Pitnitrm, when ndded‘h’
the eirculation of an 1solated kndney, raises the concentration of chloride
in the urine (though it may[268] or may not make it hypertonic)

» A toxic and vasoconstrictor substance, which ean prevent perfusion of ‘blood
through the isolated kidney, 18 apparently supplied by the kidney itsel?{822] and
detoxtfied by the lungs[1026]
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when the ureteral and venous pressures are so chosen that, taken one
at a time, they produce the same reduction in urine flow. The deriva-
tion of this formulation depends on the 4ssumption that both ureteral
and venous pressures act solely by reducing the rate of glomerular
filtratron, shown to hold true for venous pressure but not exactly for
ureteral pressure

Re-examination of the relations among renal pressures by Eggleton,
Pappenheimer, and Winton[321] led to modified pressure equations.
Equaton (59) becomes

ahsolute glomerular pressure merease 1n ureteral pressure (60)
absolute erterral pressure  Increase In venous pressure

where the increases are applied one at a time and so chosen that they
produce equal changes m the glomerular filtration rate Further,

absolute glomerular pressure _ ncrease m ureteral pressure (61)
absolute arterial pressure 1nerease 1n arterial pressure

where the increases are applied simultaneously and so chosen that there
15 no change 1n the glomerular filtration rate; and

increase in venous pressure==inerease in arterial pressure (62)

where the increases simultaneously applied produce no change in glo-
meralar filiration rate or 1n the urime flow
The intrarenal (intracapsalar) pressure, normally 4 to 14 mm mer-
cury (average 10) 1n the 1solated kidrey of the dog, 15 raised by diretics
like sodium sulfate, urea, and glucose At the same time the volume
of the kidney nereases, a result which may also be produced by inerease
in blood flow, ureteral pressure, venous pressure, or by a decrease in
extrarenal pressure There 13 evidence that mtrarenal pressure obstruets
the outflow of urime by exerting a lateral pressure on some part of the
tubules, as where a diures:s 1s produced by lowering the pressure below
atmospherie, 10 a chamber enclosing the kidney Urime flow ncreases
with the red m pressure until a
certain eritical pressure of about —10 mm mereury, at body tempera-
ture, is reached[535] It 1s believed that the polyuria coming from
one-half of a kadney, induced by & higature of the branch of the renal
artery supplying the other half, may be due to reduction in intrarenal
pressure associated with the change from a relatively tense to a flaccid
condition[857, 858, 1166)
‘Winton]1166] shows that the idea of intrarenal pressure as an
1mportant property of a ludney developed more or less independently
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417, Intra. and Extrarenal Pressures. Urinary secretion normally
takes place only when certain conditions are met concerning arterial,
glomerular, venous, ureteral, intrarenal (intracapsular), and extra-
renal (oncometric or abdominal) pressures The study of these pres-
sures is complex and far from complete. Lépine and Porteret][654]
early studied urine secretion against elevated ureteral pressures In
dogs with cannulated ureters it was determined that urine flow could
be decreased to about 6 per cent of normal at 33 mm. mercury, and
finally stopped at higher pressures. In anesthetized dogs the normal,
‘‘resting,’’ maximum, ureteral pressure is now given at about 30 mm
mercury[1166]. It may be raised by diuretics such ag urea, sulfate,
and sucrose to 70 mm mercury

The interrelations of ureteral and other renal pressures have most
carefully been worked out by Winton and his co-workers[114, 323,
324, 535, 969, 1160-1162, 1164-1166) using the isolated mammalian
(dog) kidney. There 15 no regular change in the renal blood flow
as a result of increased ureteral pressure up to 20 mm mercury
which, they find, almost abolishes urine flow. Presumably the pressure
in Bowman’s capsule 1s increased, retarding the production of intra-
capsular fluid; little mfluence on tubular activity is detected

‘When venous pressures are raised by obstruction[1161] two facw.rs
act in opposite directions- (1) venous pressure is transmitted to ﬂz'ud
in the distal portwons of tubules and so retards the secretion of urine
in the same way as does pressure applied to the ureter; (3/ a fraction
of the pressure in the vemn is transmitted back along the blood vessels,
raises the pressure of the glomerular capillarses, and so accelerates t.he
secretion of urine in the same way as does a small increase of arteriel
pressure. This increment in glomerular pressure, subtracted from the
total inerease in venous pressure, should therefore yield a pressort
which when applied to the ureter (the vein being unobstructed) W"‘.’M
induce the same reduction of urine flow as that due to application
of the venous pressure (the ureter being unobstructed). AS.W“}‘
inereased ureteral pressure, venous obstruction has no appreciable inflo-
ence on the activity of tubules, as judged from the observation that
urea and chloride (two substances presumably handled by dlﬁ.ﬂ'ﬂ“
tubular mechanisms) are affected no differently in their .urmﬂrg
concentrations than normally, These and other considerations I
Winton[1162] to orginate a rule stating

glomerular pressure _ ureteral pressure (59)
arterial pressure Venous pressure
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in three sets of circumstances First, the observation of surgeons(494)
that kidneys swollen with disease are tense, and the inference that
relief of this tension by procedures such as decapsulation was feasible.*
Second, the observation that a kidney at the height of diuresis is very
hard and tense, and the attempt to make the kidney expand still further
by clampmg the renal vem temporarily, fals Third, the observa-
t1on[1160, 1161] that 1 most cases, a rise in the obstrueting pressure
of the ureter bas no effect on urine flow or composition until the rise
exceeds a certain value, approximately 10 mm mercury. This 1s attrib-
uted to an intrarenal pressure exerted laterally on some distal part
of the tubules, keeping them collapsed until they are forced open by
urine which has reached a pressure just greater than that m the renal
tissue  Beyond this critical value, the curve relating urme flow to
ureteral pressure is practically linear and urine flow is abolished by
a ureteral pressure of 20 to 30 mm mercury. The main effect here 15
a reduction of glomerular filtration; a subsidiary one probably bemg
an inhbition of tubular water reabsorption[324]. It ean be calculated
that the urine flow 1n the unobstructed kidney would be 50 to 100 per
cent higher if the intrarenal pressure could be removed Decapsulation
commonly about halves the mtrarenal pressure[1166]. Complete
removal of intrarenal pressure 1s accomplished by imnclosing the kndney
1 a sut heric pressure chamber, whereupon a substantial diuresis
oceurs which cannot be mereased by further lowering of the intrarenal

pressure

418. Arierial Blood Pressure and Urine Flow The minimum arte-
rial pressure which will bring about urine formation in the solated
kidney of the dog at body temperature 15 70 to 80 mm mereury (§86)-
Diuretics may lower the mummum pressure consistent with urné
formation to about 40 mm mercury, and coolng the blood perfusing
the kidney from body temperature to about 3° to 13° C. has the same
effect. Cooling changes the composition of the urmne substantially to
that of 2 sernm transudate, reversible on warmmg The cb]on'd.e eon-
centration, always low at body temperature, 1s increased by cooling 50
that below about 18° C it 15 the same as serum concentratiosn, regardless

» Although 1n many eases decapsulation appears to establish au mnreﬂsedh::::
flow, Culpepper and Findley[260], reviewing the subject of decapsulation for ho e
and anuna, conclude that most evidence indicates that dectpsulation ‘a o
jmproved the recovery rate from anura duo to eculatory distarbanccs or”i:J oxs
nephroses They think the main factor in anuria 19 aberrant tubular func oo,
{hat statisties are meamngless where surgeons emphasize only thewr successes.



CHAPTER V
Body Water Compartments

51 It is an adage i physwology that body water is compartmental-
1zed By this is meant not that portions of the total water are rigidly
separated each from the other, but that water in the body occupies
any of a variety of positions which are volumetrically distinguishable
phystcally, ically, or math ically Of many sub that are
ntroduced into the blood stream, a part passes out of the blood vessels
and distributes 1tself 1n tissue flds  Even 1n the case of substances
which are excreted, wholly or in part, this phenomenon ig reversible
so that a state of equilibrinm can be lated Under the i
that equilibrium is maintained while concentrations m these flmds are
decreasing during excretion, the volume of body flud dissolving a sub-
stance at the same concentration as the plasma can be calenlated
Dominguez[305] calls this volume the volume of distribution without
any implication as to the actual distribution of the substance

Vorumrs oF DISTRIBUTION

52  Some Quantitative Aspects A fraction of any load of water
added to the body is theoretically, and probably actually, capable of
finding its way by convection and diffusion into any region already
occupied by water Heavy water(539, 793], urea[721], possibly sul-
fanilamde[834], and other substances seem able to dwistrbute them-
selves throughout the same regions However, the size of the regions or
‘‘spaces”[359]) 1n which substances are dispersed depends upon the
nature of the subst; volume, electrical charge, ete } and
the state of the orgamism (water content and distribution, membrane
permeabilities, ete )

Volumes of distribution are expressed absolutely in volumetric nnits
such as Diters or expressed relatively as per cent of body weight in
kilograms (or commonly as cc. per kg) A 70 kg man contaming 49
liters of total body water has & volume of distribution of water (or of
urea) of 70 per cent of lus body weight Deuterium oxide (D;0) has
been found to oceupy a volume of distrsbution of from 63 per cent of
the body weight in dogs[405] and man[539] to 73 per cent in rabbts

101
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difficulties which attend the application of this simple theory it is
remarkable that the artificial kidney has become a reality,® This
achievement is due to Kolff[610, 612] who has eshaustively studied this
matter and solved many of the basie problems, and to others such as
Alwall[31, 32, 33], Murray, Delorme, and Thomas[801], and Skeggs
and Leonards[991].

An artificial kidney is now a device which receives blood from au
artery of 2 heparinized man or ammal, dialyzes 1t, and returns it to a
vein. Blood may also be cireulated from vein to vein by means of
& pump Colloid or excess glucose in the bath or exchange fluid (to
prevent the formation of edema) may or may not be required, depending
on what hydrostat:c pressures in the ‘“capillary”’ (calyzing tubing) of
the artificial kidney are set up in the particular installatron.

It is still too early to assess the value of the artifieral kidney as a
research tool for the study of renal function. Numerous physiological
and pathological problems, otherwise apparently refractory, are poten-
tially soluble with i1t Presumably the artifictal kiduey will enable
nvestigators to discover physiological significance m the blood levels
of numerous substances which do not oceur in extremely low plasma
concentration normelly, and which 1n discase only rise By estabhshing
equitbria with exchange solutions of specially devised ionic and molee-
ular ition the physiol 1 or hological behavior of many
substances, alone and in combination, can be examined, and in 2 way
which may distinguisk renal and extrarenal phenomena.

Besides the supplement of an artificial kidney to restore effective
physiological regulation in disease, other methods, somewhat less effec-
tive, have been used One of these 1s peritoneal lavagefl, 376, 953)
with solutions sunilar to the bath water of an artificial kidney. BY
using perstoneal membranes as the instrument of dialysis s urea elearance
approximately half normal can be obtained. This contrasts with the
urea clearance of the artificial kidney[610] which may be twice normal
Continuous lavage of the small intestne[611, 823] is not efficient.

 Transplanted Iudneys, except autogenous omes, atroply.
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Body Water Compartments

51. It is an adage in physiology that body water 13 compartmental-
jzed By this 15 meant not that portions of the total water are rigidly
separated vach from the other, but that water in the body oecmpies
any nf a vﬁne(y of positions which are volumetrically distinguishable

ieally, or math Hly Of many that are
m\rodneed into the blood stream, a part passes ount of the blood vessels
and distributes itself in tissue fuids  Even m the case of substances
which are excreted, wholly or in part, this phenomenon is reversible
0 that a state of equlibrium can be postulated  Under the assamption
that equilibrinm 19 maintained while concentrations in these fluids are
deereasing during exeretion, the volume of body fluid dissolving a sub-
stance at the same concepiration as the plasma can be calculated.
Dominguez{303) calls this volume the rolume of distribufion without
any mplication as to the actual distnibution of the substance

VoLuses oF DisTRIBUTION
52. Some Quanilatire Aspects A frachion of any load of water
added to the body 18 theoretically, and probably actually, eapable of
finding 1ts way by convecton and diffusion into any region already
oceupled by water, Heavy water{539, 193], urea{721], possbly sl
famlamide[834], and other substances seem able to distribute them-
selves throughout the same regions Iowever, the size of the Tegions or

““spaces’’ {350 in which s\\bstames are d\ﬂpersed depends upon the
nature of the { lar volume, electrical charge, ete ) and
the state of the organism (water content and distribution, membrane
permeatnlities, ete.)

Volumes of distribution are a lutely in v wnits
such as liters or expressed relanvely a3 per cent of body weight in
kilograms (or commonly as ¢e, per kz) A 0 kz man containing 49
Kbers of total yody water bas a vodtmme of destoidution of witer (or of
urea) of 70 per cent of lus body weight. Deuterium oxide {D.0) has
been found to occupy & volume of distribution of from 63 per cent of
the body weight in dogs[405} aud man[539] to 73 per cent in rabbis
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{793]. The volume of distribution of erythrocytes is essentially syn.
onymous with the volume of the cireulatory system and constitutes
about 9 per cent of the body weight, the dye T-1824 (Evans blue) is
distributed m and rather restricted to the plasma volume (5 per cent
of the body weight) although it is found in thoracic and cervical duct
Iymph(360]. The thioeyanate ron occupies in different species an
*‘available flmd”’ of 25 to 33 per cent of the body weight[25%] which
has been identified (not always closely) with the extracellular fluid
volume. Sodium and chlortde 10ns[405, 577, 641] have a somewhat
similar, largely extracellular distribution The inulin space (extra-
cellular for the most part) 1s given as 22 per cent of the body weight
m dogs and about 16 per cent 1z man[406].

When a substance not characteristically present in the body is mtro-
duced and allowed to distribute itself in all the fluid available to it,
1t is possible to estimate 1ts load, L, after an appropriate interval if
we know the amount introduced and the amonnt eluminsted* The
volume of distribution 1s then ealculated in the symbols previously
adopted (see Appendix) as

L
b= (63)
If the substance is one which 1s present m the body before a load 15
imposed, then
L
b=y (64
where A is the imtial eoncentration of the substance in the plasma
The volume of distribution, as has been shawn in §3.23 is also found

from the relation
(65)

b=

where in this ease, C 1s the clearance of a no-threshold substance and y
its veloeity constant of excretion

Volumes of distribution ealculated from the formulas of equations
(63) and (61) may have a physical significance different’ than what
1s exphert 1n the computation. Thus, 1f one attempts to calenlate an
sextracellular space’’ from the concentration inerement of sodium or
chloride after a load of these alone 15 admmistered, the volume of dis-
tribution obtained will be greater then the extracellular space because

+ Substances wsed to ascertam o volume of distribution should presumably be
pontosie, be rapidly diffusible to attain equal concentration with respect 1o water 1
various body fimds, have hittle effect on hydration of the body, and be nesther stored,
utiized, nor destroyed by the body 1 an unpredictable manner.
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the osmotic effect of an apprecmble load of salt is to draw fluid from
the int into the 11 *  Actually, since
it has been established that the conceutrstmn of total base throughout
the body water 13 approximately the same and that change in any
portion is approximately equalled in all other portions{281, 396, 556,
641, 649, 761, 1149, 1174], the volume of distribution more nearly
obtained by using equation (64) for ehloride is mot that of chloride
but that of water.

The reason for this may be gleaned from figure 16, The callectwe
capillary membrane between the u) (plasma-
and intracellular spaces separates compartments whose effective osmotic
pressures may be assuraed to be 1dentical, although the 1ons and mole-
cales responsible for the osmotic pressure on each side of the membrane
may be different 1n numbers and types Salt, introduced and largely
confined to the extracellular space, raises the osmotic pressure of that
space Water leaves the intraceliular space as a result and the con-
centration 1 the latter 1s raised until 1t is agam 1n osmotic equibibrium
with the extracellular space It 13 as 1f the salt, to judge from its
extrecellular concentration, were distributed throughout the total body
water. The distortion of body volumes 1n this example consists of an

d 1lular &nd a shrun] (dehydrated) intracellular com-

partment  Hethenngton{538] made use of tins phenomenon by injecting
a limited amount of strong salt solution (8 per cent) into eats and
measuring the change 1n serum osmotic pressure after a steady state
was reached  With equation {(61) as a basis, she determined the amount
of water in the body available to dilute the added salt

1f we assume the following compartmental valumes of distribution in
per cent of body ght—pl , B per cent, ext lar flmd, 20
per cent, and total water, 70 per cent—we may approximate the frac-
tion of a load of pure water or of isotonic saline entering eertain com-
partments Thus, of a load of water, 100X5/70=T per cent swells
the plasma volume, 100%20/70=29 per eent enters the extracellular
space, and 100X50/70=71 per cent remaips in the intracellular com.
partment With isotome saline these respective augmentations, in per
cent of load, would be 100X5/20=25 per cent for plasma, 100¢20/20=
100 per cent for extracellular, and 0 per cent for intracellular These
approximations are made on the assumption that the body compartments
behave as the chambers of a ““perfect osmometer ' In the absence of
geverally vecogmzed correetions for the deviations therefrom, these
ealenlations are mstructive and provide a standard of reference with

*Minote Toads of radioactive sodium, having Litle osmotic effect, remove this
Aftenlty[577],
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Fig. 16. Diagram Mlustratwng the Distortion 1 Body Fluid Compartments
which theoreteally oceurs with positive loads of water or water and salt intro-
dQuced ito the extracellular compartment Broken lmes mark the boundafics
of normal volume before loading. Sohd lines bound final volumes Spheres
Tepresent umt volumes of #md to be loaded

A umt load of water, entering all compartments freely mutil osmohi
equilibrium 13 established, mnereases the volume of each compartment m pro-
portion to 1ts initial volume. The effect of hypotome NaCl aolution can be
analyzed into the effect first, of addng some salt 2lone to the extracellular
(plasma .}- mterstitial} space, grvmng an osmotie shrinking of the intracellular
and expansion of the extracellnlar space, and second, of adding water which
mmply 2dds on to each compartment as before 1n proportion to 1ts new wolume
Isotonie salmne is confined entirely to the extracellular compartments, adding
to these 1 proportion to thewr inrtial volumes The effect of hypertonic salime
is convemently analyzed imto ile effects of isotomec saline alome plus extrz
salt added alons to the extracellular space As we go from water to hypertome
saline 1n the series allustrated, the extracellular space expands more per umt
l0ad of ffwd and the tracellular space expands less per umt load of fimd,
actually contracting with hypertonic loads
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Fig. 16. Dragram Mustrating the Distortion i Body Flud Compartments
which theoretreally oceurs with positive loads of water or water and salt 3ntro
duced into the extracellular compartment, Broken lines mark the boundaries
of normal volume before loading Solid hines bound final volumes. Spheres
represent unit volumes of fmd to be loaded.

A unit load of water, enterng 2ll compartments freely until osmoti
equibibrium 15 established, mcreases the volume of each compartment i pro-
portion to its imtial volume. The effect of hypotome NaCl solution can be
analyzed mto the effect first, of adding some salt alone ta the extracellular
(plasma - imterstitial) space, giving an osmotic shrunking of the intracellalar
and expansion of the extracellular space, and second, of adding water which
smply adds on to each compartment as before in proportion to its new volume
Teotonie sahne is confined entirely to the extracellolar compartments, sdding
to theso 1 proportion to their mhial volumes 'The effect of hypertome salie
is conventently analyzed mto the effects of isotomo salme alone plos extra
salt added alome to the extracellular space. As we go from water to hypertonic
sahne 1n the series illustrated, the extracellular spaca expands more per umt
load of Awd and the wtracellular space expands less per umt load of £236,
~~tually eontractmng with hypertonic loads
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\whieh to compare measured volumes under varjous conditions. In spite
of the emphasis laid by some workers on the instances in which the
body compartments do not follow simple osmometric changes (§6 6),
these changes have been importantly substantiated by numerous workers
including Lands, Cntting, snd Larson{61l), Murphy, Correll, and
Grill{800], Elkinton and Winkler[337], Winkler et al[1140], and
Lyons, Jacobsen, and Avery[634]. The latter investigators gave men
20 to 25 grams of sodium bicarbonate or sodium chloride per day for
1 to 2 days under controlled conditions, but with water allowed ad
Wbitum, The carefully measured increments of body weight which
they fonnd may therefore be assumed to represent loads of isotonic or
shightly hypertome salive (§64) The absolute increments of plasma
volume which they report average, with few gross exceptions, close
to the theoretically predicted 25 per cent of the saline load.

The author[1174] has derived an equation defining osmometric rela.
tions among volumes of extracellular apd intracellular fluid, loads of

ecertam solutes substantially confined to the extracellular space, and
Joads of water It 18 given a3

pi=Wtlmo) (V.A+L) (66)
‘ WA+L

where ¥V, and V, sre the imtial and final extracellular fluid volumes
1w liters (fr'sr example, before and after a load of salt, with or without
water), W is the amitial total body water volume in liters, 4 is the wtial
i extracellular and in 1Hul; in
Ziﬁmlh per liter (see below, §64), L is the load of solute in the extra-
@ ular compartment 1 osmols, and Lio is the load of water in liters.
103"“:!:?“ (66) 15 that of a ** perfect osmometer” and is based on the fol-
g ass un:pnm.‘u (1) aload o;:nter, whether positive or negative, is
y among plasma, interstit:al, and i com-
i“ffl_effffn_proponiou to their preloaded volinmea an that 4he wns o ~¢
w
4 .
: . wsvlautlt #0013 distributed bet the pl d
interstat 2 etneen the plasma an
) the ‘:t;‘e‘;:}::m sumlarly m proportion to their preloaded volumes;
ot s osmotic pressure within the mtracellular space is equal
and () tho 1 pressure within the extracellular space at equilibrium;
Pressee © quaniity of intracellular solute exerting effectrve osmotic
ey SmAns constant for the perod of equilibration. This latter
fog old even ¥ 1onie exch ges (for ple, extracellular sodium
T miraceliulay potassium) oceur.
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to pref:ipitate cireulatory embarrassment in compensated cardiac patier
than is an equal volume of 55 per cent glucose solution. But what
the relative effects of equal amounts of salt administered in differe

Tapte VI
Osmotie coefficrents and isosmotic of several [659).
Concentration Teosmotie
Substance n Mol Wt 4 #n th 160 mM, NaCl
——
Bom
o miM./kg. g/kg-
NaCl 2 585 093 100 B0 935
Ecl 2 746 09z 099 162 121
HO 2 36.6 095 102 W 5T
NH,Cl 2 535 092 090 162 847
N3HCO, 2 810 095 103 55 130
NaNoO, 2 850 050 097 165 140
E8CN 2 97.2 o9l 0.98 163 15.8
KH,PO, 2z 1360 087 094 w231
Cacl, 3 110 086 139 15 128
Mgel, 3 952 089 L4z 1z 108
Na,80, 3 1420 074 119 134 190
K,50, 3 1740 074 119 B¢ 224
Mg80, 2 1200 058 06z 258 311
Glucose 1 180 101 0.54 296 530
Suerose 1 342 102 055 201 935
Maltose 1 342 101 054 296 1001
Lactose 1 342 101 054 296 1001
TasLe VIII

Conversion constants for various unta used for osmotzc pressure[659]. T = 310°K ;
osmotic coefliczent of NaCl taken as 093.

Atm MmHg  Osmolal MolaINaCl ~ A°C.
1 atm. 1 760 00394 00212 0073
1 mm Hy 000132 1 518x10% 278x10* 961x10"
1 osmolal 254 19300 1 0538 186
1 molal NaCGl 472 35900 186 348
1c.a 137 10400 0538 028y 1

strength solutions? Let us compare theoretically the effects of 200 ce
of 5 per cent sodwm chloride given intravenously with 1000 ce. of 1
per cent sodium chloride. The difference between the inerements of
extracellular volume (and the roughly proportional plasma volume)
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112 URINARY FUNCTION OF THE KIDNEY

are exquisitely sensitive to its presence and respond with high rates
of excretion per unit load Even if we assume that the pitwtary, and
not the kidney, directly responds to the water load, the foree of our
statement concerning renal contact with different salt solutions remains
And 1sotome sodium sulfate, with much the same volume of distribution
as 1sotonie sodium chloride, behaves more like plain water than like
normal saline in its effect on urme flow (§7.18).

It 15 known that though the kidney does not respond to moderate
loads of phystological saline with marked diuresis, 1t does respond
nevertheless with a diuresis which varies in a regular way, depending
on the rate of administration And the urinary concentration of sodim
and chloride 15 extremely sensitive to the presemce of a load of physi-
ological or any other saline, being modified in such a way as to minimize
alterations from the normal plasma concentrations of these jons{1173].
The studies of Merrel, Gellhorn, and Flexner[772] and of Burch, Reaser,
and Cronvich[196] indicate the rapidity with which transfers of sodium
ion and water are made across capillary-interstitial boundaries With
radioactive Na** as a tracer, 1t was found that 13 per cent of extra-
vascular sodium and 29 per cent of interstit:al water are transferred to
plasma, per minute. Even in congestive failure the exchange rates
are only slowed by a factor of 2. The kidney apparently does not lose
contact with interstitial 1ons and water for long and cannot ordsnarily
be thought of as isolated.

Kolff’s demonstration[610] of the removal of edema fluid mto the
dialyzing bath of the artificial kidney (§1.16) constitutes another link in
the chain of evidence 1mplicating impaired renal function rather than
prerenal deviation as a fundamental defeet in certain edemas The
edema fluid in various interstitia can be considered no more isolated
from the artificial than from the natural kidneys, yet the former removes
edema where the latter may not.

These experimental observations are not alone 1n disputing the assump-
tion of sequestered salt depots and renally evasive water.® The Sﬂbff
fact of body volume regulation, practiced in part by the kxdne}f n
maintamming normal, undistorted body compartments, mmplies, a prior}
that loads of water and salt are recognized when present and reduced
with dispatch. We realize that aberrant and unusual distrbutions of
edema finid (for example, localized Iymphedema) imply the existence
of different degrees of renal contact, but the forces actmg to distrsbute
fluid and solute loads to the tissues are parts of systems which can eome

“ to equilbrium and can act, conversely, to delwer these loads to the

* Sce also Borst[153] on the wntemability of the prerenal devistion camecpt.
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kidneys. Thbe so.called *‘mobilization’” of body flnid by dinretic agents,
which bas been proved to result in large meosure from direet rensl
action again argues that fwmd solation 1 not a primary phenomenon
but one that depends upon volume regulating mechanisms.

No one will deny an effective prerenal dewiation where a tourmquet
on the arm substantially 1solates the tissues and fluids m this region
from direct comsmideratron by the kidney, But this is a reductic ad
absurdum 8o far as the great bulk of body fluads 13 eoncerned such

under most physiol 1 and pathological eonditions is
unknown Even in this case, the fadney will be mformed of the new
ereumstances at least because the residual and smaller volumes of
distnibation “hich yemawm in renel contacy will favar mew, mmeressed
concentration inerersents per umt load of solute or water Prerenal
deviation imphies the faifacy which supposes that the nature of physi.
ological activities can necessarily be inferred from observation of certain
unphysiological conditions  But ail of our present considerations con-
travene the idea that prerenal deviation, per se, constitutes an operating
prineiple in renal physiology

§5. Electrolyte Transfers among Body Comparfments Whereas
fluid transfers among body compartments give an appearance of sum-
Plicity to the extent that they are correlated with one or two exper-
mentally preferred variables, the state of order 1n the field of electrolyte
transfers 13 less happy Not long ago 1t was satisfying to categorize
eertain 1098 83 extracelinlar, cortain tons as intracellular, and others a3
inhabitants of all body recesses{396] This classification stall has scien-
tific value even though it was shown by Heppel{534] and others that
exchanges of ong (for example, sodmm uptake and potassium loss by
wusele eells) ovcur relatively freely

The kmneys cannot escrete suhslnnces whxch are not brought to

within tiny & of its p hy ly plasma must be
‘brought to the glomeruh and mterstmnl ﬂmd to the tubules, and at
their resp Tenal are erscted whch determine

the net passage of material into the urne. The regulation of extra-
cellular jomie concentrations thus practiced by the kdney is on]y a
small step from the o | fomae

TFxchanges across cell membranes make this possible. How the eom-
osition of extracellular flmid can affect the intracellular volume (and
thns concentration) is exampled in some work of Hastings and Eichel.
berger{500] They studied extra- and ntracellular phases of musele
in dogs in whith an inerease in total body water was produced by iso-
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tonic salt solutions The extracellular space was found to inerease with-
out swelling or shrinking of the intracellular space providing the salt
solution contamned bicarbonate essentially at the normal concentration
for extracellular fluid  With more or less than the normal biearbonate
concentration inereases m the ntracellular phase were noted Taral
and Elkinton[1048] have observed that defieits in body potassum m
man are frequently but not always associnted with abnormally low
concentrations of potassium in serum. Yet they find that retention
of admi ed i probably indi a cellnlar defieit This
suggests that the immediate stimulus to renal retention of potassium is
not neeessarily the concentration of that ion in the extracellular fluid
These workers found no clear evidence that the threshold of potassium
was elevated (no U/A value less than one was obtained). Serum
biearbonate was elevated m some eases, however, bifore potassium
therapy, and fell to within normal limits after administration of the
latter 1on (§725). *

The regulations of the kidney are far-reaching, governing remote
as well as local volumes and concentrations We suspect that the paths
of control are to be found m physical and chemical equilibria and
phystological steady states already known, and it 1s profitable to look
for them in these things But there may be other, unknown prineiples
of intercompartmental regulation Certainly there is no assurance that
only known physicochemical prineiples govern the urinary function

of the kidney

Fueacrry axp Revan FuNcrion

56 Fugacty in Urtngry Flow In ordmary water balance there
exists a pair of equal fugacity gradients (ef. §1.15), one betwe.en the
gut and the plasma, and the other between the plasma and the kidneys
Fluid flows from the enteric region swhere 1t has high fugacity to the
renal region where 1t has low fugaety When, for any reason, the
renal excretion of water and salt does not keep up with their intakes,
these substances flow along lesser fugacious gradients normally existing
between the gut and tissue spaces, and edema will result (§118, 25
26 .
'lzhe effect of any diuretic agent capable of removing an accumu}ahan
of edema fluid, regardless of its speaific influence on partreular mﬂ:'
renal processes, 1s to lower the fugacity of the urinogemc flmd of i':
kidney with respect to plasma  For example, stmng'ly bypeﬂﬂ.m"
solutions of glucose behave as diuretic agents and are believed to bflll\;
about increased glomerular filtration[961] and to hinder normal tubula
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water Teabsorption, leading theteby 1o an increase in utine flow. In
the artificial kidney of Kolf{610] glucose added to the dialyzing bath
water to form a ‘“hypertome’” solution has the effect of sitmply increas-
g *‘glomernlar filtration™ (transudation from blood to bath across
the cellophane rembrane) and accomplishing the same end, namely,
the removal of edema fimd  In both natural and artificial kidneys the
effect of glucose 1s to jower the fugacity of renal flmd (that is, to make
1t hypofagic) with respect to plasma, to establish a larger fugacious
gradient between intake paths and emunctory, and i tiis manner to
institute mcreased renal elimmauon. The relative magmitndes of glo-
mernlar filtration and tubular reabsorption sre of httle consequence
There are many possible combinations of glomerular and tubular activi-
ties in the normal kndney which can establish particular fugaeious
gradiemts, and it 1s frojtless to seek to enumerate them endlessly,

The action of plasma or colloid transfusions on renal funetion is
another instance in pomnt  There is at present no prineiple in physiology
whose rigorons appheation will enable us to decide what effect an
altered oneotic pressure of plasma will have on fluid retention. If it were
troe {and 1t i3 to only a limited extent) that lowered oncotie pressure
leads to accumulation of fluid in tissue spaces becanse of excessive
capillary transudation then, for the same reason, glomerular filtration
should be increased Whether or not glomerular filtration 15 actually
aliered, it 13 obvious {hat that factor of self cammoy be responsmible
for the state of impaired rather than enhanced remal elimination of
water and salt which obtains i many instances of lowered plasma
oncotic pressure{381, 464]. Conversely, the raising of the oncotie
pressure of the plasma as a therapeutic measure, which may be accom.
panied by the ehmunation of acewnnulations of edema, has no rational
basis m the filtration process slome Thers is no need to assame
& primary renal action of elevated oncohe pressure but rather an
integration of renal and extrarenal actions It is gratuitous, and
possnbly fallavious, to assume that an elevated oneotse pressure which
Initiates & flow of ﬂmd from tissues to plasma will hinder the flow from
plasma to glomerular eapsule in any parailel ranner It rmsing oncotic
pressure affects renal {unction, 1t probably does so by altering fugacious
grndxents between compartmemal flwds and kidney (§118). The

ponses which cccur need not be the tame
in all cases To thmk that the details of 1ntrarenal processes, studied
.llone, will necessarily point the sway to all the laws of rensl fanction
is delnsive,
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tomie salt solutions The extracellular space was found to inerease with.
out swelling or shrinking of the intracellular space providing the salt
solution contained biearbonate essentially at the normal concentration
for extracellular flmd  With more or less than the normal bicarbonste
concentration 1nereases i the intracellular phase were noted. Taral
and Elkmton[1048] have observed that defiaits in body potassium m
man are frequently but not always associated with abnormally low
concentrations of potassium in serum  Yet they find that retention
of ad ed i probably ind a cellular defiat  This
suggests that the immediate stimtlus to renal retention of potassum is
not necessartly the concentratron of that jon m the extracellular fluid
These workers found no clear evidence that the threshold of potassium
was elevated (no U/A value less then onme was obtmmned). Serum
bicarbonate was elevated 1n some cases, however, bbfore potassum
therapy, and fell to within normal limits after administration of the
latter 10n (§7 25).

The regulations of the ludney are far-reaching, govermog remote
as well as local volumes and concentrations We suspect that the paths
of control are to be found in physical and chemical equilibria and
phystologreal steady states already known; and it is profitable to .look
for them in these things, But there may be other, uuknown principles
of intercompartmental regulation Certamly there 13 no assurance qmt
only known physicochemical primeiples govern the urinary function
of the kidney

Fuaaciry axp Renar, FuNcrion

56 Fugacity wn Urinary Flow In ordmary water balance there
exists a pair of equal fugacity gradients (cf. §115), one between the
gut and the plasma and the other between the plasma and the kidness
Fluid flows from the enteric region where 1t has high fugacity to the
renal region where 1t has low fugacity When, for any reasod, the
renal excretion of water and salt does not keep up with their mf”‘f“'
these substances flow along lesser fugacious gradients normally exxst;ng
between the gut and tissue spaces, and edema will result (§115 25,
26
T)he effect of any diuretic agent capable of removing an aceumd’
of edema fluid, regardless of its specific infinence on partienlar mn;‘a-
renal processes, 15 to lower the fugacity of the urinogenic flurd of ;X:
Kkidney with respect to plasma. For example, strongly ll)'l’l*";°‘m7
solutions of glucose behave as diuretic agents and are believed to \:\a:
about increased glomerular filiration[961] and to hinder normal tubw

glation
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PP 'y and Passage of water through
the mouth produces immediate but only temporary satisfaction of
thirst[97]. These facts make it appear that Yocal dryness 15 consistent
with, but unnecessary for the production of the thirst sensation The
concept of local drymess as the basis of a theory of thirst does not,
alone, sufficiently help to resolve the questions which physiologists ask.
The genmeral tissue drynmess hypothesis, the osmotie hypothesis, the
cellular dehydration hypothesis, or whatever we wish to call the coneept
which supposes thirst to be of general origim, appears the more useful
at the present time even though we do not know precisely the organie
receptors for thust We possess, 1 any case, a large and coherent
body of imformation on the nature of thirst and its correlative dehydra-
tion which does not melude a great deal of perturbing data[95]

TasLe X *

State of Body Water

Content (Absalute) Plasma Specific Granity
Dehydration . > 10200
Normal . 10255 to 1 0290
Mild hydration 1,023 to 1 0255
Edema zons 10225 to 1 0233
Edema . <1025

* After Brown et a1[178)

SaLT-WATER STATES

82 Absolute and Relatwe Dehydration, Absolute and Relaitve
Hydratwn The Conditioned Thirst Reflexr  Following the distinction
of Adolph{16] between absolute and relative defieats of water, the state
lmown as debydration should be regarded specifieally as one erther of
absolute or relative dehydration, or some eombnation of the twvo By
absolute dehydration 1s meant &n absolute defiert of water in the body
with respect to the normal water content Removal of a liter of water
from the body, alone or together with any salts or other materrals,
creates an absolute defieit of ome liter or an absolute dehydration to
that extent This condition 15 known chmseally simply as ‘‘dehydra-
tion’* and 1t 15 usually characterized by such signs as weight loss,
anhydremia, raised plasma speerfic gravity (Table X) and refractive
index[808] (Fig 18), raised concentration of nonprotein nrtrogen in



CHAPTER V1
Dehydration and Hydration

61  Dehydration and Thirst With a few notable exceptions the
exient to which an eanimal 15 dehydrated is measured by the degree of
its mauifest thirst. We do not fully know the intrinsic nature of this
sensation. Mayer[787], judging from eryoscopic measurements of serum
osmotie pressure in dogs during finid deprivation, believed thirst was
tied to the hypertonieity of the milieu intérienr. Cannon{211], however,
held that thirst was primarily dependent not on general sensations such
as might originate with hypertonic body flmds, but rather on the degres
of dryness of the mouth, a condition which conld well depend on the
function of the salivary glands These classic views of thirst, the one
holding that the urge to drmk water amses locally (dry mouth) and the
other holding it to arse generally (dehydrated tissue cells), have been
reviewed by Adolph[20]. He concludes that thirst is a many-faceted
problem for which no simplfied account has proved adequate, aund
one which requires for solution additional hypotheses and facts Per-
haps the ‘‘local origm theory™ of thirst is merely a special case under
the cellular dehydration hypothesis.

Tt is common experience that the solution formed in the mouth when
chocolate candy 1s chewed, and contaning sugar in high concentration,
excites thirst so quiekly (even though the mouth is wet) that 2 ‘‘general”
basiy for the sensation would appear to be precluded. Nevertheless it
remains true that (1) profuse salivary flow does pot inhibit the urge to
drink{20, 1119] in dehydrated men given pilocarpine to stimulate sueh
flow; (2) atropine admnistration does not i Iy increase subse-
quent water intake[44] nor does total extirpation of sahivary glands
in dogs imerease their average daily water intake{791], (3) thirst can
be intense during moderate drinking by patients with diabetes insipidns,
that 15, while membranes of the mouth are morst, ({) strong solutions
of sodium chlonde do not relieve thirst regardless of the moistening of
mueous membranes; (5} forced water drinking (several hiters daily for
several months) can evoke a state of sustained, intense thirst[630, 735
889] ; and (6) satisfaction of thirst 1s not a smgle process such as wetting
the muecous membranes of the moutk[1175], but a series of at least two

116
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absolute excess of water in the body with respect to normal water
content, the latter is defined by a lowered concentration of the above
mentioned extracellular ions  Absolute hydration, alone, is characterized
by the opposite of those eonditions listed above for absolute dehydra-
tion, that is, increased body weight, lowered plasma specific grawmty
(Table X), altered tissue elasticity[927, 949], etc Relative hydration
js seen 1 water intoxication or hyponatremia (§18).

Ardenf47] observed that when concentrated (10 per eent) solutions
of sodium chloride or sodium bicarbonate were taken, thirst developed
1n about 30 minutes and the secretion of saliva gradually slowed down
wuntil after two hours there wes no flow  Solutions of potassium salt
A1d not lead to thirst In parallel, Gilman[429] noted that voluntary
water intake i dogs differed markedly following intravenous injections
of hypertenie solutions of sedim chlaride or tsosmolar urea despite
1dentical imecreases 1n the osmotic pressure of the blood After the
admimistration of hypertonic sodmm chloride, ammals mmmediately
consumed water sufficient to dilute their blood to the pre-injection level
whereas after urea less water was consumed and the osmotic pressure
of the blood remained elevated The difference m water mtake was
attributed to the cellular dehydration which resulted from the osmotic
effect of sodium chloride, an effect which 1n turn 1s due to the relative
impermeability of cell membranes to the sodium and chloride 1ons  No
suular effect would occur with urea which enters tissue cells relatively
freely, eserting little effective osmotic pressure The behavior of potas-
sium, presumably more like urea with respect to cell membranes than
sodwum or chloride, permuts us to place its adipsic or hypodipsie property
on the same basis as that of urea

The concept of thirst as a function of cellular dehydration has also
been elaborated by others Kerpel-Frontus{598] recognized two forms
of expermmental water loss, namely, a thirst form of exsiecation due
to a disproportion between the excretion of water and other removed
substances (relative dehydration), and a salt-loss form which, depending
on whether the loss is of sodwem or potassium salts, leads to loss of

water R Parkins, and Hays[893]
partially depleted dogs of extracellular electrolytes by intraperitoneal
glucase mgections followed shortly by removal of pentoneal fimd  When
the animals were then maintained on a salt-free diet they showed absence
of flmid mtake and a negative water balance while the intracellular
volumes were above normal. When the mtracellular volume returned to
normal after several days, water mntake began and rose gradually If
sodmm chloride was given, the jnitial response was an mereased water
mtake which was not sustamed. In general, voluntary intakes showed
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plasma, loose, wrinkled skin, soft and receding eyeballs, dry tongue,
depressed fontanelle, tendency to acidosis, ete *

By relatwe dehydration is meant a defieit of water relative chiefly to
certam extracellular electrolytes, particularly sodium end, less unmi-
formly, chloride. When the concentration of these electrolytes is greater
than normal, the state is one of relative dehydration; there may or may
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PLASMA CONCENTRATION=DRY WEIGH/WET WEIGHT
Fig. 18. Refractive Index of Plasma (Right Ordinate) m Relation ;0
Fraction of Solids m Heparimzed Plasma of the Dog, Based upon 2 1 :t
viduals 1n 21 tests; given water by stomach, or deprived of water with constan!
duet, or meither The left ordinate 1s for readings of the dipping refractometer
at 175° C. After Adolph [16]

not be simultaneous absolute dehydration The eardinal sign of rela}:f\'}f
dehydration of appreciable degree is thirst[47, 297, 429, 598., 804] OW ic!
13 not an obligatory accompamiment of absolute dehydranon[zsul‘ .
The converses of these respective states of dehydration are t!rm?n
absolute hydration and relative hydration. The former is defined s &!

* There are eategories mithin the division of absolute dehydration. P.;ncu, sl;I::
and Gregersen[835) showed in dogs that rapid dehydration resultiog ‘;ex; fiin
il 50 por cent sucrose dilexs from gradual dekydration following pralosged IP7
tion of food and water Change sn Plasma proteis concentration eonsttutes
ndex of reduction in plasta volume in the former instance but wot In
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to have better opportunity to be locked into conditioned reflex. Where
Tocal dryness of the mouth and throat (facilitated by diminished sahvary
flow, however caused) or osmotic stimulation of their membranes appears
to elieit thirst directly, a “‘conditioned” stimulus may be at work.
This concervably acts through sensory merves which jomn a primitive
thirst reflex whose primary afferents he deep 1n body tissues such as
1n the central nervous system Strictly, a ““‘thirst reflex”” terminates
m effectors which cause water to be drunk, but 1n man, alone, the
sensation of tharst provides an index of the exeitation of this reflex
useful 1 physiological experimentation

With the 1dea that thirst arisng directly from stimulation of the
tissues of the mouth and throat 1s in the nature of & conditioned rather
than a basie thirst reflex, a umfied view results which resolves at least
temporanly many of the difficulties whieh have remained refractory
to one or the other or both classic views of thirst 'The rapid induetion
of thirst from a moist mouth eaused, let us say, by eating highly salted
anchovies, becomes explicable neither as a ‘‘general’’ tissue dehydra-
tion nor as a ‘‘local dryness’’ but rather as a mamfestation of a
conditioned reflex, where the conditioned stimulus 15 osmotic activity
m the membranes of the mouth and throat and the urcondinoned
stimulus, which 1s here dispensed with, 15 the usually associated parallel
dehydration of osmoreceptors The rapid recovery from such thirst
without the taking of water, where only small guantities of salt have
been 5o 1ngested, 1ndicates the ‘“local’’ nature of the stimulation  Con-
cewvably the thirst induced by prolonged, voluntary polyposia also
mvolves some type of conditionmg In any case, umfication of the
classic views of thirst 1n these terms suggests further experimental tests

68 Nine Sali-Water States It 13 possible to combine the mam
faets of sbeolute and relative hydration and dehydration, as well as
some of their mterrelations with renal function, 1n 2 smgle diagram
In figure 19 1t 18 readily observed that with absolute and relative scales
acting 1ndependently there are mme possible salf-water states or com-
binations of ebsolute and relative hydration and dehydration* Ouly
one of them, by Nn, s “‘normal” and ouly
those with the factor d are characterized by thust} Each of the

combinations 1s clinleally or experimentally demonstrable and examples
of them are given in Table XI.

* Based on the assumption that the quantity of intracellular solute exerting effective
osmotic pressure remains essentially constant (§52).
1 Whers the thurst threshold has been exceeded (§64)
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more positive correlations with changes in intracellular volume than
with changes in estracellular volume[281).

Nadal, Pedersen, and Maddock[804] again described two types of
dehydration distinguished by the presence or absence of thirst. One,
a simple water deprivation characterized by thirst, oliguria, no circuls-
tory embarrassment, and cured by water; and one, following abnormal
salt loss, leading to shrinkage of extracellular and plasma compartments,
circulatory disturbance, and not characterized by thirst nor relieved
by salt-free liquids, but relieved by sodium chloride solutions. Holmes
and Gregersen[553, 554) showed how intravenous injection of 300 c¢
of 5 per cent sodium chloride in man can ecause thirst, stoppage of
salivary flow, and a rise m serum chloride. However, ingestion of
several hundred ce of water previous to the taking of the salt alleviated
the severe thist and prevemted the reduction in salivary fow, but
did not prevent the rise in serum cbloride which was of the same order
of magnitude with or without the ingestion of water These experi-
ments are not incompatible with the idea that thirst is related to
cellular dehydration Where water priming was used the cells were
presumably hydrated above normal[1174, 1175] imitially, with the result
that the succeeding salt loading of the extracellular finid did not have
s debydrating effect on these cells the equal of thai where no water
priming was used. In any case, in other studies these authors iofmﬂ
good correlation between serum electrolyte concentration and thlfﬂ
Untreated patients with diabetes insipidus had a sodium concentration
about 20 mEq /1. hugher than those treated with prtressin or those It
whom water was forced so as to alleviate thirst Added correlfl!laﬂ
between these variables is found mn studies of adrenal and postpituitary
insufficiency [878, 1158, §10 15, 10 17]. - .

We may note here, as well ag later (§6 4, 10 10}, the conjecture[llh]
that the Sensation of thirst originates m osmoreceptors of the s0
postulated by Klisieck et al [605] and Verney[1098] to medate t:e
»elease of prtuitary antidl 1 h followi Jevation of the
osmotic pressure of body flnids The dehydration of such lzfcepfﬂ.“
would parallel that of general body tissues and the ‘“general origit
of thirst would appear 1 better perspective as part of & specift
“yhirst reflex>® We may suppose ihat by far the most freqn&ﬂ;
salt-water state involving thirst under biological conditions is ﬂ.ﬂt o
the Dd type (see Table XX} Where theve is sufficient dehydration to
stimulate osmoreceptors there is presumably parallel general tissue
dehydration, including debydration of membranes of the oral cﬂ]vlslsf_l'
Few physiological associations—Cannon[211] cites Schiff who ;3 "
suggested ‘‘association’’ as a basis of ‘“‘dry month”’ thirst—would see
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It is interesting to consider the thirst which may follow hemorrhage,
‘With the decreased plasma and extracellular volume consequent to the
loss of blood, 1t would appear that any further loss of a umt volume
of water from the body would result in a greater concentration of
the remainmng sodium 1n 1ts smaller volume of distribution than sor-
mally. In addition to this diathess there is the fact found by Borst[154]
that posthemorrhagically there may be a cessation of chloride excretion,
which would favor the increased concentration of osmotically active
ions in extracellular fluids and promote cellular dehydration At the
same time incereased excretion of potassium[1033] further favors loss
of cell water With the tendency of both of these metabolic changes
to promote restoration of plasma volume there tends also to result a
cellular dehydration and thiwst, slaking of which contributes sbll
farther to the restoration of normal volumes of body compartments
It is not unlikely that hemorrhage raises the chloride threshold

It will be observed that the location of the fulerum of the relafne
scale in figure 19 has a unique significance in that the distance at
which it must be placed from the water and from the salt pans to
balance scale B at n measures the threshold of retention (§7.2) for
erther chloride or sodium, whichever may be under consideratton If
weights of salt and water are S and W and the respective distances
of their pans from the fulerum are s and w, then Ss=Ww; and
w/s=8/W 1 plasma eoncentrati hreshold of retention
No-threshold substances are not required (and would not be placed)
upon the left-hand pan of scale B in order to balance the actual water
content of the extracellular flmd The fulerum would be directly
under the right-hand pan, and the threshold of retention would be
zero There is no physiologteal mterdependence of solute and water
With regard to chlortde or sodium and water, it could be sud the
certain cortical hormones, raising the threshold of the former, tf"d
to move the fulerum of scale R to the left while mercurial dmretxc's,
lowering the threshold, tend to move the falerum to the right }\0
suggestion 15 mntended through figure 19 that cellalar dehydration
and thirst are dependent on the renal threshold Thus, if the fulerur
moved to the right, the reading -d would not mdicate thirst. I
thirst varies with the absolute degree of cellular dehydration[1175]
the use of figure 19 1s apropos only where normal renal thresholds obtain.

The use of absolute and relative scales serves to illuminate the physi-
ology of salt-water states These states are compound balances of water
and salt controlled by both intake, where thirst is a prime .regulatﬂry
and by emunctory, where renal funetion is dominant; and xmp.orlﬁ:
degrees of regulation are effected by hormonal cox.ntrol Whﬂxt. is s 1’x )
unclear 1s the mechanism which regulates the size of the *'nporm:

extracelinlar finid volume.”
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Fig 20 Osmometric Thirst Diagram based on a 70 kg. man contaming 49
hters of total body water and 14 liters of extracelllar fmd. Ordmate:
change in extracellular volume n Liters (y,—7,). Abseusa: load of water
in bters (Lmo)- The retention concentration lines (I:=L/Zmy, of fgure 37)
and moat of the salt load lines (L) have been omtted for clarity The thirst
threshold, separating the hyperdipsie area (densely stippled) from the hypo-
dhpsic ares (sparsely stappled) s the heavy line, parallel to the seteme bue,
which intersects the ordinate at A¥, The value for AV, was obtamed by using
the average r value found i human experiments (00123). Thus, where the
cellular water 1 & 70 kg man 13 taken as 35 bters, AV, — 00123 X 35000 =
0431 Lters

An modip 13 & hme (for example, 4B) which is the Iocus of all pounts
{Zns, Impo) of equal thust For a hyperdipsic pomt, 4, one measures the
degree of thirst by passing a salt 10ad hne (in this ease, Z = 300) from 4 t0
the thirst threshold,at C or fo the 1sotomse line at D). The projections BF and
EG measure, respectively, the volume of water required to move from the gIveR
byperdipsia to bypodipsia, and from the given hyperdipsia to adipria. Quan-
tities of water required to relieve byperdipma may be determned directly from
the equations of thirst

Trom the intersection of tho thirst threstold and the salt load hne, Z=0;
at H, the perpendicular to J may be erected, The abscissal distance from I
%o the orgm represents the absolute water defiest, wath mo salt loss, which
should just provoke thirst, ecording to the cellular debydration Zypothems.
The valge shown here, namely, —0 60 hiters, represents a deficit of 0.86 per eent
of the body weight. Algebraically, this latter value s equal to 707 (ml-{l
body water as per cent of body weight, multiphed by 00123). After Wo

[1175].
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sude of g « ater conservatigy 1 Teflex ip Wwhich the Dosteriop pitm'taxy
s an effectar, is Suggestaq that the same op closely relateq 0Smore.

A

The object(ve quannﬁeatmn Of thyrgt hag re, uiredq the introduch‘on
of certary oW yrop, {Fig 29 18 the 4, d

Ype: to
enote Sensibly thirsg Wwhich 5 rel; tively tenzporary, as ©Pposed to
“polyd:ps:a” eh g relauvely Sustaineq IIypodrp:ia denogeg an
insensxble O twilighy thirsg, 5 g tondition of bypertonicxty of
body gy, msuffigieng 0 uniate dnnking but sufficzent to Sustain
drinkin, 018 1ntrateq

More Suitable gy Benera] than the Eraphje Wethod op determim'n
the quantity op Water Q. Tequireq 4, bring 4 hyperd, ¢ indivydya)
1o the thirst ehreshold, or the uantity of Wate,
hig body Hurds fr, 2ps ie 0
f whay have been called ¢y Cquationg op thirst

o=t 1 (70)
and
1) (WP, -
0=t 2Qdn g ()
Where 4 ;o the effectiy, Osmolg) COncentratinn of isotonse eXtracellngy,
flmg Which May pa eqmvnlently approxxmate Y & valy, 150 'q
of sody L 1s the loa, olute gy, antially confineq the extrq
Cellulay Space ( the case of dinm Oride thg load ¢q 1d be €Xpresseq
in ) Ly ig the o, f water n htepg nd T 2re 23 pre.
Viously descrxbed (see PPendiy) IUations op thirsy o e deriyeg 2y
fol nsider 5 )lyperdlpslc stat eelive osmy @ conceniry.
101 of hog il is € total guay, 1Y of saly 1 the p,, 'Y remg;;
Unchangeq after drmkmg Water i amo; Sufficien 10 Testore isoto.
ieity, 4,
a A(] W+er+0:v) =4 W+Ly,o) 72)
80,
Fa+r 73)
.
4 =W+L.,,o
Subsmu!e (73) (72)
A( W+Lzm+0~) =WA+y (79
AQy=py +L( W+Ln,a)A

olvmg for Qx we Obtayy €quation {70) direeyy, . By submtuting
/(I~r) for 4 in equation { 72), We deriye €quation () by stepg baral.
ing (72) o (75),
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An isodip is a Iime on the osmometric thirst diagram (Fig. 20) which
the locus of all points of equal thirst, This is so in the objective ser
that equal quantities of water are required to bring an individual fro

these hyperdipsic points to i icity (isodip of the Qu type), or small

50

© 15 20 23 33 35 40

st

Fig. 21. An Extended Osmometric Thirst Diagram illustrating, in fuller
perspective than figure 20, theoretieal aspects of isodips and salt load Jes
The small, central square the stippled hyperdspme ares, T
to en entire Osmometric Thirst Diagram, including isotome lme and thirst
threshold, These lines as well as salt load lmes (Lz: —2100, 0, 600, and soog
mEq of sodium) and two 150dips (Qy =6 and 26 Liters) are drawn far bty(::‘
physiologieal hmuts. It may be observed how salt load lines, while converg '
to the point, V,—Ve=—Ve, appear nearly parallel in the lzmted 1;11':.-;:
logical graph. Also, an isodsp (Qy), whose physiclogucal segment npy;”

e a straight line, 1s actually curved and asymptotic with the isotome Lue.

indivi o
but equal quantities of water are required to bring an mtilvldlmlt fl'z).
these hyperdipsic points to the thirst threshold (isodip of the @, t¥P
From the equation of thirst (70)

L=A(Qn+Lr.0) .
Replacing L in the osmometric equation (66) by its value in (7:) an
subtracting V. from both sides of the resulting equation we obtal
(W-tLno) Vet Lo +Qw) @
W+Lno+Qnx

(76

Vi~Ve=
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Equation (77 is the €Quation of a1 isodip of the @, Iype (Fig,? 21).
Similarly denved, using €quation of thirgy (71) the ©Quation of 21 isodyp
of the 07 type is

Viey,_ (OF4. Lu:04-Q 4.1y T, (78)

w +1'mu+0,+" ™}
Figure 22 ¢ bineg the elementg of fignres 17 anq 191 depicting the
Madratype of Salt-twaten states op the OSMmomet i, dmgram

Fig s Stratng gy Location op the o
Balpy, 8 (Tablg X1 aley, Both g, olute and repy,, e (¥n)
%2 poing at the ‘g1 bnvmg no dunenuonll extengion Btates Aq (ordinggq
above gy, ), 0rding ), 17, {(130tonze ine, 1yt uadrang),
and py (, © line, 3rq Quadraggy oot OFmal iy ope SPECL, lthor nhys
Iute o relatyve, 8nd are PTesenteq slon g, 4, Ha, D,

2 bn0rms) 1 two g, » Abaglyz, angd Telative, and gry Tepre.
sented yp 4, dlmennon! (b; ) absciggg 2810 figyre o

65 o e :hydralmy detion of Adm‘m’.ytered Water early
Study b, Adalpb[ﬂ] Tevealog that stion of Water alope does ngp
Sompengy, e the ng, 41 losg of Urine, that Is, it hag no absolntely bydras.
g actwnlasl]. I ver, debydratiou, Per se, doeg not neceman’l_v
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An 4sodzp is a line on the osmometric thirst diagram (Fig. 20) which is
the locus of all points of equal thirst. This is so in the objective sense
that equal quantities of water are required te bring an individual from
these hyperdipsic points to isotonicity (isodip of the Qx type), or smaller

Fig. 21 An Fxtended Osmometric Thirst Diagram illustraimng, in Mk:
perspeetive than figure 20, theoretscal aspeets of 1sodips and salt Joad ]anta .
The small, central square eontamng the stippled hyperdipsic ares, coresposle
to an entire Osmometric Thirst Diagram, includmg ssotomic line and m;o
threshold. These Imes as well ag salt load Iines (L= ~.2100, 0, 600, and 50,;(1
mEqg. of sodium) snd two 1sodips (@y =6 and 26 Liters) are drawn far ht’!“e "
physmologieal hamits It may b observed how salt Joad hies, while comvergest
to the point, V,—Ve= —Ve, appear nearly parallel n the nmted Phrl.";
Togueal graph, Also, an wodip (@y), whose physiological segment B'pplﬂe
be o straight le, 15 actually curved and asymptotie with the isotonie hn

. vl m
but equal quantities of water are required to bn.ng an mdmdualtyf:;).
these hyperdipsic pomts to the thirst threshold (isodip of the @
From the equation of thirst (70)

(76,
L=A@u+Lno) ¢ ;
Replacing L in the tric ion (66) by its value in {76)”
subtracting V, from both sides of the resulting equation we obtain
(WALmo) Vot LuotOn) o

L Gl o
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and other symbols are as before (see also Appendix) Solving for
/1 we get

u Ar 100 (80)

PO .

i Ar—Ua 100-Ua
Equation (80) shows that the ratio of the urine flow to the intake rate
15 greater than umty so long as there is a “‘leakage™ of salt mto the
wrine. Were no salt lost into the urine, or from the body, a balance
between intake and output of water could be struck Since there is
normally a steady leskage of salt (of the order of 20 mEq per liter of
urine in the first several hours of water intake), the total fluid output
should theoreticelly be 25 per cent greater than the intake in order
to prevent the plasma from being diluted. Thus, 100/(100—20)=125
S0 that 8=12% Indeed, when corrected for msenmble water Joss*

Taste XIT

The theoretical u/s ratios which obtmn for given ‘‘leakage’” concentrations of
chlonde, Doy, 1t normal plasma concentration of ehlonde 13 mamiamed Calevlated
from equation (80} (§ 65), for dx=100 wByq of ehloride per hier.

Uer u
(mEq/1) [

0 . 100

20 - 125

40 N 167

80 250

80 5 00

100 mfimty

actual urme flows agree well with caleulated values, irdicating that m
renal the regul of n of plasma chloride takes
precedence over the regulation of body volume under these conditions
(Table XII) Ths prineiple has been affirmed by others{395, 1035,
1173] although MeCance(740] bas shown that in certain cases of forced
loss of sodium and chloride the human body seems to compromse between
the mamtenance of total osmotic pressure and the maintenance of
plasma and extracellular volume. In mitial stages of salt loss, water

* To eorrect for ansenable logs of Water, 1, relate the exeretion rate of chloride to
(4 w—0) ce/mn and obtam

o AioE)

-t 81
VS AU oo
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cause depletton of salts[125] and other constituents and in these
instances water will restore body volume. In effect these observations
show that water administration will undo states of relative dehydration
but it has no significant effect, except temporarily, in produeing absolute
bydration[232). Gamble[395, 398] has substantiated this principle
particularly in s treatment of the difference between the retention
of saline and of plain glucose solutioms in the extracellular fluid It
is now generally recogmzed that there is a difference so far as the
water and salt balance of the body is concerned whether one takes water
alone or water with a vanable quantity of salt.

The author[1171] has investigated quantitatively the effeet of con-
tinuously admunistered water on the water balance in man If ome
drimnks plamn water at a constant rate (for seven hours) his urine flow
after about two hours takes on a rate in excess of the rate of water
intake, that 1s, there 1s a steady, absolutely debydrating action of eon-
tinuously admimstered water. This is also the case when 5 per cent
aqueous solutions of glucose are taken intravenously for long periods at
steady rates{1173]. Actual wrme flow depends also wpon the rate of
flmd deflection into extrarenal channels of loss. The theory of this
steady state follows

A liter of water loaded on a man makes his water load positive. When
the liter is excreted and he regains his original water content, his salt
load is negative due to the urinary loss of salt colligated with water
If the kndneys are to keep the plasma concentration essentially constant
(which they do), one method of succeeding would be to excrete add-
tional water and reconcentrate the diluted plasma[401, 403, 404, 1173]
Even the removal into the urine of salt solution, provided it be more
dilute than the plasma, would accorplish this end It is Rypothesuzed
that during a steady state of water intake the excess of water loss above
intake should be related to the quantity of salt lost. In a steady state
the rate of excretion of salt per excess of fluid output over intake shm.ﬂd
be equal to the pormal plasma concentration of, let us say, chl""}de
(that is, equal to the threshold of retention) since only by removing
from plasma a solution of concentration equal to that of the P{m’
itself can that plasma be left with the same concentration, that i% at

its threshold of retention with respect to chloride (§72). The sm¢
should be true for sodium Let us state
Wa_y, 79
u—t
where Ay is the normal plasma concentration of chloride (mE‘l./”
o /i)y

or threshold of retention, § is the rate of imntake of flmd
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by a type of “fosmotie” intracellular water loss simultaneously which
may be largely mdependent of osmotic loss brought about by inereased
concentrations of substances confined to the extracellular space. Ellan.
ton and Taffel[335] state that m dogs deprived of food and water for
11 to 20 days, ingracellular water loss oceurred in three phases, loss
on an osmotic basis (1nereased concentration of suhbstances 1n the extra.
cellular space), loss associated with cell destruction in fasting, and
loss assomated with removal of potasstam n excess of mtrogen *
Antuslly the total concentration of electrolyte within cells does mot
closely indicate the effective osmotic pressure which will be exercised

TabLe XIII

Mineral Qistribution 1 skeletal muscle of the dog  Average Sgures based on data
1 the Mterature, Values re expressed on the basis of 1 kg, of fat-free muscle
Extracellolar water content equals 990 g per kg of extracellular phase JIntra
collular water content equals 717 g per kg of mtracellular phase[798]

Extracellilar  Intracellular

Constituent Water Water

mEq /kg mEq /kg
Total base 156 6 195 6
Na 148 3 120
X . . 38 137.4
Ca 32 32
Mg 13 85
€1 199 4 none
P 2.6 173

by the cell contents It 18 well known, for example, that some of the

tically mactive, indiffusible, or *‘bound”’
{338, 1037, 1182), & facr. winch has been used to account for the failure
of a cell to behave as a perfect osmometer[339] However, as Bayliss[90]
has stated, osmotic pressure 15 shown only by fres electrolytes In
esumaung the osmotie pressure due to the potassium salts 1 a eell,
that part of the salts adsorbed on surfaces must be left out of account.
Although the concentration of potassium may be greater at the cell
boundary, 1t does not follow that its osmotic pressure is any greater
Abere, Tetwire 1 1S vonveriTated on account of 1ts property ot lowering
surface energy, and to do this it must be held in conmstramt by the

* The normal ratio of potassium to mtrogen i dog musele 1 given as 238 mEq
Mtassium per gram of mitrogen[500]
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and salt are apparently lost in proportion as indicated by the steady
state equations above, but further salt loss results in some lowering of
the plasma concentrations of sodium and chloride. It has been shown
repeatedly[334, 335, 763, 1174] that in depletion of sodium, chloride
and water the primary loss 1s that of fluid from the plasma and inter-
stitial compartments, almost 1 proportion to therr mitial volumes
Stewart and Rourke[1035] have compared the effects of continuous
infusions in man to the extent of several liters daily of plain glueoss
and of normal saline They showed that 5 per cent glucose solution
caused a dehydration referable to salt loss via the kidney wheress no
net loss, but rather a temporary increase in body water, was produced
by salme. The force of these observations is that water alone, while
it may relieve a relative debydration, cannot relieve absolute dehydra-
tion In the presence of normal renal function physiological saline
(0.85 per cent) will relieve both absolute and relative dehydration
although it appears that saline solutions more dilute than physiological,
that is, about 04 per cent sodium chloride, may be better chnically for
relieving salt—water states of the Dd type[716, 1172] (§710}.

66. Intracellular Water Loss The salt-water types so far noted
do not concern changes 1n intracellular electrolytes and constifute only
one facet of salt-water balance Important salt-water imbalances are
found in which the intracellular content of electrolytes 1s altered )

In water deprivation, or upon the mjection of hypertonic solutions
of sodium chloride or other salt, an imcreased excretion of potassim
in the urine occurs[335, 337, 598, 1141, 1173, 1177]. Hypertome solt-
tions of sodium sulfate bring on calcium and magneswm lynress but
no mereased exeretion of sodum above that electroneutralized by sul-
fate[950, 952, 1177). It appears that potassium exeretion is greatt?r
when normal saline 1s given than when plam glucose in water 5
given[1035] asf there were a graded series of mfluences upon potassiur
excretion in proportion to the osmotic pressure of body flmds. The
osmotie pressure of the plasma apparently affects the rate of excretion
of sodmm and other rons as well[461, 952, 1170]. The distorfion i{icmf
i excretion (§24) may underlie this phenomenon, operatmng it 8
mechanism of osmotic h However, Elki and \leakler
(337] state that hypertonicity is a favorable but not essential cO?dm"n
for this response, and Holmes[552] finds litle loss of potassium it
dehydration followmg admmistration of 50 per ecent suerose. Iﬂ;‘s‘
in Jarge q ies reflects i Ilular loss since the
15 50 low. Such loss is accompanted

of p
ext Inlar content of p
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surface, adsorbed in fact, and thus unable to possess the kinetie energy
y for the ion of osmotic activity,

The recognition of the role of potassium jin certain types of cellular
dehydration has led to (herapeutm appheatmns, notably by Darrow[279,
455], who finds that p i istration is tial for recovery
from debydrations mvolving potassinm depletion, as in diarrhea in
infants When potassium leaves cells 1t may be replaced by sodmm
with a resulting tendency toward aeidosis, and the reverse oceurs when
wtracellular sodium enters extracellular fluid[277]. Renal funetion
acting on the modified 10me content of the extracellular fluid brought
about by unusnal exchanges across cell membranes conceivably eond:-
tions these exchanges. At the present time 1t is difficult fo evaluate
these remote urinary funetrons of the kidney in terms of the body
economy




CHAPTER VII
Renal Regulations

71. It is in the province of renal physiology that one determines
the blood flow of the kidney, its oxygen consmnphon, or the tubular
reabsurpnon nf glucose It is more specifically in the provmce of
urinary 'y that one i the excretory of
sodium, potassium, chlorade, and other ions, and water; and of urea
and other nonelectrolytes The essence of the urmary function of the
lndney lies in those laws, known and to be discovered, Whlch describe
the ions of these sub With suffi ledge it
should be possible to mfer the relative retentions and excretions which
will oceur when these substances exist in the body in varying states of
surfeit or paueity

Much of the work on the excretion of solutes and water has been’
performed with limited objectives in wiew. Thas, diverse experimental

& and have been employed and the results obtained
are frequently unswitable for integration into, or analysis by, hypotheses
of broader scope. The clearance techmque, applied i recent years
to the study of renal excrehon, has provided uniformity of procedure
but the results for urmary physiclogy, with some exceptions, have been
disapponting  While smted to the ana!ys:s of nephrodynames, that is,
the d \ and i of ¢ lar, tubular, and vascular
functions, the elearance is not the best tool for establishing interrelations
among excretory rates of dufferent solutes and water The numerous

of tubular reab or secretion which bave been
made 1 its name have contributed little to fundamental knowledge
which was unknown prior to the elaboration of the clearance concept
These determinations have simply filled the gaps m a proposed system
of renal function whose Teference point 13 a particular phystological
doctrine, namely, that the cl of mulm is n equal to
the glomerular filtration rate under experimental conditions of interest
This ph is not ily with renal d; the
vast literatore of which 1s treated elsewhere, but rather with the gross
wrmary function of the kdney expressed in the regulation of body
concentrations and volumes Consequently the diseussion of these sub-
Jects 15 differently based than on the surmise that one can at any time
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ascertain the glomerular filtration rate If both bases (or others which
may be employed in future investigations) are sound, the resnlts of the
two approaches should ultimately be found complementary.

RENAL THRESHOLDS

72, Thresholds of Excretion (Appearance) and Retention The con-
cept of the renal threshold 1s attributed to Bernard[106] and to Gottlieh
and Magnus[447) who believed that some kinds of renal exeretion, for

TaBLE XTIV

Thresholds of exereton (or appearance) of some molecalar and jome aubstances,
expressed ag plasma concentrations,

Substanee Threshold of Excreton  Species Bource of Data
Plasmaprotem 96 to 104% Dog  Terry et al[1051]
Hemoglobua 01 Dog  Monke 3nd Yuile{790]
Chloride 85 mEq/l Rabbit MacKay and MaeKayf696]
Bicarbonate 25 mEq/L Dog  Pitts and Lotsperch[865]
Gloeose 116 mM /L (091%) Dog  Shannon and Fisher[967}
Glucose 78t0 111 mM./L Man  Peters and Van Slyke[841]

(014 to 0.20%)
Caleum 425 mEq /L. Man  Albright ond Ellsworth[27)
Snlfate 2 to 4, mEq/L Dog Lotspeich[688]
Potassium*® 28 mEq /1. Man  Griffon[465]
Phosphate 11 to 1.5 mAL/ Dog  Pitts[861]
Une acid 0.267 mM /. (0.0045%) Man  Brgckner Mortensen[173]
Ascorbieacid 0L mM/l (0.00176%) Man  Rallu et ol [880]; Smuth[1002]
Iron 0.1 mEq /1 (0.0002%) Man Vannotti[1085]

* Caleulated from the ureosecretory constant of Ambard(34, 35, 40]. The falla
ctousness of the Ambard formula has been treated by De Wesselow[290]-

example, that of glucose 1n the urine, depended upon whether the plasma
Tevel of a certain constituent exceeded & eritical value called the threshold
concentration Ambard[36, 40] and Cushny[268] have contributed to
the definition of a renal threshold of excretion which can be stated to
be that plasma concentration of a substance above which the substance
appears frankly in the urime, and below which it does not appear i
the urine 1 appreciable quantities (Table XIV). The apparent st~
plicity of tlps idea of renal threshold has led to its wide adoption Some
have used it to accumulate specific data on threshold values{488, '555'
1008], to demonstrate the usefulness of clearance analysis to the inte-
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gration of older and newer renal concepts[999, 1002], or actually to deny
the existence of thresholds[488} and recommend that the concept be
abandoned [24]

Clearance analysis applied to the threshold of excretion or threshold
of appearance, as 1t has been called[298, 1171], reveals that it 15 not 2
critical concentration but rather, as in the case of glucose, a rauge of
concentration In the Jower parts of this range the reabsorptive capaeity
of certain tubules may become saturated before that of others, resulting
n the “‘spilling’’ of glucose in the urine Since the difference between
the rate of loadmg of the tubules with glucose from the glomeruli and
the actual rate of excretion of glucose by the kidney 1s considered the
rate of reabsorption by the tubules, a maxmal ratz of reabsorptive
transfer of glucose by the tubules (that 1s, the Tm) 1s correlated with
the threshold concentration The modern view distociates the threshold
of appearance from striet relation to plasma contentration because of
variations m filtration rate, that 1s, this threshold may depend on the
glomerular filiration rate  Yet 1t recognizes none the less that plasma
concentration of a substance 1s often a most convement indicator of
the probable degree of its urinary excretion Where there 1s no clearly
ascertainable Tm, as for chloride[488], the absence of that Twm has been
eorrelated with the absence of a threshold This is equated fo the fact
that at widely varymg plasma levels, chloride may be found in the
urine However, since chloride does practically disappear at very low
plasma levels and when circulatory function 1s sufficiently npset, 1t may
1 this sense be said to have a threshold of excretion

There 18 another concept of threshold concentration witk a physi-
ologieal sigmficance different from that of the threshold of exeretion
or It has been elab by Rehberg{890, 891], Conway
and Kane([239], Dillon[298, 299, 300], Peters[841], and Wolf[1170-
1173, 1176, 1177] and 1s exemphified not by the “point of extinetion’
or plasma concentration below which substances no longer appear in
the urine, but by the pomt at which concentrations of a given substance
m the urme and 1n the plasma are 1dentical{836, 841} This latter
“*point’’ or concentration has been called the threshold of retention
[1171] and for some substances such as ehloride and sodium this thresh-
old concentration 18 probably synonymous with the normal plasma con-
centration and is Telatively independent of the glomernlar Sliration
rate The threshold of retention 1s not always the same ag a ‘‘normal”
plasma concentration. DPotassium and sulfate are usually at plasma
concentrations m excess of their thresholds while glucose and biearbonate
are usually below their thresholds

If the plasma concentration of a substance like sodmm falls below
its threshold of retention the urme formed, regardless of 1its volume,
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ascertain the glomerular filtration rate, If both bases {or others which
may be employed in future investigations) are sound, the results of the
two 2pproaches should ultimately be found complementary.

RENAL THRESHOLDS

7.2 Thresholds of Excretion (Appearance) and Retention The con-
cept of the renal threshold 1s attributed to Bernard[106] and to Gottlich
and Magnus[447] who believed that some kinds of renal excretion, for

TasLe XTIV

Thresholds of eeretion (or appearance) of some molecular and omie substances,
expressed as plasma councentrations

Substance Threshold of Excretion  Species Source of Data
Plasmaprotem 96 to 10.4% Dog  Terry et al{1051]
Hemoglokn 01% Dog Monke and Yude[790]
Chloride 85 mEq/ Rabbit MacKay and MacKay[696]
Bicarbonate 25, mEq /L Dog Putts and Lotsperch[865]
Glueose 106 mM.A (D 21%) Dog  Shannon and Fisher[967)
Glueose 7810 111 mM /L Man  Peters and Van Slyke[844)

(0.14 to 020%)
Calewm 425 mEq /1 Man  Albright and Ellsworth[27]
Sulfate 2 to 4 mEq/l Dog  Totsperch[688]
Potasstum* 28 mEq/l Man  Grffon[468]
Phosphate J1to15mM/L Dog  Patta[861]
TUne sad 0267 mM /L (00045%) Man  Brdchner-Mortensen[173]
Ascorbie and 0.1 mM/l (000176%) Man  Rall et al [880]; Smith[100%)
Tron 01 mEq/L (00008%) Man  Vanuotts[1085]

* Calealated from the ureosecretory coustant of Ambard[34, 35, 40]. The falls
e10usness of the Ambard formula has been treated by De Wesselow[200].

example, that of glucose in the urine, depended upon whether the plasma
Jevel of a certain constituent exceeded a critical value called the threshold
concentration  Ambard|36, 40] and Cushny[268] have contributed to
the defimtion of a renal {hreshald of excrelron which can be stated to
be that plasma concentration of a substance above which the substance
appears frankly in the urine, and below which it does not appear m
the urine in appreciable quantiies (Table XIV) The apparent s
plicaty of this 1dea of renal threshold has led to its wide adoption. Some
have used 1t to accumulate speesfic data on threshold values[488, .865,
1008], to demonstrate the usefulness of elearance analysis to the inte-
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The of the hold of a3 pared with that of
the threshold of appearance has nothmg to do with the preference which
has been given the former by some investigators, as hes been declared
[862]. Indeed, it must be ledged that both thresholds are vari-
able[66, 1172]. It should be noted that a substance with a threshold
of excretion may have no clear threshald of retention (for example,
ealelum) and vice versa (for example, water), and a substance may
have either threshold, or both {for example, bicarbonate)

Some substances are known as no-fhreshold substances[268] having
nerther th ds of fon nor of ap These materials
appear 1n the urive as Jong as they are present n the plasma, and there
18 no plasma level below which they do not tend to be freely excreted.
Urea and acetone[1140] exemplify no- threshold substances  Other
no- include par. phenol red, inulin,
sucrose, mannitol, and ethyl alcohol Although a no-threshold substance
may be reabsorbed by the tnbules, this is thought to be no more than
a passive reabsorption or back-diffusion through the tubule walls in
response to the concentration gradient between tubular urine and plasma
set up by the reabsorption of water (§81) No-threshold substances,
which are freely filterable, always have a concentration ratio of 1 or
more Threshold can have & ratio of more or
less than (and mcludmg) 1 {§316). Figure 23 1llustrates by analo-
ges the distinchion between no-threshold matemals and those with
thresholds of appeamnce

The d and h canuot be said to include
all sub of renal el i ia is & case in
point Ammonia may have a clearance higher than any determinable
level of glomerular filtration but 1t need not be considered a secreted
substance 1z the same sense as phenol red  Because it is formed de novo
by the kidney 1t 15 more m the nature of a glandular secretion A
fraction of urinary ammoma 1s presumably exereted from the blood[418]
but 1t has not been shown that the concentration ratio m this ease can
be less than 1, whick would establish 1ts threshold nature; and & coneen-
tration ratio greater than 11s nonconclusive. In any case the greater
part of ammoma elimination 1s usually carried out neither as a renal

excrefson NoT 85 3 renal regulation where these terms refer to the plasma
content.

The ehmunation of urinary caleium 15 also sizulac despite the fact
that 1t has a threshold of ion{27, 1176] I ly it is reab-
sorbed, judged by its low clearance (Table 1I) Its concentration ratio
18 often less than 1, which might suggest that 1t possesses a threshold of
retention  Ilowever, even where large doses of calerum are given
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tends to be of a sodium concentration still Jower than the actaal Pplasma
concentration If however, the plasma concentration of sodium is

above its threshold of r the urine, dless of its volume,
tends to be of a sodium concentration greater than the actual plasms
ation (for ifications see §7.4). A man taking 2 solution

of sodium chloride whose concentration is superthreshold exeretes &
urine of superthreshold concentration; intake of a subthreshold solution
produces urine of subthreshold concentration.

It may not be amiss to state formally the rules of partition end combumation of
concentrations  However well known these rules may be mntuitively, proper attention
to them permuts one to cultivate a mode of thigking which is helpful in mmplifyiog
diverse problems concermng addition and subtractron of water and solutes, as these
affect body fluid eoncentrations.

Consider the effects on concentration only when two solutions are mixed, or Whes
one solution suffers a loss, by abstraction, of aome solute and some Water, for exsmple,
where the kidney removes from 2 volume of plaama, a solution (urime) of the same
or dufferent concentration, In the former ease we may apeak of the addition or
combination of solutions of coneentrations 4 and B to form solution of eonceatration
€; m the latter, we may epeak of the parbition of solution A by subtraction of
solution B to leave soluton &

1. Whero 4= B
(@) 44+ BoC=4=8
() 4A—BC=4=F
Thys, from (a) e fnfer that otome soluttons (even of different solutes) when muxed
1n any propertions produce an 1sotome solution. From (b) We infer that the produt
tion of & urine whoss chioride concentratzon 13 the same as that of the plasma water

leaves the plasma water unch 1 ¢hloride
2 Whero 4> B

@ 44+B54%C>EB

() A—BC>4>B

¢) B—ACcBgA
Whero iw)o solutions o£< unequal concentration are mised, ss 1 (), the mumng
solution 18 of some intermediato concentration Whers & weak soluton iy subtract
from a stronger one (b), the remamng solution 15 the most coneentrated o2 tho lihv;z
Cotversely, (), the removal of a strong solution from a weak one leaves a 80 nt“
tore dilute than either of the others The rules of partition of concentration {35
8%, 2¢) are those govermmng the operation of thresholds of retemtion.

It is this characteristic of urinary function, providing for‘the' main-
tenance of proper retention of solute relative to water, whick m-sﬂrfi
the level of plasma concentration which we come to take as.“nvmﬂ
and which reflects the actinity of the body in regulating its varxou:
fluid concentrations (Fig. 19). The threshold of excretlrzn.dﬂes m)d
bave this critical physiological sigmficance, and in addition it is deﬁ;zeg
somewhat more arbitrarily than the threshold of retention smce l;‘g
is actually no clear level at which substances disappear from the wrine.
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nected with the plasma protein concentration 1t is often considered
that the physiologieally active caleium in the blood is the iomized,
duffussble, or ““free’’ calcium, that 1s, that calerum unbound to protemn
Thus, in the presence of a low serum protem concentration the ‘‘normal’’
total caleium coneentration is a lower value than where serum protein
concentration 18 normal From the nomogram of MeLean and Hast-
ings[758] it 1s possible to deduce a simple equation relating approxi-
mately the ‘‘normal’” total caleium concentration of the serum to the
‘prevaling total proten concentration

Acy=(4petd) =1 (82)
where Aga is the “normal’” total serum calerum in mg per cent and 4,
15 the total serum protem in grams per cent With a serum protein of
8 per cent, “normal’’ calcium would be (6-+4)=%1, or 9 to 11 mg per
cent Caleum concentrations 1n mEq /1 are obtamed by halving the
value in mg per cent, that 15, m this case, 45 to 55 mBEq /1

73 ngh and Low Threshold Substances Cushny{268], treating
of tk of dist high, medwim, and low thresh-
old bodies by companng the quantities of different substamees which
had to be present m the plasma 1n order for urmary excretion of each
t0 oceur frankly Neither the threshold of appearanee nor this particular
method of dist h b 1d heights has suff importance for
the urnary function of the kidney to warrant extended diseussion or

of m these

However, the threshold of retention can be effectively descnbed by
this and more precise 1 * For el ytes whose
concentrations are expressed m milli lents per Liter, that
has the higher threshold whose numerical value 1n these umts 18 the
higher It has‘not been established theoretically that there 18 any
“‘best”’ way of the hold of tes
and for this reason the manner 1 which thresholds of electrolytes and
nonelectrolytes can be compared is in doubt

A word should be saxd about the threshold of water As clearly as
any substance, water illustrates the disparity which may exist between
thresholds of appearance and retention. Except 1n vertain renal diseases
the flow of utime rarely ceases so that there 15 actually no threshold of
appearance for water  On the other hand, the concentration of urinary
water 1s clearly exther greater than, equal to, or less than that of plasma
water when are d, for example,

* Any unqualified referente to the term ‘‘threshold’’ wall m further dusenssion
sigmty *$threshold of setention 7
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intravenously [1176] the concentration ratio may not exceed 1 anc
the rate of renal excretion is remarkably unresponsive to load, indseatin
that there is hittle renal regulation of caleium in the sense 1mphed by
the concept of threshold of retemtion It 1s likely that calerum and
some other substances are not importantly regulated as to body conten
or concentration in body fluids by urinary function alone A con
centration ratio less than 1 does not necessarily prove a substance to
kave a threshold of retention For example, where a substance is bound

A B

Fiig. 23. Analogies for Substances That Have No Threshold (Buret 4)
and Thote with o Threshold of Appearancs (Buret B), Whers the level of
flrd in the burets with open stopcocks represents the total content (or eor
centration) of a substance m the plasma, that Jevel 19 £ree to fall unhil nothio
is Ieft, 1n the ease of mo-threshold substances, whez there 1 5o mtake
threshold substance, however, present in excess but with no mntake, only leaves
the body through the kidney untd its plasma eontent falls sufficiently that the
plasma concentration 1a at threshold, indicated by the honizontal, broker line
At this point the substance 1o langer leaves in the urine and some fs retamed
1m the body

o 8t

t0n
ent

to plasma protemnt so that some appreciable fraction s not Altersbl
the glomerulus, 1t becomes theoretically possible for the concentra
ratio for even a secreted substance such as phenmol red (80 per ¢
nonfilterable at plasma concentration of 1 mg. per cent) to be less than
1 at high urine flows, Since calcium 15 only about 50 per cent nov
filterable, low concentration ratios found for it at relatively Iow‘ um;z
flows cannot be accounted for stmply as a failure to filter. Calcm;ls)
in contrast to hemoglohm which may be 97 per cent nonfilterable (§c‘m"
The regulation of the calcium content in plasma 15 1ntimately
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respective concentrations of administered solutions at which equilibrium
of intake and output of solute is possible (§77)

76 The Tume Factor wn Isorrhea The application of the theory
of the 1sorrhele state depends upon a clear recogmition of its temporal
aspeet  Isorrheic solutions do not proceed, wpon the onset of their
admimstration, to be removed immediately at a rate equal to that of
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Fig £4 Unnary Sodum and Chlonde Concentrations in Man (Use seacs}
at the Thurd Hour of Infuson (flmd ntake, 7 ce /mmn ) plotted agamst con-
centration of sodim chlends (Ix.c1) in the mfusion flmd. Cratical 1sorrhese
concentrations are those at which the sigmoid curves eross the diagonal
wsopleth  After Wolf [2173)

the intake Isorrhew solutions are those which are potentially capable
of reachung equality of ntake and output [1172] , and equality is 1sorrhea
For sodium chlonide solutions all concentrations between the MIC and
the LIC are capable of of imntake and
output for both solute and water, except 1n very young or anesthetized
ammals[283). Solutions below the MIC or above tha LIC eannot reach

an eqmlibrium for both components and hence the characterization,
““minimal’’ and ““lmiting *’
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can be maintamed withont relative retention of z to water (y) is called

the Zimat; isorrheic tration (LIC). With a constant rate of
infusion of fluid whose coneentration is equal to the LIC,
(Un10)o=1, (83)
A load of < ean be reached at which 1sorrhea 1s given by
w(Ure)s=21, (86}
and
u=i 87

Thus, with an infusion of solute z whose concentration equals the LIC
of z, both solute and Solvent reach isorrhea simultanecusly (fofal isor-
rhea), the excretion rates of these tend to reach the same fraction of
their infusion rates at tume ¢, and

Ya=Ty 3
If the velocity constant, v, remains constant,
dL
ke BN SO 89,
P I—yL (89)
On integration
L‘Szl(l—e"f’) 90
Y
Since
w_C o
=T%%
(WU)=2I(1~¢ V) =il (1—¢" ") ©2)
From equations (85) and (86) it is implicit that
wUa_ g _gvey 80y oty 3
A =(1-e"7%) i, =(1—-e 1)

Tn addition to the limiting isorrhere conceniration there is for some
substances a munimal worrheic concentration (MIC). This is the lowest
wrinary concentration resulting from administered solutions of thes?
substances at which there is no relative retention of water to solute
(Figs. 24, 25, 26). For solutions like sodium chloride, isorrhea for
both solute and solvent tend to oceur together. However, jsorrhea for
solute alone (parfwl worrhec) can be obtained with soliations ni_ urea
or potassinm, aud here the MIC and the LIC are the lowest and highest
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the LIC), relative retentions tend to values lower than 1. With
solutions below the threshold (and above the MIC) they tend to values
above 1 after zero time (Fig 27).

77 Isorrheic Quantiftes. Wolf and Ball[1176] infmduced the
term wsorrheic quantity {IQ) to describe a rate of exeretion of a sub-
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Fig 27 Relative Retention of Chlonide aa a Function of Ixec: in the Dog
Cusve 4474 Tepresents the state at the seventh hour of wfusion Curve BB

stance which may be mamtamned steadily equal to its rate of intake
They showed that intravenous ecalewum, mfused steadily, had only a
single 1sorrheie quantity which eould be termed exther the minimal or
the imifing isorrhcie quantity (MIQ or LIQ). Chloride, when calcium
chiloride was infused, showed a MIQ and a nonlumting ssorrheic quantity
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(Fig. 24), provided that these solutions are respectively above the
MIC and below the LIC. In any case, urine flow increases The effect
of these urinary responses is fo convert the virtual concentration of the
retained solution (load of ehloride/load of water) to that of the normal
plasma concentration (==threshold of retention—nonlimiting sorthec
concentration or NLIC). In the case of solutions at the MIC and the
LIC, the attainment of the state where U=1 1s relatively rapid, 2 matter
of a few hours, and this may oceur before the rate of fluid output is
equal to the rate of fluid mtake. Where infusions are of other con-
centrations than the MIC or LIC, but within that range, the time at
which U becomes equal to I depends on faetors such as the rate of
infusion, the actual value of I, ete. When a sufficiently long period
of mfusion has elapsed (up to several days), this time in turn depending
on species differences,* body volumes, etc., isorrhea may actually be
established[283, 833, 1035, 1170]. This fact argues against the view
[841] that the delay in exeretion of sodium, chloride, or water fmm
administered solutions of normal saline is due to the lack of appreciable

in plasma posttion which such solations cause. At sorthez
of both solute and water, the concentration of the urme is equal to
the ation of the ad ed fluid and the rate of fluid intake
is equal to the rate of urine output (presupposing no extrarenal water
loss for which, however, appropriate correction ecan be made). These
temporal relations are mdrcated 1n figure 26.

The temporal aspect of 1sorrhea may be examined in other ways, 88
from consideration of the relatiwe retention of solute to water I:E! us
regard the ratio of the load of solute to the load of water s 3 virtual
concentration of fluid retamed from an admmistered solution, and
called the retention concentration (Lo/Luo) It is apparent that at
zero time, and before urinary action has altered the relative t?mO“ﬂ“
of solute and water m an infimtesmal load of such a solution, the
retention concentration will be equal to I, whatever that may be By
comparing the retention concentration to the mfusion concentration, ;
relatwe retention (Ler/LgotIat) 15 obtained which at zero time W?“‘
be 1. From figure 24 1t can be deduced that with infusion of solutions
whose concentrations are above the threshold concentration (and below

* Renal excretion of salf 15 more efficient m the dog, in a sense, than 1 Ban l::
ntake of 4 g /kg /day m the dog may be continued for scveral days without .
oceurrence of appreciable salt or Water retention[635]. In man, less than 05 gﬁ:is
day leads to retention of ealt and water[458] ~Although thi presentation ’fw{v
the fact that velocity constants (§79) are often substantilly mdependent omd "
werght, there 1s additonal endence that steady states are more Teadily ;‘;‘_’D T,
the dog than m man, Where malt solutions are wnfused for several bours[117%

1173)
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1.8. Steady State Equatons In §65 a steady state equation was
derived which described the relations between rates of flow of urinary
and intake fluid in terms of threshold and ‘‘leakage’ concentrations

Tastz XVI

Excretory velocity constants (v) and eritical sgorrhese concentrations and quantities
of vanous urinary constituents Mimmal, monhmiting, avd Lmting sorrheic con-
centrations (MIC, NLIC, and LIC, respectively) are m mEq or mM /L Mimmal,
non-lmiting, and hmiting isorrheic quantities (MIQ, NLIQ, and LIQ, respectively)
are In muiero Bq /min, The veloaity constant of water may be greater or less than
that of Na from NaCl The data in this table are not strictly comparable Ongmal
sources should be consulted for conditions nnder which these were recorded[811, 923,
962, 1170-1173, 1176, 1177)

Loaded  Iom v MIC NLIC LIC MIQ NLIQ LIQ
Substance

Man+
PAH PAH 0125
Tnuhn 00086
NoCl c 000067 15 100 310
NaC1 Na © 00060 15 150 290
EC1* a 00163 700
NHG*  Q 000361
KCI* b4 Q00328 15 70 100 500
KHCO,*  HCO, 000230 140 140
NaHCO,* Na 000180 40

NaHCO,* KHCO, 000140

NaCl® a 000230 24 100 290
NECL* NIL 000033
Dog:
Inubn 003
Ne,80, 80, 0017 50 480 50
Na,80, Na 00212 50 420 50
CaCl, ol 004 8 ko)
Tres 000497 597
NaCl a 00200 o 200
CaCl, Ca 000040 2 2
Cagluconats Ca 000040 2 2
Gluense <470

* Orally admimstered loads, All others itravenona.

A. more general equation can now be derived on the theory that if the
kidneys maintain normal plasma sodium and chloride concentration
during a steady state of intake of sodam chloride and water, the ratio
of electrolyte excreted in excess of electrolyte taken in to fluid excreted
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(NLIQ) as seen in figure 28 Figure 25 illustrates, for potassium, value
which correspond to an MIQ and an LIQ (lowest and highest valu
where ulg=ilg, respectively 100 and 500 £Eq /min.), Sodmum an
sulfate, when sodium sulfate is infused, show an MIQ (Table XVI}

but na LIQ has yet been blished [1177].  Isorrhei ar
20 T T T T
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Fig 2. Relation between Rates of Excretion of Calcfum and Chlonds
{uU) and Rates of Intake of Calewm (sI) at the Fifth Hour of Infuswnil;
the Dog Chlonde excretion (black dots) is plotted only for infustons o
caletum chloride, ealerum exeretion (white dots) is plotted for infusions of
both ecaleim ehloride and calexam glueonate. The diagonal asopleth P"'";E
through the origmn represents equality of rates of excretion snd muuf
(40 =+I). Tllustrated are the MIQ and NLIQ The chlonde carve 11 nctuaf'
2 good fit through all points meludmg two not shown on graph at ligh ¥
and hugh of values After Wolf and Ball [1176].

readily ascertained with certam low or no-threshold substances vzhereh ﬂ;:
solute’s independence of water during excretion permits the isorr \':n
quantity to remain more or less characteristic of the solute at Blg;ide
load of solute. High threshold substances such a3 sod}um and 'ch Dthat
in sodium chloride depend so much on water in their exc.rehon ton
the rate of water administration and the water load affect their excre

markedly.
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wmply equilibrium although an equilibrium represents a steady state.
Intake may be steady but output may or may noc be so, as the duration
of infusion inereases Pr bly physi lations are steadily
at work throwing out salt faster than water when the retention concen-
tration is greater than threshold, and throwing out water faster than
salt when the retention concentration 13 less than threshold; they act
to produce from varying loads of salt and water retentmn concentratmns
equal to the normsal plasma T il

seems to be placed first upon the lati lul

tion, then upon the regulation of extracel)ular volume (§24). The

12 ™ T T 7]

O 50 100 150 200 250 300 350
Tnacs (“EQ-/L-)

Ftg 23 Actual Ratio of Rate of Urmnary Flow to Fluid Intake (u/s) in
Man Plotted against Contentrahion of Bodwm Chloride (Txae) 1 Infusion
Flud during control period (0 timu) and doring first, third, Sfth, aud seventh
hours (time printed besido eurven) Flud intake, 7 tefmn  After Wolf
(a3

e amplies 1o some extent that
intracellular volume, Likewise, 1s regulated before extracellular volume.
We have noted previously (§6 2} the correlation of thirst with decreased
cellular volume suggesting that intake as well as renal output 1s directly
concerned with repulating this physiological variable

79 The Veloaty Constant, y For solutions adminstered long
enough to establish total isorrhes, the velocity constants of solute and
water are equal. When the veloaity constant of one substance is greater
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in excess of fluid taken in should equal the normal plasma concentration
or the threshold of retention. Uncorrected for msensible water loss

ul 1I=AT=iI‘—rtU @
and by transposition
()
For sodium and chleride
u_Udn—In _(Ana-Ia o
1 (Adw—Uxn (Ada—-Ua
The application of these ions is detailed elsewhere[1171-1173} 50

it suffices here to indicate the curve described by equatiom (97) in
figure 26 and some actual u/2 values which have been obtained in exper-
ments of relatively short duration (Fig. 29).

The theoretical curve t does not indieate what the actual value of v/t
ought to be at any time but simply what the actual value of u/1 would
be if the kidneys maintained a constant, normal plasma concentration
of sodium or chloride with or without change in the extracellular volume,
in the face of an infusion of salt solution. There is less discrepancy
between actual and theoretical values when solutions are taken intra
venously than when taken orally; and there may be effects of species
differences also. Coon, Noojin, and Pfeiffer(240] report diuretic effects
of differently eoncentrated sodium chloride solutions which are at
considerable variance with those above. Oral solutions of 05 per‘tm
sodinm chloride (85 mFq/l) were found to be the most dwretic of
those tested between 0 and 09 per cent No explanation is offered for
these results which were obtained following huge priming doses {200
ee./kg. given 1n two hours)

Where a substance is a no-threshold one (ds==0), the steady statt

equation (95) reduces to
8)

which 1s simply the statement of a final isorrhea or equihbrimiz, that 18,
uU=I, readily attained by many substances. *‘Steady state™ dues 30

*Corrected for msensible or extrarenal water lass, w @
v I-dr, Ar o
A o ty an theoretiesl

has no vahds

} The steady state equation for threshold substances o
grounds, shove the LIC. If 1t serves with any sceuraey w this Tegion it wo
appear to do so cowmeidentally.
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In addition to permi the & of relative

and excretions, the velocity constant can be used to establish the eritical
isorrheic concentrations (MIC, threshold, LIC). Following infusion of
solutions whose concentrations are at these ertieal values, the velocity
constants of solute and of water tend to become equal (Fig. 30). Due
to the influence of 1mbalances 1n solute and water which may have been
present prior to an mnfusion, the velocity constants as calenlated in early
periods of fimd administration are in error by an amount which tends
to decrease with the duration of the infusion Critiwcal concentrations
are therefore more readily found from curves of the type mn figures 24
and 25

710 The Sigmficance of the Critwcal Isorrheie Concentrations Not
all substances have three critical urinary concentrations. Threshold
substances probably have ome or more isorrheic concentrations
No-threshold substances, of course, have no NLIC arnd may or may
not have a LIC or a MIC  Any sub whose
independent of that of water, except for the fact of being ehmmated in
that medium, would have no entical urinary concentration, for example,
phenol red, or mukn

‘The bimiting 1s0r7herc concentration is a critical one because it repre-
sents the upper hmit of urinary concentration at which a steady state,
consistent with effective physological regulation of solute and water
balances, ean be mantained This does not carry the implieation that
viability wall be maintained indefinitely since such steady states have
not been carried out for periods rauch greater than 7 hours In these
periods Uy high losses of are d through urmary
excrennon{1173] 1f sodhmm chloride solations are admimstered  Although
sodiam, chloride, and water balances may be consistent with viability 1n
themselves, the importance of other 1omie 1mbalances as secondary com-
plications remains The LIC 1s not to be confused with the so-called
mazimum urmary concentrafion (MUQC) which is the highest concentra.
tion sttainable in the urime, when there may be retention of solute
relative to water, or when a load of solute may be accumulating exces-
sively 1o the bedy (Table XVII)

So long as a continnously administered solution of sodmm chloride
is Just below the LIC, the kidney is able to elaborate a urinary con-
centration of solute hicher than that of the admimstered solution. Jn
consequence the fluid retained in the body as a load has a retention con-
centration which steadily d toward the

When the concentration of the admimstered solution is just at the LI,
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than that of another, its rate of excretion is greater per unit load®
and it is removed from the body relatively more rapidly. Conversely,
the substance with the smaller velocity constant is retained in the body
relative to the substance with the higher velocity constant, These rela-
tions are not necessarily reflected in the absolute excretion rates of
either, When loads become negative in the course of time (as for water

VELOCITY CONSTANT x I0°

10 20 30 40 &0 &0 70
Turen {wo/ce)

Fuig. 30. Veloarty Constants of Urez and Water Related to the Concentration
of Urea in Infusion Fluid (furws) after Seven Hours of Infusion an the Dog
The LIC of urea 15 found to be 35 mg./ec. at the pomt of intersection of the 2
curves, that 15, where the veloeity constants of urea and water are equal.
presence of sod:um chlonde at ite NLIC or its LIC in the infuson fuida
these experiments may have caused the yu,p and yares to be different from
what they might have been had the mfuston flwd contamed only wres iz
isotone glucose  After Wolt [1170].

where absolute dehydration sets in), that substance is the relatively mor®
rapidly exereted which hag the smaller negative velocity constant. 'B}'
comparing velocity constants we ean ascertamn the relative retentiot
and excretion of different substances, a feat not possible with clearanees
which take no account of the volumes of distmbution of the substances,
but merely of ther plasma concentrations Chloride, for example, 8%
have a velocity constant higher or lower than urea, wheress its clle.nmnce
15 never as high as that of urea[1170] under physiological conditions

rate of excrehon

* Theoretieally the velocity constant 13 equal to the average minute on of 4

per umt average load (y=uU/L;)- In practice, although the determinal s
1n any fme persod is actually that of uT, the relative values of 7 aed vy .1:: ]:” 5
shightly sltered by using L, instend of L, The veloeity constant 15 usually &

wath mo reference to body weight, surface ates, ete. ) )
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le urinary concentration is also just at the LIC Under these conditions
he dney is operating at 1ts phystological limit, preventing body fud
oncentrations of the solute from rising indefinitely 1f the 2dministered
olution is higher than the LIC, the urinary concentration may also be
omewhat higher than the LIC but 1 cannot reach & value as hgh as
hat of the admmstered solufion, and retention of solute relative to
vater sets I, presumably without hmt Thus, the LIC 15 a physiologi-
ally critical value whereas the MUC is often obtained under what I
1ave called ‘‘metaphysiological” conditions (§16) which cannot be
nantaned steadily for an indefinite tme For particular 1oms of 8
:ompotnd the LIC depends in part on the 1on or jons with which it is
ssociated 1n the body load of that compound{1173]

The consequences of drinking sea water may be considered These
ate derived, theoretically, from the nature of the LIC rather than the
MUC Witk persistent drinlang of sea water, dehydration of the cells
progresses rapidly, more so than does that of the extracellular space{336).
This depends on the fact that the sahne concentration of the intake
flmd (ca 35 per cent salt) exceeds the LIC (eca 17 per cent salt)
so that there 13 an unchecked inerease i the relative retention of salt
to water (relative debydration) That the MUC is, let us say 25
per cent salt, has Little bearing on the ultimate outcome since even the
takang of a solution whose eoncentration 13 less than the MUC but
Iigher than the LIC would have the same final effect on cellular dehy-
dration and the production of thirst (§62, 6.4) Death from the intro-
duction of large amounts of salt without sigmficant changes i body
water results from respiratory fatlure (nervous system disturbance)
with little change m cardiovaseular function[335, 11491  This compares
interestingly with the effects on the nervous system in water intoxica-
ton (relative excess of water over salt) although Albrecht[25] dis-
tinguishes *‘sea water convulsions’ from those of water mtoxication
In anesthetized dogs[1149] no eritical lethal plasma concentration of
sodium or chlomde 1s observed following forced salt admimstratton

"These contentrations have been found to rise, respectively, to 200 mEq /2
and 190 mEq /21

Toxic effecta of many substauces, otherwise mnocuous, are obscrved when they are
gven at rates exceeding that of their possible eseretion Intomeation from exeessice
Sodwm o potassium 1on fs deseribed by Guttmann[471], Minzer[799], Arden{47},
Winkler et al [1150, 1152), Keith et ol {538], Wol£[1178, 1173, and Albreeht[25)
With considerable retention of sodium relative to water, thera oceurs estremo thirst,
tremor, eonvalsions, aud respiratory falure  Wath no appreciable retention of sodium
Felative to water but with large Toads of sodrum, a4 n massive nfusons of Thysio
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TasLe XVII .

Masimum urivary concentrations (MUC). These values are masmal 1 the sess
that apprecsably Ligher values have not been recorded In man the MUG of fote
solids 15 appromamately 1400 milliosmolal

Maximum Unnary

Substance Concentration Souree of Data
’“
mEq. or
md /1 Per cent
Man.
a 411 240 (NaCl) Chaussin[220]
a 360 216 (NaCl)  Adolph[10]
a 312 200 (NaCI) Mamzer and Rachmilewta]708]
c 330 193 (NaCl)  Davies et a1 [285]
HCO, 374 314 (NaHCO,) Adolph[10]
HCO, 345 200 (NaHCO,) Mainser and Rachmlewite[T08
X >200 149 (RCl Wol£[1173] )
Total base 500 282 (NaCly Mawmzer and Rachmilewta[708,
Urea 828 496 Adolph[10]
Glucose * >80 15 Dunean[311]
Dog-
a 430 251 (NaCl) Wolt[1170]
50, 800 568 (N,SO,)  Wolf and Bau[1177]
K >400 >298 (KOl Wankler 2nd Smith[115¢]
Nat 530 376 (NSO}  Wolf and Ball[1177]
Ca 76 042 (CaCl)  Wolf and Ball[1176]
Ca 53 Mendel and Benedict[769]
Urea 130 8 Gilman and Kida[433]
Glucose 720 13 Woodyatt[1180]
Rat.
a 600 350 (NaCl)  Adolph[17]
a 560 327 (NaCl) MeCance and Wilkison[750}
Urea 2580 155 Jacquot et a [565)
Desert Rodent.
a 908 530 (NaCl) Schmdt-Niclsen et al [941]
Total electrolyte 1220 713 (NaCl) Schmidt-Nielsen et al.[9£0,941]
Urea 000 240 Sehmdt-Nielsen[940]

*In duabetes mellitus. Urmary concentrations of glicose in aubetes are vsually

3-5 per eent, rarely over 10 per cent
1 The MUC of Na m dehydration or followmng excess of NaCl 13 not likely to B¢

50 high as the MUC following loadmg with Na,80,
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with less danger of excessive flud retention, because of the higher
/¢ values which prevail with these solutions than with isotonie saline
Marrott’s aim in salt—water restoration for uncomplicated eases is to
produce & urine volume 1n exeess of 500 cc. per day, of greater than 03
per cent sodium chloride content Determinations of serum electrolyte
may give little clue as to what constitutes rational salt—water therapy
[172] since normal coneentrations may exist m the presenee of absolute
excesses or deficits of given tons

711 “Osmotic Cealings’ wn the Urine Maximum urinary eoncen-
trations of solutes, having a degree of reproducibility, have been called
“ceilings’’ of concentration or osmotie pressure However, eonstancy
38 not their cardinal characteristic A number of studies of the prop-
erties of ceilings are of nterest Chaunssin{220] noted the ‘‘antag.
onism’’ between chloride and urea i urme m the sense that when
the concentration of chloride was low there was a correspondmngly high
concentration of urea This phenomenon was also seen by others
including Adolph[10] and Davies, Haldane, and Peskett{285] The
latter reported a common maximum urmary concentration for chloride
and bicarbonate but thought that the maximum for chlonide was rela-
tively independent of the total concentratron of the urme or of the
maximum of urea or phosphate They found the MUC for both
chloride and bicarbonate to be 330 mEq /1 and the maximum value
of the sum of their concentrations was the same when they were
excreted together  Mainzer and Rachmilewtz{708] report a common
MUC for chloride and bicarbonate at 370 mEq/1  Gabrilove[393]
found that glycosuria, per se, did not accelerate the urinary excretion
of chloride by the patient with diabetes mellitus, yet there was a
good correlation between daily urine flow and the sum of the osmolar
exeretion of chloride and glucose. Sumlarly, suerose diresis super-
mposed on sodim chloride dwresss lowers the MUC of chloride{537]
There appears to be a limmt to the total concentration of substances
m the urine and it 1s common that two substances calling for exeretion
mn large amounts ower the MUC for each other Towever, Gilman
and K1dd{433] have observed that where loads of salt given 1 con-
centrated solution were exercted, neither mercurial nor urea duresis
in which the rate of urime flow was markedly inereased, lowered the
osmotre cetlmg for salt  Nothng is known abont *‘antagonism® at
the level of the LIC,

MeCance[336, 537, 743, 752] who has examined this subject carefully
finds it a complication that not only do certan solutes in the urine
exert mfluence on the maximum concentrations of others by their
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the threshold concentration. If the administered solution is of lesser
concentration than the MIC the kidney is unable to form urine of stil
lower concentration than the administered solution and negative salt
loads are set up.* However, instead of the plasma concentration and
the retention concentration falling, the body suffers an absolute dehydra
tion to an extent which largely protects the plasma from any appre-
ciable fall in sodium or chloride eoncentration {§6 5). It is not known
to what extent plasma concentrations of other substances are smilarly
protected  Since the kidney cannot match by wrinary dilution sol-
tions below the MIC, this represents a physiologically eritical valoe,
The physiologeal range of urinary sodrum and ehloride concentrations,
then, is that included between the MIC and the LIC.

It 15 worth noting that thus far the experimental periods for the
determination of the LIC, and particularly the MIC, have been rela-
tively short (7 hours) Although these values are *‘critieal” in the
scnse diseussed they are by no means immutable. Just as the threshold
may rse or fall in resp to the infl of h drugs, ef¢,
the other eritical concentrations probably change with varying phyfl'f
logieal stresses and pressures Thus, just as the leakage cancentrat.mn
becomes smaller as the plasma concentration of chlor:de falls during
a salt-free Qietary regimen, so might 1t be expected that the MIC
could become smaller as admimstration of solutions below the MIC
is prolonged It is concervable that the LIC can compensate smnlarly
As McCanee{740] has shown, mdwiduals going mto severe salt defictt
show ultimately 2 compromise between the regulation of eleetrolyte
concentration and of body volume, that 1s, although water and salt
are lost in proportion in imtial stages of salt loss, the osmotic pressur®
of the serum falls 1 later stages Equations of steady state (§75)
presumably do not apply, uncorrected, under these condlcmn's .

Tn recent years there has come s elearer perception 1n clinieal mrc'le*
of the satisfactory effect obtamed from the use of sodium chloride
solutions more dilute than normal saline, in the treatment fyf water
and salt depletion Marriott[716], among others, recommends in adults
the use of halfasotomre sodium chloride (0425 per cent) after thf
major portion of & salt defiert has been corrected In inf.antﬂ U“IPV
quarter- or onme-fifth-isotonte salt 1s suggested With solutions 0;0.“
slightly more concentrated than the MIC there s effective salt retentit

the

*For low threshold substances, for example, potasaium[738, 1175],;*1":!1“’

threshold may be below the MIC and only partial 1sorrhea 13 establishe (:(1!_“"m
of intake and output for potassium, not for water) durmg eontinuous admim

whick ynrtu1
of potassam solutions, the MIC is the lowest concentration Abu;zmgmm P take

Jsorrhea obtains and below which potassium output eXceeds the
(Fig 25)
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inequality w># Our analysis suggests a curious rule: tn mammals
undergoing ordinary dehydration, and having a concentration ratio
for effective osmohic pressure greater than 2, the vate of extrarenal
water loss exceeds the concurrent obligetory urine flow (Table I).

The thirst mechanism we have deseribed illustrates an nstance where
renal of volume ly takes some Y d over regu-
lation of concentration {§65) Smell urine flows alone, unlike large
flows, help to maintain body volume, yet the smaller this flow, the less
effective 13 1ts normalizing effect on plasma concentration which tends
to increase with increasing extrarenal water loss This reasoning leads
us to define a unique theoretical and practical significance for the
MUGC (cheefly of sodmum) mot shared by the LIC, namely, that the
MUC 15 an antidipsic parameter whose values contribute to the regu-
lation of body volume throngh their imfluence on flmd intake and
urine output Diabetes insiprdus, with its low BUC, points up one
consequence of the loss of thus antidipsic element Despite the faet
that w/u, due to the polyuria, 15 smaller than normal, (U—A4)/4 is
negative, that 19, still smaller Consequently any positive value of
1w/, no matter how small, precipitates thirst

A more general form of steady state equation 1n which 1w 1= extra-
renal water loss (including sweat) and which includes the rate of
extrarenal salt loss, E, 1s

wU+EB—l
utw~—1 (103)
From (103) we denive
w_ U—4
W A-Ep 00

In man, nonfecal, extrarenal salt loss 13 ordinarily ea 0007 mEq /min
Insensible water loss 15 e’ 00007 1/mm, so that B/w is ea 0007/
00007=10 mEq /1 1n those condi of ambient where
w 1nereases, u tends to deerease or remam at mimmal values This
favors more prompt attamment of the thirst threshold and mere
prompt replacement of body water, with mimmal loss of body volume
to the time of drinking  With acelimatization to the hot desert n
which extrarenal salt loss, E, decreases["ﬂ] the factor E/t 13 decreased
This agam d the physiol Al of body water in
conducing to an earlier thirst than would be the case 1f E did not
decrease  The factor w, itself, may be some inverse function of blood
osmotie pressure{430}, adding further to the complevity of dipsogeme—
antidipsic relationships,
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urine flow. The dipsogenic element ordinamly is the more potent.
Were it not, voluntary drinkmg in this situation would presumably
not ensue.

We can derive mportant dipsog; antidipsie relationships as fol-
lows From a steady state equation, including eorrection for insensble
water loss{1172)

ull =
wow o 9
utw—~7 4 o9
where A represents directly or equisalently the normal isotonic osmo-
lality of plasma As an approxunation, A=300 mOsm /1 or 150 mEq
sodium per Iiter U 1s expressed in comparable units of concentration
Where @ and f are zero, we may solve for
w U-4 U (o0

A 4 1
Equation (100) expresses the relation of msensible water loss and
obligatory urme flow to the maximum, effective osmotic, urmary
concentration, if normal concentration of body flmds is to be fived m
the situation described above Actually, under these conditions, .1 13
ot maintamed constant It steadily mereases until the thirst threshold
is reached (§6.4) whereupon drinking reverses the trend toward
concentration of body fluds  We ean infer, therefore, that 1f drinking
is to be preciprtated, a necessary physiologieal inequahty exists such that

w U—-A (101}
227
u 4
For example, n man, 1f U and A under these conditions were 600
and 300 mOsm /I, respecttvely,

V-4 _600-300_, (102)
A 300

By equation (101), therefore, to>1  Actual values of w and ¥ might
here be 07 and 035 ec /mm, respectively, so that 07/035=2 “{hm
w is extrarenal loss 1n a hot environment, w/u is capable of attaimug
in man[20] a ratio in excess of 300 In the frog which produces &
hypotonic urine such that U<d, we find by equation (101) that
(U—4)/A 1s negatrve Tlus refects the fact that the frog, which
never drinks, gawns rather than loses water through its skin It
interesting to speculate on the necessary adaptations and ad;usil{lwf‘
which obtain in drverse species of differing surface areas, body weights
and temperatures, extrarenal salt losses, ete, as these conform to the
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equation (105) that the water intake would have to be raised to
enormous damly volumes to bring the effective intake concentration
approciably below the MIC Iuge fluid intakes are practically impos-
sible to obtain and are actually undesirable Hence the sharp restrie-
ton of salt, bemng relatively simple to effect, may be accompamed
by moderate 1ntakes of water, these acting to bring about an absolute
dehydration at the expense of edema flud

Some mention should be made of the so-called low salt syndrome
which may oceur as a result of intensive efforts to induce & megative
salt balance As McCance[740] has shown, too great a forced redue-
tion of body salt leads to a compromise between the maimtenance of
total osmotic pressure of body fimds and the mamtenance of plasma
and volumes i nigorous measures will cause
a fall in concentration of sodium and chloride m plasma, that is, a
breakdown in renal regulation of these 1oms The signs and symptoms
of salt depletion described m §68 probably have therr origin pri-
manly in a defieit of osmotie pressure n body flmds Deficits of
‘earbonate and sodium may give rise to osmotie pressure deficiency
wherem the ecuretic response to mercurial druresis is lost Blumgart
et al.[139] deseribe 2 patient with these deficits who farled to respond
to mereurial dinresis Restoration of acid-base balance by means of

sodum bicarb led to dresis B
tion of water[916], cortical insuffierency (§1014), dxurenc salt lyuresls
(sce §82) as induced by 1 470) or ies[946,

1018], restriction of salt absorption by ionic exchange resms[228],
and a low salt dietary are all factors favonng an osmotie defielt
The injurious consequences which can flow from these diverse condi-
tions are relieved to some or great degree by salt admimistration, point-
ing wp a common dencminator, hyposalera larmson and Dar-
row[492] have mdicated that 1t is chiefly the loss of salt 1n adrenalecto-
mized dogs which 1s responsible for the reduced renal function which
may exist in these animals

714  Further Views on Volume Edema Other mterpretations of
the growth and decay of volume edems, particularly that of con-
gestive farlure, have mot been wanting Three concepts having some
clements in common may be mentioned

First, there are interpretations in terms of clearance analyss  Mer-
rill[773] correlated a lowerng of both cardiae output and effective
rensl blood flow in congestive failare. He remarded *‘forward fail-
ure’ os a primary cause of edema, rather than *backward {ailure,””
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713. Volume Edema: the Application of Isorrkeic Theory, The
researches of Schroeder and Futcher([392, 945] and Schemm([932, 933)
have established the effectiveness of a sharp reduction in the daly
salt intake in bringing about the reduction of cardiac and certan
other partial vohune edemas (§25). Schemm, partienlarly, has exam-
ined the role of water intake in the presence of edema and finds that,
providing the salt 1s below a certain level of futake (less than 2 grams
per day), mereased intake of water is not conducive to the formatwn
of edema fluid and, indeed, higher water intakes may be more effective
in brimnging about the reduction of edema than lower ones

Gorham et al [446] have analyzed this physiologteal response (abso-
lute dehydration) to low salt and high water mtake in terms of isorrheic
theory. They noted that although the kidneys in cardiac edems do
not appear to possess the same concentrating powers for sodium and
chloride as they do in normals, they operate with an approximately
normal MIC of 15 to 20 mEq /1. If then, the ratio of dietary salt
increment to dietary water mcrement offered to the kidneys daily is
less than the MIC, there should result in steady state an absolutely
dehydratmg action to some extent proportional to the rate of water
intake (§65, 710) The ratio of salt to water offered to the kidueys
was called the “‘effective intake concentration®” (1,). This value would
characterize the salt and water mtakes if they were as a saline solution,
and it is approximated by

1= salt lntake—exttfirenal salt Toss (105)
water intake ¥
With a salt intake of 4 grams (68 mEq ) and a water intake (drunk)
of 3 liters daly,

1= 1g mEq 1 (105)

Thus, a salt intake of 4 grams a day at this rate of water intake will
not ordinarily be conducive to the removal of edema since it is equivnlexii
o setting up a steady state at the MIC which will nof permit ecuresis
or absolute dehydration. When the dietary salt intake is kept quite
low (ca. 1 gram per day) the effective intake concentration ean be
kept decidedly below the MIC and may actually bave negative values
when the extrarenal salt loss through skin and feces exceeds the intake
This apalysis shows how the relative importence of restricting salt
and increasing water may be evaluated If salt is not restricted but
is allowed from 4 to 10 grams per day, it is readily caleulsted from

* The quantity of preformed and ox:dative water of food 13 approximately offset
by the extrarenal water loss and were omutted for simphaity (Table I)-
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emonstrated followmg shghtly elevated water intakes, or following
ntakes of sodium chloride solution[461], and no small inerease in
lar filtration d water intake would offset the
arpe defieit in filtration that may actually exist. Were it otherwise,
he simple mechanical increase 1n filtration would still be insufficient to
ccount for the nice stmultaneous adjustments of body content of sodium
nd of plasma concentration, without the gratmitous postulation of
ubular reabsorptive mechanisms for water different from any presently
oncerved Even in severe cardiac edema where glomerular filtration
nay be low, the leakage concentration (§65, 710) of sodium in the
irine remams much the same 88 m normal subjects under comparable
odium-water mtakes And plasma concentration of electrolytes may
e essentially normal, preclud the of il Tm
machinery The 1nereased exeretion of sodim with imereased urine
volume due to elevated water 1mtake follows the rule of the steady state
rquation (§78) so long as sodium concentration 1 the blood is main-
tained A there 15 10 {] 1 basis for this observation
but present nephrodynamie schemes for explammng cause of onset or
removal of edema fluid are as emparical and madequate as are all others
They fal, unless fantastically embroidered, to account for the regula-
tion of plasma concentration durmg all possible changes m body content
of water and sodium
Briggs et al [170] confirm the finding of a low filtration rate n
cardiac edema but add the obsersvation that patients ean regamn chnieal
compensation without m any si degree
rate  The ability to excrete sodium was discovered to mcrease with
compensation, and elimmation of edema occurred not because of
restored filtration rate but becanse of absolute diminution in tubular
reabsorption of water These workers hypothesize that the edematig-
enous renal response results from cellular hyporia 1 the presence of a
lowered osygen content of mxed venous blood. The effect of this
renal response 1s thought to preserve blood volume and errculation and,
chronically, to lead to edema Earler, Barach and Richards[61]
showed 1n cardiae edema a dwretie effect of an atmosphere high
oxygen, edema disappeared durmg, and returned following, hizh oxygen
therapy If Linzbach{665] 1s correct in regarding as important the
oxygen supplied to the tubules by the glomerular filtrate (§8 26), the
cellular hypoxia hypotheus gains further support. But 1f the oxygen
tension of kidney tissue is Jow mn eardiae disease (§826), the experi-
mental induction of anoxic anoxia in normal individuals favors diuresis
and 1nereased exeretion of <odiim and chloride[48, 101, 202], a fact
which appears to complieate the cellular hypoxia hypothesis The
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since prevailingly low venous pressures suggested that the low remal
blood flow was not due to congestion in the kidney.* Mokotoff, Ross,
and Lerter[779] found that effective renal blood flow may be rednced
to one-third and glomerular filtration to two-thirds of normal, m
heart farlure They ascertained experimentally that the same percent-
age of sodium was reabsorbed per unit volume of glomerular filtrate
in cardiaes as in normals. However, this conclusion might bave
been reached on & priori grounds since plasma sodwm concentration
is not especially abnormal in cardiac patients That the tubules reab.
sorb sodiwtm and water in the same proportions as they exist in the
elomerular filtrate 1s not an explanation but merely a deseriptive state-
ment of a condition which could not be otherwise. By the tubular
maxmum hypothests (§8 1) of Wesson, Anslow, and Smith[1123, 1124]
it could be said that m the face of reduced glomerular filtration, the
Tm of sodium m the distal tubule permits the reabsorption of a larger
percentage of filtered sodrum than normal, with resulting diminution
m absolute sodium excretion, in order to account for the posiire
balance of this won during edema formation

Clearance-based bypotheses lose force when they imply that 2 single
ion, namely, sodium, lies at the root of the edema problem. Retention
of sodum ju combmation with sulfate does not favor edema formation
[1177] Manifestly, water and certain other jons have a place in the
edema preture and are of importance How shall we explain the effee-
tiveness of increased water intake in removing edema[446, 932, 933}
by clearance theory? In order to remove edema, no less than w0
negative balances must be established, that of water and that of sodmm t
If elevated water intake ncreased glomerular filtration and there weré
no tubular reabsorptive changes, then some augmented loss of water
and sodium would occur, according to current renal theory However,
no sigmificant changes m mulin elearance have been or are likely to be

* Much earher Starhngl1033] stated that the causation of cardue edems 1oy &1
both heart-pump farlure with fall in arterial pressnre, and a Tise in Venous pressirt,
together with a fall tm capdlary pressure penpborally us m the kidzeys and antestin®
Consequent mereased flmd absorpt:on by these cap:llaries was taken to favor positie
water and galt balances which culmmate m edema (§118).

+ This 15 not to mply that sodium 13 more ¢‘amportant’’ than chloride or Dia?
bonate, for example The argument that sodwm 13 more important 12 relation to
water balance than ehloride, bascd on the latter’s Teplaceability by biearbonate (*“:

when either sodi "
inconelusive. Tt
hehave smularly -

Sodwm and sulfate act quite differently with respect to water, and sodwm
combination never favors edema formation (573, 7.18).
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demonstrated following shightly elevated water imntakes, or following
intakes of sodium chlorade solutron{461], and no small imnerease in
glomerular filtration following inereased water mtake would offset the
large defiit 1n filtration that mey actually exist. Were 1t otherwise,
the simple mechanical merease in filtration would still be wsufficient to
account for the mce simultaneous adyustments of body content of sodium
and of plasma concentration, without the gratuitous postulation of
tubular reabsorptive mechanisms for water different from any presently
conceived Even m severe cardiac edema where glomerular filiration
may be low, the leakage concentratton {§65, 710) of sodimm n the
urine remains much the same as 1n normal subjects under comparable
sodium-water mtakes And plasma concentration of electrolytes may
be essentially normal, precluding the operation of inflexible Tr;],
machmery The ereased excretion of sodium with 1
volume due to elevated water LT LE LN :
equation (§7 8) so long as soc* * -« ¢ o P
tammed  Admuttedly there 1s * . v
but present nephrodynamic schemes for explaung cause of onset op
removal of edema flmid are as emirical and 1nadequate as are all others
They fal, unless fantastically embrordered, to aceount for the reguls.
tion of plasma concentration durmg all possible changes in body content
of water and sodum

Brigs et al {170] confirm the finding of 2 low filtration rate m
cardiac edema but add the observation that patients can regain elimea]
compensation without 1n any significant degree nereasing filtration
rate  The ability to excrete sodium was discovered to inmerease with
compensation, and elmnation of edema occurred not beeause of
restored filtration rate but beeause of absolute diminution tubulye
reabsorption of water These workers hypothesize that the e(lemaug.
enous renal response results from cellular hypozia in the presence of a
lowered oxygen content of mized venous blood The effect of thig
renal response 15 thought to preserse blood volume and circulation and,
chromeally, to lead to edema Earlier, Barach and l'hchm-d:;[el]l
showed 1n cardiac edema a diuretic effect of an atmosphere high iy
oxygen, edema disappeared durmg, and returned following, high oxygen
therapy  If Linzbach[G65] 1s correct in regarding as important the
oxygen supphed to the tubules by the glomerular filtrate (§8.26), the
cellular hypoxia hypothesss gams further support But if the oxygen’
tension of kidney tissue 35 low m cardige disease (§826), the exper;.
mental induetion of anosic anoxa in normal individnals favors dauresty
and nereased exceretion of sodium and chloride[48, 101, 202], a fay
which appears to complicate the cellular hypexia hypothenis The

nereased wrine
L

Yoot
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effects of histotoxic anoxia as by cyanide have not yet been related to
the edema problem,

Borst[153, 154] cogently states his convietion that an essential factor
in the genesis of edema is a regulation of urinary exeretion of water and
sodium chloride by the kidney which effects the maintenance of as
adequate cardiac output. Water and salt are retained, in this view,
when the amount of circul blood is insufficient to maintam a
normal cardiae output Such retention is not considered ‘“distarbed”
renal funetion but rather an accommodation of function mn the regula-
t1on of body volume, venous pressure, and cardiac output. Sslt reten-
tion 1s regarded as one of the first, most constant, sensttive, and essentisl
manifestations of forward farlure (decreased cardiac output from any
cause). In sapport of this view it is shown that, following hemorrhage,
there 15 & cessation of chloride excretion and an inerease of potassium
excretion, which favor the maintenance or raising of blood volume
Rapid transfusion of blood so as to increase blood volume results In
increased chloride and water excretion the effect of which tendg o
minimize the possible merease in blood volume. Borst opposes Merrill's
hypothesis because of the improbability that hypoproteinemic edems
would have the same cause as cardiac edema; if cardiac output is ot
altered 1n the same way in cardiac as in renal edema, forward faluze
cannot be the sole dathetic condition m both, Borst js one of few 10
acknowledge the renal regulation of blood volume through water and
salt excretion on a priort grounds, not fearing the consequences of
having no immediate “‘explanation.”” .

The lack of diuretic response to water loads in salt deficient gnimals
{59, 1143], the oliguresis followmg the indnetion of a hypotonic}sf’“‘m
by means of 1sotonic glueose given intraperitopeally[281]; the mininuz-
ing of distortion by the kidney (§24), and the case made out elsewhe\‘;
in this book for the regulation of body volume by the kidney aré 3
consonant with Bdrst’s view.

Renar, CowerUENCE PrINcrpes oF JoN EXCRETION

7.15. The renal regulation of solutes and water ag a prime nrinsty
funetion of the kidney can be treated in terms of retention and excit-
tion, both absolute and relative. At present, detailed exposition of the
manner in which the renal units handle these substances is not_c.ondﬂ”“e
to the elucidation of the physiological ‘‘laws’’ of excretion thcl;!‘@';m
the interrelations among different substances. Not ail of the 'fnn ol
mental”’ facts which gladden the biochemist excite the phyS_mlﬁ‘a"S‘
(and the vistas of the phystologist do not always favorably impress

the biochemist). Even in the realm of solute excretion, possibly the
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relative excretion rates of a number of jons are shown for their
administration with different associated jons. These provide hitle
evidence 1 favor of complete ion dominance,

716  Thresholds of Tons of Like Sign. While there may be no neces-
sary relation between concentrations of molecnlar and iome specis in
the serum, for le, between ia and hypochloremia[599], 1t
is well known that definite relations exist between certain jons of
like sign  Bodansky and DModell[142] showed in dogs how the urinary
excretion of bromide or chloride ions in more than negligtble amounts
depends upon the ion of the total plasma halide, no appre
ciable exeretion oceurring below hahide levels of 108 mEq/ (the
threshold of retention for chloride in the dog) except when mersalfl
(salyrgan) or theophylline 15 administered A formula for indicatg
the extent of differential excretion of bromide and chloride was given 5

- Un/Un 107
K= Anu/ A u
where K 15 a ‘‘constant’” and H refers to total halide concentration
By transposition

Uspe/dne (108}
Un/An

Multiplying through by u, we can approximate

_uUs/4p_Co )
wUn/dr Cr
The ratio of concentration ratiog or clearances, A, ranged frnm' about
07 to 10 dunng the periods of duresis following large injections of
sodium chloride, sodium bromrde, or subeutaneous injections of mersa]i]
or theophylline. In subsequent periods, X fell to a value of about 0
Bromide apparently mimies chloride, passing as the latter so fara:
the kidney is concerned to a considerable though variable degree Botl
10ns share a common threshold of retention for total halide and may
be said to possess a certain renal congruence In spite of high conif'lil-
srations of bromide in the plasma, httle is exereted if the total hati ;
is below its threshold of retention, and the thresholds of bromtde ﬁhnr
of ehloride are interrelated. Each fon lowers the threshold of the othe
ises its own, as it is loaded on the body 5
amslu;?;cz and Ehll;ride thresholds are also interrelated Ac.corﬂtmgl:;
Amberson[42] it is not possible to reduce the p'lasma.chlo?de b :hm
than 75 per cent of normal in cats by sulfate-Ringer infusion
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hloride 15 replaced by sulfate) s{nce the urine becomes essentially free
»f chloride (yet plasma chloride can be reduced to 6 per cent of normal
by is with life ined for short perods). It has
not been definitely established that the chlormde threshold in this
situation is lowered smee the concentration ratio of chloride during
sulfate diuresis 15 less than ome It would appear that the plasma
chloride concentration during sulfate diuresis 1s below its threshold,
but the sctual chloride threshold is mot exactly known(449, 944].
Schwartz, Smith, and Winkler{950] have noted that there may be an
inubition of chloride exeretion at Jeast temporarily when loads of
chloride and sulfate are bemng excreted smultancously This was taken
to mean that sulfate mereased the chloride threshold during this initial
per1od, & conclusion arrived at also by Conway and Kanef{239]. Con-
versely, chloride is said to lower the threshold for sulfate. Lotspeich
[688) who has determined the threshold of sulfate i the dog to bLe
between 2 and 4 mEq /1 (thresholds of appearance and retention are
here of the same order of magmitude) finds that hypertome sodinm
chloride infusions lead to a decrease 1n the tubular capacity to reabsorb
sulfate This would appear to confirm the lowermg of the sulfate
threshold by chloride under these conditions

Nitrate can replace plasma chlonde Iiatt{541] finds that intra.
‘enous sodium mitrate, coupled with a low chloride diet, can cause
continued loss of chloride even when the plasma chloride has been
reduced far below 1ts usual threshold of excretion Dogs were caused
in this way to lose up to 70 per cent of their total body chloride,
Nitrate was promptly excreted except at low chloride comcentrations
when it was excreted more slowly There was an increase in serum
‘iearbonate and pH but a decrease 1n osmotie strength, Unlike animals
on a salt-poor diet alone, these animals do not have salt hunger

Relations between plasma bicarbonate and chlorade are known{396].
Since the total eation of the plasma remams relatively constant under
many conditions 1n which the pattern of the anons may change, it is
to be expected that a lowering of plasma bicarbonate or chloride is hikely
to be accompamed by a corresponding rise m chloride or bicarbonate.
Pitts and Lotspeich[865] consider that the renal thresholds of appear-
ance of these two 10ms are interrelated m some manuer, the effect of
which 13 to mamtain the sum of their plasma concentrations within
nearly normal limits, They submit data showing that & load of chloride
tends to incrense the excretion of bicarbonate and vice versa  However,
some of my experiments{1173} carried out for lonmger time periods
suggest that there raay actually be a diminished exeretion of chloride
when bicarbonate is loaded on the body The fact that plasma chloride
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relative exeretion Tates of a number of ions are shown fov their
administration with different associated ioms. These provide little
evidence in favor of complete jon dominance,

T8, Thresholds of Tons of Like Sign. While there may be no nees-
sary relation between concentrations of molecnlar and fonie species in
the serum, for example, between szotemia and hypochlovemia(533, it
33 well known that definite relations exist between certain jons of
like sign.  Bodapsky and Modelif142] showed in dogs how the urinsry
excretion of bromide or chloride jons in more than negligible amouts
depends upon the concentration of the total plasma halide, no appre-
ciable excrenion occurring below halide levels of 108 mPFq/L (the
threshold of retention for chioride in the dog) except when mersalfl
(salyrgan) or theophyline is administered. A formuia for indieating
the extent of differential exeretion of bromide and chloride was given 88

U/l o7

R 7 o

where E is a “constant’’ and 77 refers to total halide contentration.
By transposition

e Do/ Anr 108)
= Guida !
Multiplying through by u, we ean approximate
.=1LUB,I‘Am=CE (108)
wUnfdn Cu

The ratio of concentration ratios or clearances, K, ranged from sbodt
07 to 1.0 dumng the periods of druresis following large injestions of
sodium chioride, sodtum bromide, or subeutaneons injections of mersalst
or theophylline In subsequent periods, K fell to o vatue of ahout 04
Bromide apparently mimies chloride, passing as the latter 50 far 29
the kidney ts concerned to a considerable though variable degree. Rotk
jons share a common threshold of retention for total balide and We¥
he said to prssess & certain renal congruence In spite of high eonted-
tyations of bromude mn the plasma, little 1s excreted if the Mﬂ! hatide
is below its threshold of retention, and the thresholds of bromide s5d
of chloride are interrelated Bach 1on lowers the threshold of the otber
and raises its own, #s it is loaded on the body .
Sulfate and chloride thresholds ate also intetrelated According 10
Armberson[42] it is not possible to reduce the plasma chlo{idc to Jess
thian 75 per cent of normal in cats by sulfate-Ringer jnfosion (where
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ehloride 1s replaced by sulfate) si’nce the urine becomes essentially free
of chloride (yet plasma chloride can be reduced to 6 per cent of normal
by with life ined for short perods) It has
not been defimtely established that the chloride threshold in this
situation 1s lowered sinee the concentration ratio of chloride during
sulfate duresis is less than one. It would appear that the plasma
chloride concentration during sulfate diuresis is below its threshold,
but the actual chloride threshold is not exactly known[449, 944].
Schwartz, Smuth, and Winkler[950] have noted that there may be an
inhibition of chloride exeretion at least temporarily when loads of
chloride and sulfate are being exereted simuliancously. This was taken
to mean that sulfate mereased the chloride threshold during this initial
period, a conclusion arrived at also by Conway and Kane[239]. Con-
versely, chloride 1s said to lower the threshold for sulfate Lotspeich
{688] who has determuned the threshold of sulfate in the dog to lie
between 2 and 4 mEq /1 (thresholds of appearance and retention are
here of the same order of magmtude) finds that hypertonic sodium
chloride infusions lead to a decrease 1n the tubular capaaity to reabsorb
sulfate This would appear to confirm the lowering of the sulfate
threshold by chloride under these conditions

Nitrate can replace plasma chlorde. INatt[541] finds that intra-
venous sodiim mitrate, coupled with a low chloride diet, can cause
continued loss of chloride even when the plasma chlorrde has been
reduced far below 1ts usual threshold of excretion Dogs were eaused
in this way to lose up to 70 per cent of their total body chloride.
Nitrate was promptly exereted except at low chloride concentrations
when it was esereted more slowly There was an increase in serum
tncarbonate and pH but & decrease in osmotie strength  Unlike ammals
on a salt-poor diet alone, these ammals do not have salt hunger.

Relations between plasma bicarbonate and chlortde are known|[396]
Since the total catron of the plasma remamns relattvely constant under
many conditions 1 which the pattern of the amons may change, it 13
to be expected that a lowering of plasma bicarbonate or chloride 13 likely
to be accompanied by a corresponding rise i chloride or bicerbonate.
Titts and Lotspeich[865] consider that the renal thresholds of appear-
ance of these two 1oms are nterrelated in some manner, the effect of
which s to mamtan the sum of their plasma eoncentrations within
nearly normal limits  They submit data shawing that s load of ehlortde
tends to inerease the excretion of bicarbonate and vice versa However,
some of my experiments[1173] earried out for longer time periods
suggest that there may actually be a dimmished exeretion of chloride
when bicarbonate 15 loaded on the body The fact that plasma chloride
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relative excretion rates of a number of jous are shown for ther
administration with different associated fons These provide hile
evidence in favor of complete ion dominance,

716, Thresholds of Tons of Like Sign. While there may be no neces-
sary relation between concentrations of molecular and jonie species m
the serum, for ple, between ia and hypochloremia[589], #
1s well known that definite relations exist between certam ions of
like sign  Bodansky and Modell[142] showed in dogs how the urinary
excretion of bromide or chloride ions in more than neghgible amounts
depends upon the concentration of the total plasma halide, no appre-
ciable eseretion occurring below halide levels of 108 mEq/l (the
threshold of retention for chloride mn the dog) except when mersalyl
(salyrgan) or theophylline is administered A formula for wdiatng
the extent of differential excretion of bromide and chloride was given 25

_Ue/Un 107)
B ol o
where K is a “‘constant”’ and I refers to total halide concentratior.
By transposition

Us:/Apy (108)
Un/An

Multiplying through by u, we can approXimate

K=

uUs/Ap: _Coe (109)
wUnfAr  Cn
The ratio of concentration ratios or clearances, K, ranged from ghout
0.7 to 10 during the periods of diuresis following large injections of
sodrum chloride, sodium bromrde, or subeutaneous injections of mersalsl
or theophylline In subsequent periods, K fell to a value of about 04
Bromide apparently mimes chloride, passing as the latter 50 far 88
the kidney is concerned to a considerable though variable degree Both
10ns share a common threshold of retention for total halide and maf
be said to possess a certain renal congruence. In spite of high cont®t
trations of bromide in the plasmia, Diitfe 1s excreted if the total abie
is below its threshold of retention, and the thresholds of bromide 3nd
of chloride are interrelated Each ion lowers the threshold of the other
and raes its own, as it is loaded on the body |
Sulfate and chloride thresholds are also interrelated According to
Amberson{d2] it 18 not possible to reduce the plasma chlox:x'de to Jess
than 75 per cent of normal in eats by sulfate-Ringer infusion (where
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The difference m diretic behavior between isotome sodium sulfate
and isotonic sodram chloride solutons[703, 1177] 15 of nterest in this
connectron The former solution behaves essentially the same as an
equal volume of water alone, when given intravenously, in its effect on
urine flow. Indeed, all solutions below the LIC of sodinm and sulfate
(420 to 480 mEq /1) act similarly, dwuretically It 1s of descriptrve and
possibly fundamental importance to observe that whereas in the case
of sodium chloride solutions we deal with a solute having a high thresh.
old of retention, we deal 1n the case of sodium sulfate solutions with
a solute having an exstremely low threshold The complex and physi-

logically necessary of between water and
sodmm chloride has been exhaustively examimed previously in this
chapter and quantitative relations have been stated mn steady state
equations In these terms one can descmbe and predict the diuretic
activities of sodium chloride selutions of any concentration, the 1sotomice
sodium chlortde merely bemng one of an infimte number of salnes of
differing diuretie potency  With sodmm sulfate, by virtue of its having
no appreciable threshold, there 1s no mecessary interdependence of the
excretions of water and solute so long as urinary concentrations remain
below the LIC (Fiz 19) Thus, we could well expeet that isotonic
sodium sulfate would act little differently than an equal volume of
water alone, mn regard to dwuremis (although water diuresis 1s less
lyuretic) Just as no-threshold phenol red {245, 918] or low threshold
ealetum exeretion[1176] 1s independent of water excretion, so 1s that of
low threshold sodmm sulfate[1177] It may be noted that isotomie
solutions of different solntes have no eritical sigmficance for renal
exeretion derived from the 1sotonie property, of itself

719 The Principle of Replacement, and Others As noted m §7 16
a surfert of 1ons of one species and sign may lower the threshold for
1ons of another species but of hke sign Perhaps because of some
physioclogical congruence between 1oms, the kidney handles them m a
manner thet favors the replacement of one 1on 1n the plasma by another
However, the lowering of the threshold of one ion by the surfeit of
another need not depend prmmarily on renal actinity We mught by
iransfuston or plasmapheresis replace a fraction of the body chloride
by bromude and establish the chloride at once at & new, lower threshold
Agam, the threshold of no 1on having one 18 charactersstic and inde-
pendent, a threshold depends on the replaceability of the lon in ques-
tion and on the body eontent of other lons, solutes, hormones, ete A
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‘When

S(CAT)r7=0 (113)

and
3(AN)rr=0 (114
S(CAT)7=3(AN)y (115)

i Tons of a given sign in surfeit (or otherwise), require m therr esere-
tion an electrically equivalent number of jons of opposite sign whick
may behave as if they also were m surfeit. Thus, sodium and sulfate

TABLE XIX

Anion and eation balance of normal bumsn plasma. The average Water content
of yormal human plasma 1s about 935 g. per hter. The value, B, m the table 1
taken as the dafference between the total determined base and the total determiaed
aad (Cl+ HCO, + Protemn + PO, 4 80.). It includes anions contributed by weak
orgame aeids[798]

Cation  mEq/L Amon mEq /L
Na 1380 cl 1050
K 45 Heo, 250
Ca 5.2 Protemn 160
g 20 PO, 22

80, 05

b4 1.0

Total 1497 Total 1497
hase acid

following hypertonic sodmum sulfate solutions are excreted essentially
at the same rate[156, 950, 1177] although with respect to thresbolds
sulfate 15 1 much the greater relative excess It is a corollary of this
principle that 10ns present in the body which we are inclined to r{'.!ﬂrd
characteristically as threshold, actually consist of two or three fractions
namely, lugh threshold, low threshold, and no-threshold Since sulfate
15 a low threshold substance, the addition of a load of sodim su.lfaw
to the body provides a load of “low threshold” sodium This ¥
distiguished from the ‘‘high threshold”’ sodium constituting the bulk
of the body sodium by the fact that the urinary exeretion of the
former 1s & function of the plasma sulfate and not the plasma sod}um
{156, 950, 1177]  Similarly, the low threshold potassium of potassiuf
chloride determunes a low threshold fraction of high threshold chlonde

[1154, 1173].
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normal threshold is ‘‘normal’” when appropriate, eritical enviromng
conditions are ‘‘normal.”

Electronentrality, jon-surfeit equivalence, and replacement are three
prineiples known to govern the urinary function of the kidney. But
there is not sufficient data available yet which can be analyzed by these

inei to lish q itatively their application. It is not nohikely
that other principles remain to be formulated, Without them, knowledge
of the excretory characteristics of urinary constituents will not be
satisfying to the urinary physiologist. If a load of sulfate emjoys
preferential excretion over a load of chloride[950] it may thereby
displace chloride from the urine. We can guess at this consequence
from particular information concerning the behavior of sulfate and
chloride in other respects, and from the principle of electroneutrality
Yet we have no clear gmde to suggest that a load of sulfate will be
preferentially exereted One of the important missing links is that
which should conpeet the urinary excretion of solutes with the urizary
excretion of water, particularly under physiological conditions Until
this is found or forged, solute excretion and water excretion will to0
often remain 1y ized and unintegrated Points of tar-
gency between the two categories seem to lie in the MUC and the Ifw,
obscure though their mechanisms may be, and in steady state equations
which relate the excretory characteristics of water and solute But
the physiologist still cannot prediet well the urinary patterns of excre-
tion when Ioads mn any eombination of solutes and water are sustamed.

720. Calcum Ezcreton It is of interest to review some of the

peculiarities of caleium exeretion through the kidney, a matter wh.xch
has recerved little systematie study. Ordinarily there is little relntfoﬂ
between the renal excretion of calem and water. The eoncentration
ratio for caleium 1s usually greater than 1{100] but with d.\nr€;515
this may drop to estremely low values (Table II). Calcium excrem:
does not follow closely variations in urinary flow[143, 420 althoug’
some correlation has been observed [440, 1176]. Alone, these facts mar
ealeium as different from substances of the inulin type (whose coneert-
tration ratio never falls below 1), from those of the acetoze t)}:;
(whose concentration ratio is always essentially 1), and .irl'nm 0;1”
urea type and sodium type whose excretory patterns are so m!xmx y a’;
tied to those of water. We may go further. Intravenous c‘alcmm
no specific diuretic influence[1176] and is thus distmgu.lshed !;xo;:
urea, glucose, sulfate, and other lyuretre diuretics It is not,
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potassium or pkenol red, rapidly exereted per unit losd (that is, its
velocity constant of exeretion is small). In short, its excretory patiern
does not resemble that of water or any other substance whose body con.
tent is extensively regulated by renal aetinty. In its low rate of exere-
tion per unit load and in its Io\\- threshold oi excrctxon, it is hike hemo-
globin; in its i d renal d acid inges-
tion 2nd elmination, 1t 1s like ammoniaf217, 3:;4 437, 4381; and m its
inereased elimmation foll ion of bypertonic i
[1177] 1t is Like potassium® None of these characterizations appear
now to contnibute basically to our understanding of the renal exeretion
of caleium. Nerther 18 there any &ssurance that consideration for
ezlaum-protein  (§72) and caleram-phosphorous complexes[637] in
the blood wall indicate that eslerum is actually renally congruent to
other substances

The crowning complexity probably lies in the action of hormones on
calerum excretion Admmmstration of parathyroid hormone leads to
inereased urinary exeretion of ealoum and phosphorns, these ultimately
derived from the bones[462} Ic has been thought that the hormone

primarily & the b {26, 27, 185), leading to
mcreased urmary excretion of phosphate[1075) and a fall in plasma
ph 10n{493] A mecessary inverse relation
between serum calerurm and phosph ion, based on solubili

products, has been taken by Albrght and EHsworth{27] to aceount
for the consequent ncrease 1m plasma caleium evncentration and the
subsequent 1ncrease 1n urinary exeretion of calerum  But no necessary
inverse relation between calesum and phosphate eoncentrations exists
{975] 1f we judge from the observatwns that after parathormone,
serum caleium as well as phosphate may fall[8342], that witamin D
administration produces elevation of both serum caleium and phos.
phate[493], and that after intravenous calcnm, the threshold of
phosphate 15 apparently raised (its urinary excretion is diminished
while 1ts serum concentration may be increased) while serum calejinm
18 elevated

Clearance analysis has not provided any ¢ elear nnswer as to wheﬂ;ﬁ-

the excretion of calewum

* Curously, the urinary exeretion of caltium may 19T WMoic Teadily
admmstration of substances hke aead[353], magnestum[768], and hyport,
sulfate[1177] than following its own administration[1176]

fllwing
9%fe sodium
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FACTORS AFFECTING TRE REAcTion oF THE URINg

721, Thresholds of Hydrogen Ion and Bicarbonate. Tn normal me
the urine becomes more alkaline than the blood when plasma hicer
bonate exceeds its threshold of retention[836]; and the eritical Iev
at whieh urine pH is equal to plasma pH, when expressed in eoncentrs
tion of hydrogen jons, is a threshold of retention for hydrogen ion {c2
4X10*® mEq./L at pH 7.4). It may be observed in the dog that whe
urinary pH is below plasma pH, the copcentration of urmary biear
bonate tends to be lower than that of plasma bicarbonate and when
urinary pH is above plasma pH, the reverse 1s the case These ar
expected correlations between thresholds Urinary function calls for
eompensatory elimination of both hydrogen and bicarbonate jons, taking
away from the body a solution of either, more dilute than the plasms
in order to concenirate 1t, or more concentrated than the plasma in
order to dilute 1t (§7.2)

In ordinary aciduria the brearbonate copcentration of the plasms 5
below 1ts threshold Metabolteally, the normal food intake is effectively
the equivalent of a steady mtake of actd whieh keeps the concentration
of plasma bicarbonate lower than it would tend to be on a neutral or
alkaline intake. The titratable acidity of the urine in steady statt
therefore closely measures the potential acid intake.

792 Dwresis  Water dresss (Fig 31) or dwresis follownZ
administration of different neutral salts such as sodim sulfate, sodnm
chloride, or sodmum nitrate tends to induce alkalinization of acid urné
(213, 267, 919, 1173, 1177] Diuretics such as cafferne, urea, and
diuretin have been reported to lead to alkalinuria[580] Eggleton[30]
states that imjeetion of hypertonic sucrose or sodmm sulfate in man
results m inereased acidity of the urine with a decrease in buffer au}p'ut.
while the diuresis of strong urea solution gives a decrease in aflﬂl(y
with inerease in buffer output. An inverse relation between uritary
acidity (hydrogen on concentration) and buffer output was suspected
At bigh urine flows the wmverse relation may be masked by a ‘‘fushig
out’? effect on buffers, which may signify that the hody can get rid of
more acid 10ns without lowermmg the urine pH if more buffer 13 excr?t.ed
Tt has been reported by Barclay et al.[70] that the pH of urine during
water diuresis tends toward 6 9 irrespective of its 1ipial pH Jevel, but
clartfication is needed at least of the effeet of the concurrent S
systemic acid-base balance on this apparent pH asymptote in dauresis.

tate of
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7.23. temic Acid~Bose Balance. alkalosis iz brought
on by & intake of lini such a5 sodinm or
potassium biearbonate; systemie acidosis, by sufficient intake of acids or

TIME (-ouss)

Fig 31 Average Covrse of Unmary #H 1n Man dunng & penod of 7 hours
of continuovs admimistration of water and of sclutions of the substances 1ndi-
el Fiod 1ntae, 7 ¢o fmn., four bicasbonate solutions berween 21 and
136 mEn /1 ; three ammonium ebloride solations between 43 and 187 mEq /1 ;
four potassum chlonds solutions between 41 and 168 g /L, five sodim
chloride solutions between 36 and 838 mEq /L, After Wolt (1173}

acid-formung salts Loss of acid or alkali with body fluids elso causes
these reactions  Ordinarily the reaction of the nmbe eon be inferred
from the concurrent state of aystemic alkalosis or amdosss (§7.21).
Hawever, aciduria may coexist with systemic alkalosis{741, 742, 1080}
So severe that administration of bicarbonate to a patient with such
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on the abscissae (7). Lach pubstance admnistered is printed beuda 7 50
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without regard to its existence m the body, After Wolf [1173).
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kdney enabling fixed base, chiefly sodium, to be conserved by the
body through the regulated substitution of ammomum ion for plasma
base 10ns, in ¢overing acid radieals as they enter the urme,
Briggs[166-168] rejects this ‘classic’” concept and has brought
together experimental evidence to show that the renal ammonia mech-
amsm has little to do with the regulation of the systemie acid-base
balance He holds that ammonta excretion ncreasmg with decrease in
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Fig, 33 Rate of Exeretion («U) of Ammona and of Ricarhonate 1n Man
Plotted aganst the pH of Urme. After Wolf [1173]

urinary pH is stimulated by the acidity of the urine and serves to
neatralize the acid resmdue left in the tubules, as a local protective
function The Briggs hypothesis has been supported in regard to the
relation of ammonia excretion to urinary pH by myself[1173] and by
Pitts[863], but the latter author contends that to avord depletion of
limited reserves of fixed base, the kndney excretes acid 1n part combined
with ammonia I beheve that ammoma exeretion 1s primanly a fune-
tion of urinary pH and has no necessary role 1n economzing fixed base,
particularly under physiological conditions, even though 1t may be
ezchanged for base mol for mol in the urine[921] No probative demon-
stration has been brought forward to support either the “‘classic” or
the Briggs hypothesis, in toto The only generally verifiable relation
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without regard to its existence in the body. After Wolf [1173]



3 RENAL REGULATIONS 185

kidney ensbling fixed hase clueﬁy sodium, 0 be conserved by the

— body through the i of ium ion for plasma
base jons, in covering acid radicals as they enter the urine.

Briggs[166-168) rejects this “‘classic’’ concept and has brought

4 together experimental evidence to show that the renal ammonia mech.

anism has little to do with the regulation of the systemic acid-base

batapve. He holds that ammonia excretion inereasing with decrease in
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Fig 83 Rate of Exeretion (uU) of Ammoma and of Bicarbonate 1n Man
Plotted agamst, the pIk of Unme After Wolf [1173]

urinary pH 1s stinulated by the acidity of the urine and serves io
neutralize the acid residue left in the tubules, as a local protective
function The Briggs hypothesis has been supported in regard to the
relation of ammonia exeretson to Urinary pH by myself{1173] and by
Tutts[863], but the latter author contends that to avoid depletion of
limited reserves of fixed base, the kudney eseretes acid in part combined
with smmonia I believe that ammonia excretion is primarily a fune.
tion of urnary pi and has no necessary Tole 1n economzing fixed base,

ienlarly under physiol 3 even thoogh 1t may be
exchanged for base mol for mnl in the urine[(921] No probative demon-
stration bas been brougbt forward to support either the “classie’ or
the Briggs hypothesis, in toto The only generally verifiable relation
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kidney enabling fized base, chiefly sodium, to be conserved by the
body through the Tegulated substituton of ammonium fon for plasma
base jons, in covering acid radicals as they enter the urine.
Briggs[166-168] rejects this ‘‘classic” concept and has brought
together esperimental evidence to show thst the rensl ammonia mech-
sunism has little to do with the regulation of the systemie acid-base
balance He holds that ammonia excretion increasing with decrease in
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Fig 33 Rate of Excretion (47) of Ammonia and of Biesrbonate 1 Msu
Plotted agamst the I of Unne  After Wolt [1173)

unmary pH 1s stmulated by the acidity of the urine and serves to
neutralze the sad residue left in the tubules, ay a local protective
function The Briggs hypothesis has been supported in regard to the
relation of Ammonia exeretion to urinary pH by myself{1173] and by
Titts[863], but the latter anthor contends that to ayod depletion of
limited reserves of fixed base, the kudney excretes acid 1n part combined
with ammoma I believe that ammoma exeretion s primarily a fune.
Awn of arinary HIL a0d hes no newssmy Tule in evonomzing fixed base,

\! under physioclogi a even though it may be
exchanged for base mol for mol in the urine[821]. No probative demon-
strotion has been bronght forward to support erther the ““classic’’ ar
the Briggs hypothess, in toto  The only generally verifiable relation
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kidney enabling fixed base, chiefly sod.mm, to be conserved by the
body through the 11 of ion for plasma
base ions, 1 covering acid radicals as they enter the urine.
Briges[166-168] rejects this ‘‘classic’’ concept and has brought
together experimental evidence to show that the renal ammonia mech-
amsm has httle to do with the regulation of the systemic acid-base
balance, He holds that ammonia exeretion mcreasing with decrease m
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Fig 33 Rate of Exeretion (v} of Ammoma and of Bieerbonate in Man
Plotted agawnst the pH of Unme After Wolf {1173}

urinary pH 1s stimulated by the acidity of the urine and serves to
neutralize the acid residue left in the tubules, as a local protective
funetion The Briggs hypothesis has been supported in regard to the
relation of ammoma excretion to urmary pH by myself{1173] and by
Pitts{863], but the latter anthor contends that to avoid depletion of
himited reserves of fixed base, the kudney excretes ac1d in part eombined
with ammonia I believe that ammoma exeretion is primarily a fune-
tion of urmary pH and has no necessary role 1n economizing fixed base,

under physiol 1 even though it may be
exchanged for base mol for mol in the urine[921] No probative demon-
stration has been brought forward to support either the “‘classie’” or
the Briggs hypothesis, in toto The only generally verifiable relation
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kidney enabling fixed hase, c]neﬁy sodmm, to be conserved by the
body through the i! of jum ion for plasma
Yase ions, in covering acid radicals as they enter the urine
Briggs[166-168] rejects this ‘‘classic’’ concept and has brought
together experimental evidence to show that the renal ammoma mech-
amsm has httle to do with the regulation of the systemic acid-base
balance He holds that ammonta exeretion increasing with deerease 1
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Fig 33 Rate of Exeretion (uU) of Ammoma and of Biearbonate in Man
Plotted against the pH of Urme, After Wolf [1173]

urmery pH 1s stimulated by the acidity of the urine and serves to
neutralize the acid residue left in the tubules, as a local protective
funetion The Briggs hypothesis has been supported m regard to the
relation of ammoma exeretion to urimary pH by myself[1173] and by
Patts[863], but the latter author eontends that to avoid depletion of
limited reserves of fixed base, the kidney exeretes acad in part combined
with ammonia I believe that ammonia exeretion 19 primarily a fune-
tion of urinary pH and has no necessary role 1 economuzing fixed base,

1y under physiol even though 1t may be
exchanged for base mol for mol mn the urine[921]. No probative demon-
stration has been brought forward to support either the ‘‘classie’’ or
the Briggs hypothesis, in toto The only generally verifiable relation
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dehydration 1ndnced until vomsting stopped the experiment at the 3 "
minute. The “load’’ of ammoma was compuled from iptake and outP
wthoat regard to ats existence in the body. After Wolf [1173]
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kidney emabling fixed base, chxeﬂy sodium, to be conserved by the
body through the it of ion for plasma
base ions, in covering acid radicals as they enter the urine
Briggs{166-168] rejects this ‘‘classie’ concept and has brought
together experimental evidence to show that the renal ammonia mech-
anism has hittle to do with the regulation of the systemic acid-base
balance He holds that ammoma excretion inereasing with decrease in
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Fig 33 Rate of Excretion (sU) of Ammoma and of Bicarbonate 1n Man
Plotted agamat the pH of Urme, After Wolf [1173],

urinary pH 1s stunulated by the aciity of the urme and serves to
neutralize the acid residue left in the tubules, as a local protective
funetion  The Briggs hypothesis has been supported mn regard to the
relation of ammoma excretion to urinary pH by myself[1173] and by
Pitts[863], but the latter anthor contends that to avoid depletion of
Jimited reserves of fixed base, the kudney exeretes acid in part combimed
with ammoma T believe that ammoma exeretion is primarly a fune-
tion of urinary pH and has no necessary role m economizing fixed base,

larly under physi even though 1t may be
exchanged for base mol for mol 1n the urine{921] No probative demon-
stration has been brought forward te support either the “‘classic” or
the Briggs hypothesis, in toto The only generally verifiable relation
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is that between urinary pil and ammonia exeretion * (Fig. 83). It
bas been shown that in acidosis there may be a far greater loss of fixed
base than can be replaced by The latter in fact 1s
often t00 late in onset to be very effective There is also no“clear relation
between ammonia excretion and the concentration of fixed base in the
body flurds, as opposed to the body content of fixed base
The augmenting excretion of ammonia under pressure of prolonged
acid intakes is ivably an adaptive resp not ially different,
in the larger biological sense, from that of the formation of calluses on
the hands following hard manual labor or the deereased expenditure of
salt in the sweat after acclimatization to the desert{297] Admittedly
a high rate of excretion of ammonia serves to eliminate larger quantities
of potential acid than a low rate of ammonia exeretion, other things
being equal. But it 1s possibly a physiological sophism to entertain
the view that ammonia is essential for the regulation of systemic acid-
base balance by conserving fixed base. Just as the concept of *‘water
comservation’’ (§10.10) must be considered in relation to other physi-
ological functions and not defined in isolation, so it may be wise to
determine if there are not higher interests of the orgamism involved
mn losx'ng fixed base, however 1t may do so. Ammonia formation is a
normal physiological process, yust as 1s loss of fixed base where there
are appropriate intakes of potentral acad of food or of fixed base. Pre-
tion by phystol with the of renal activity for
acid-base balance without deration of the p bl
ties inherent m modified intakes of base or potentral acid, or without
ideration of other primciples of body economy, 1s not in keeping
with proper scientific perspective and is, I think, an unscientific par-
simony. Neitber 1s it conducive to a view compatible with the known
facts. Many eritical experimental studies remain to be made on the
interrelations of ammonia excretton with that of other substances, and
cogent Interpretation should be possible for these without the affatus
of the ““conservation’’ concept
* Ammonis excretion normally tends to be higher as urinary pH decreases The
mare ae:d the urme, the less acid the reabsorbate, It 13 of Interest to note t.hnt the
optumum pH of glutammase[45] and of 1aming acid omduse[128) eatalyzing the
production of ammoma £rom several amino acds, is alkahne. Dog kndney glatamunase
33 entirely smhibited in action below pH 6. Any correlabon of mnereased ammonia
production 1 the kidney with inereased aTkalmity of reabsorbate 13 at least ‘cka:
mistent with the Brggs hypothesis  Activity oft regx:;! g:‘:;m::n:‘zn;!; btlﬁ;‘::c 'w;
(dog or cat) 1 stimulated by pyruvate, P‘;::’hf’;:} o g’m S roased formation of

A possible relation Is suggested botween ;
amgmms. 1n disbeb acdosis  Decreased ammonta production in nephritis may stem

from a defiest of glutammase
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797, The Acidificatron of the Urine, The adjustment of urinary
pH is intimately lLinked to the renal regulation of other electrolytes
Hydrogen 10ns attain ther particular concentrations in urine by means
which are nesther well knowx nor readily subjected to the finest analysis
‘We know that when the plasma pH 15 appreciably above 7.4, that of
the urine tends to be still gher. When plasma pH 1s below this value,
that of the urine tends to be still lower The threshold of retention in
terms of pil is thus approximately 74 and in terms of hydrogen ion
conc¢entration, 4X10° mEq /1 P iy, the of
101 concentration in the plasma is not better than that of other plasma
constituents

Pitts and his assorates[863, 864, 866, 934] have indicated that the
phosphate reabsorption theory and the carbome aeid filtration theory
are mmadequate to account for the quantity of acid which ean be excreted
1n acidosis of gl lar filtration rate and
reabsorption and excretion of mono- and dibasie phosphate and earbonic
acid sugmest that the quantity of acad found in fully formed urine can
far exceed that which enters the urine through the glomerular filtrate
This and other considerations have led these workers to postulate the
“pseudosecretory’’ additron of hydrogen ions, amsing in the tubule
cells, to the tubnlar urine m exchange for sodium. ¥owever, establish-
g the specifieity of tus process or 1ts dominance 13 a thorny problem
whose proposed solutions cannot eas:ly be checked experimentally. The
10118 h hypothesis )\ drogen 10n and perhaps sodinm
jon 1mplies metabolic transport of hydmgen msofar as 1t may have a
U/A ratio other than 1 It 1s likely that hydrogen 10ms are generated
from shifts i physiochemical equilibria as other electrolytes are trans-
ported across the tubules and that hydrogen 10n regulation s an integral
part of hydroxyl ion resulation

Since the product of hydrogen 1on concentration and hydroxyl ion
concentration 13 constant

Un/An=Aon/Tor (118)
log(Un/An) =log Un—log Ay 117y
As en apprommation
log(Un/An)=(pH) 41— (pH)y (118)
‘Where osmotic work, 17, 1s proportional to log{(Us/An) (§4 2)
W a [(pH)4— (pH) o) 119
And simlarly, i e

W « [(OH)y—(pOH).4] (120)
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held here that the Cushny view remaing essentially a most powerful,
accurate, and elegant expression of the urmary function of the kidney
The departure self may be referred to the fact that Cushny was
concerned with the threshold of appearance or excretion, while the
threshold of retention is adopted here. It is probably true that there
?ccurs reabsorption into the plasma of some substances whose presence
is not desirable,* through individual, hat independ

Yet Cushny’s concept of urine as a ‘‘secretion,”” even 1f mot of a
typieal secreting gland, which exerts its physiological action in the
process of its formation and removal, remains potentially as fruitfal
(if no more simplifymg) for the design of physiological researches as
any theory so far devised It remains so despite his regection of the
d -ation of tubular by Marshall and Viekers[728] which
most students regard as having established this form of *‘megative

regbsorption *’

The singular and speeific phases of reabsorption of water and solutes
which have been postulated by modern renal physiologists do not ehange
greatly the complexion of Cushny’s theory, The formation of terminal
urine still reflects the sum of all preceding remal activities The
diwvision of tubular reabsorbate into ‘‘obligatory’’ and *‘facultative’”
volumes, proposed by Smuth([999] and later amended(1003, 1124], has
use in the study of renal dynamics but its value in elucidating urinary
functron as this term is used here remains to be proved

‘Wesson, Anslow, and Smith{1123, 1124] have proposed the idea that
sodium, chloride, and bicarbonate are ordinamly reabsorbed actively
in the proximal tubule, leading to the formation of a slightly hypotonie
tubular urine. Across the osmotic gradient between fhis urine and
the plasma, water is supposed to diffuse back mto the plasma (passive
reabsorption) so that a fluid essentially jsosmotic with plasma is deliv-
ered to the distal tubule. These authors believe that water and sodium
are actively but independently reabsorbed in the distal tubule by
processes which are mited by maximal rates of transfer. Relative
Tetention and exeretion 1s accounted for by postulating a set of distol
T'm values for sodium, other electrolytes, and for water. The ant':ml
reabsorption of the latter may be less than the maximal reabsorptive
capacity aud, in this view, it varies according to the influence of the

* Actually, it remams to be demonstrated that seabsorption of substances such a3
wrea, une acd, etc, serves Bo physologieal function, regardless of bow a;ﬂous ;‘1::
presumption. Our present “‘clear inferencea® may be clogged with prejudice.
fact that a substance in the plasma is nsually above its threshold doea not nlgnfy
a want of optimal conditions. Renal aetivity 15 only one elemest of physwlogical

regulation.



DIURESIS AND DIURETICS 191

antidiuretic hormone of the pitmtary. The proposed system of tubular
maxima is an elaboration of that previously assumed for substances
Lke glucose and phenol red (§315) although none of the supposed
tubular reabsorptive constants for water, sodium, etc has been experi-
mentally determined As a load of sodium enters the dista] tubules,
-depending on 1its bewng greater or less than that tubular reabsorptive
constant, 1t 15 exereted freely or not The filtered load is a function
of both filtration rate and plasma concentration and each of these
load factors 1s assigned a role in the process of sodinm exeretion.
These authors suggest that what the tubules do 15 reabsorb eertain jons
and water “separately and independently, thoogh perhaps in such pro-
portions that the net result 1s as though they resbsorbed a solution
of constant composition with respect to these constituents '’ It may
turn out, following a period of research dedieated to the determipa.
tion of remal parameters, that such a set of independent systems
actually exists and ean account for the kmown properttes of remal
exeretion, m which case a chapter m fundamental renal physiology
il have been completed However, the tubular maximum hypothesis
must justify itself
Even if we grant the possibiity that present methods of measuring
glomerular filtration rate retamn absolute validity under conditions where
the glomerular filtration rate 1s actually changing, the matter of pre-
asion in the determination of the filtration rate becomes of paramount
maportance 1 the establishment of a so-called tubular maximum reab-
sorphive rate  How much migmficance ean we attach to such a ‘“con-
stant’ if & change in the alleged filtration rate of only % or § per
cent (which 1 within the limuts of expermmental error) can account
for an increase m the urinary exeretion of sodium equal to several
times the normal value, or a reduction of 1its excretion to zero? How
can we ascertain that the altered excretion rate 1s not a function of
altered tubular reabsorption? Or how can we tell that both glomerular
and tubular functions do not changet In an attempt to prove the
physiological nature of the tubular coustant 1t 15 neither conclusive
nor relevant to eite pathological cases m which glomerular filtration
may be grossly altered
Any aberration 1n excretion or retention ean be accounted for simply

by assummng percentually minute changes m either glomerular filtra-
tion or tubular reabsorption, as a result of hormnnal nfluences, lnter.
actions of other ions calling simult:

or eontracted cireulstion, ete. But the forcefulness of the tubular
maximum hypothes:s 13 then vitiated since the term ‘‘maxmimum’” stands
for little more than a ly adjustable iabl

deus ex
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held here that the Cusliny view remams essentislly s most powerful,
aceurate, and elegant expression of the urinary funetion of the kidney
The departure itself may be referred to the fact that Cushny way
concerned with the threshold of appearance or excretion, whle the
threshold of retention is adopted here. It is probably true that there
oeenrs reabsorption into the plasma of some substances whose presence
is not desirable,® through individual, somewhat independent processes.
Yet Cushny’s concept of urine as a “‘secretion,”’ even if not of a
typical secreting gland, which exerts its physiological action in the
Drocess of its formation and removal, remains potentially as fruitful
(if no more simplifying) for the design of physiologtcal researches as
any theory so far devised It remains so despite his rejection of the
demonstration of tubular secretion by Marshall and Vickers[728] which
most students regard as having established this form of ‘‘negative
reabsorption *’

The singular and speatfic phases of reabsorption of water and solutes
which have been postulated by modern renal physiologists do not change
greatly the complexion of Cushny’s theory. The formation of terminal
urine still reflects the sum of all precedmg remsl activities, The
diviston of tubular reabsorbate into ¢‘obligatory’” and ‘‘facultative’
volumes, proposed by Smth[999] and Jater amended{1003, 1124], has
use in the study of renal dynamics but its value 1n elucidating urinary
function as this term is used here remains to be proved.

Wesson, Anslow, and Smith[1123, 1124] have proposed the idea that
sodiure, chloride, and bicarbonate are ordinarily reabsorbed actively
in the proximal tubule, leading to the formation of a slightly hypotonic
tubular urine Acress the osmotic gradient between this urine and
the plasma, water 1s supposed to diffuse back into the plasma (passive
reabsorption) so that a flmd essentially isosmotic with plasma is deliv-
eved to the distal tubule. These anthors believe that water and sodium
are actively but mdependently reabsorbed in the distal tubule .by
processes which are Iimited by maximal rates of transfer Relative
retention and ion is d for by p ing a set of distal
T values for sodum, other electrolytes, and for water. The actual
reabsorption of the latter may be less than the maximal reabsorptive
capacity aud, in this view, it varies accordmng to the influence of the

*® Actnally, it remamns to be demonstrated that Teabsorption of mbat:mv;s 5u£ht::
urea, uric avd, ete, serves no physiological fnetion, regardless of baw'nd‘vmusnc
presumption  Our present “clear nferences’” may be clogged wxlh“pre;n o T
fact that a obstance m the plasma 28 ususlly above its threstold doce :o -l:gn‘xe :’
s want of optimal conditions. Renal actwty js only ova element 0f pbysiolof

regulation.
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antidiuretic hormone of the pitwitary. The proposed system of tubular
mazima 15 an elaboration of that previously assumed for substances
like glueose and phenol red (§315) although none of the supposed
tubular reabsorptive constants for water, sodim, ete. has been experi-
mentally determined As a load of sodium enters the distal tubules,
depending on its bemng greater or less than that tubular reabsorptive
constant, 1t 18 extreted freely or not  The filiered load is a fanction
of both filtration rate and plasma concentration and each of these
load factors 1s assigned a role in the process of sodtum excretion.
These authors suggest that what the tubules do 1s reabsorb certam ions
and water “*separately and independently, though perhaps in such pro
portions that the met Tesult 1s as though they reabsorbed a solution
of constant compomtion with respeet to these constituents”” It may
turn out, followmng g period of research dedicated to the determina.
twon of renal parameters, that such a set of independent systems
aetnally exists and can account for the known properties of remal
exeretion, 1n which case a chapter 1 fundamental remal physiology
will have been completed However, the tubular maximum hypothess
must justify itself,

Even if we grant the possibility that present methods of measuring
glomerular filtration rate retain apsolute vahdity wnder conditions where
the glomeralar filtration rate 1s actually changing, the matter of pre-
eision 1n the determination of the filtration rate becomes of paramount
maportance wm the estabhishment of a so-called tubular maximum reab-
sorptive rate  ¥ow much sigmficance can we attach to such a ‘“con-
stant” if a change m the alleged filtration rate of only 4 or 5 per
cent (which 13 within the limtg of experimental error) ean account
for an inerease m the urinary excretion of sodmm equal to several
{imes the normal value, or a reduction of 1ts exeretion to zerof Iow
can we ascertain that the altered excretion rate is mot a function of
altered tubular reabsorption? Or how can we tell that both glomeralar
and tubular functions do not change! In an attempt to prove the
physiwological nature of the tubular constant 1t is neither conclusive
nor relevant to cite pathological eases m which glomerular filtration
may be grossly altered

Any aberration in exeretion or retention can be sccounted for simply
by essuming percentually minute changes in ether glomerular filtra-
tion or tubular reabsorption, as 2 result of hormonal mfluences, mter.
actions of other 1ens callme
or contracted oirculation, eie. But the forcefulness of the tubular
maximum hypothesis is then vatiated since the term “‘maximum’ stands
for little more than a iently adj iabl

dens ex
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machina  Asseveration of independence and separateness of water and
other excretory systems pleads for the recognition of a pattern of
renal exeretion which may be unverifiable. Renal topology provides
a basis for alleging separateness of excretory systems but scarcely
for independence There must always be a proper, if variable, ratio
between tubular reabsorption of some electrolyte hike sodium and tubular
reabsorption of water if normal plasma concentrations are to exist,
and the physiological regulation of this ratio does mot argne for inde-
pendence of its factors. Frmally, on the basis of ‘histotopochemical evi-
dence obtamed 1 rabbits before and after supposedly paralyzing any
active tubular reabsorptive mechanism for chloride, Ljungberg[678]
concludes the reabsorption of chloride 15 passive in the proximal and
active 1n the distal tubnles and collecting ducts. These results are
opposed to the view of Wesson, Anslow, and Smth in its present form
And Conway et al [238) state categorically that the proximal tubale
{1n the frog) is umpermeable to sodium.

Admittedly an oversimplification in some respeets, the tubular max-
imum hypothesis remains nevertheless the only unified scheme which
purports to mechanize the remal excretidn of both electrolytes and
nonelectrolytes Its ability to predict as yet unknown relations in renal
excretion should test 1t better than its ability to account for known ones
so long as 1te consequences must be sought in the fringes of expen-

mental error

82. Defin The lature dealing with urine flow has
rarely been accorded much attention, althongh from timeA to time
suggested defimitions of terms, or elassifications for types of diures:s 'or
druretics, appear It 1s helpful to possess a basie terminplogy as preeise
as current theory and observation permit. .

Agents, m the relation to nrnary flow, ean be clasaified as dinretic,
adiuretic, or antiwuretic A dwretic agent (for example, water) 1s
one which brings on a diyresis or s temporaly imcrease in the rate of
urme formation, that is, i the rate of output of water by the Indney.
Small loads of inulin, or even of salt, may 13e admreti.c {at some times
of not at others) i that they do not influerice sp?r.ecmbly ‘the rate of
urine flow. Debydration or pitressin may be antidiuretie in brm;,':;l;g
about reduction of an elevated urme flow. Schmidt and Ha}f!(l]la]n[ 3 ]
abserve that dmretic agents can increase.the amount of ﬂmll eavu;lg
the blood of the kidney not only in the urine but in the Iymph as wel

n increases lymph flow while decreasing urine flow in the
h fow 1s larger than urine flow

But adrenal: y
narcotized dog In some instances 1ymp!

althongh both are absolutely small
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The term diuresis is often qualified as “‘salt diuresss,”” ¢‘water dire-
s15,”” “‘mercurial diwresis,” ete in which eases reference is made to
the speeific dwretic sgent To indicate mereased renal output of
particular substances, specific terms such as *chloruresis,” ““glycuresis,””
“hydruresis’’ are used For excretion of solute in general 1 propose

TastE XX

Urmary Flmd

Redueed Normal Tnereased
ow flow fiow
Temporary Antidwresss, Adwrens Duresss
ehguress
Sustamed Antipolyuria, Homaluna, Polyuna
ohguna* normaluria,**
eu hydrouna **¥

Urmary Solute

Reduced Kormal Tnereoned
exeretion excretion excretion
Temporary Antilyureas, Alyuress Lyuresis
oligolyuressa
Sustamed Antilyuna, Tomalyuria Lyuria
ahgolyuna

The adjectival endmngs eorresponding to and distngwshimg the suffizes ¢ ems™

and *4a’ are, respectively, ‘‘-etie’” and “‘-i¢,’* 1e, obiguress, ohigurehic, ohgura,
chigune

*<Anursa’’ refers to the absence of urme formation, temporary of sustamed
Three types are suggested: prerenal, due to fall m blood pressure or mpawed
cireulation, renal, as m dwesse, and postrendl, aa m obstruction of the unnary
passages[545]

** Verl[1090]

<+ Rapoport. et 2 {834]

the term lyuresis to be used for increased exeretion rates, and anti-
Iyurests for decreased rates Thus, where the suffix *‘-uresis’’ does
not combime well with a givenr word stem, we may substitute forms
such as ‘‘sodium lyuresis,” ‘“magnesiam lyuresis,’” ete. In this way
the confusing termmology is removed whereby *‘potassum diuresis'
ean mean either an d urice flow f mtake or
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an u.mf'eased excretion of potassium, as after excess of cortical hormone
flnhdu‘nesm 18 .deﬁn?,d as & temporary decrease in the rate of urme

. ‘While tgns de ion is usually clear, it does not distingnish
the reduction of a diuresis toward normal urine flow from the reduction
of normal flow below normal, Oliguresis will be used to emphasize the
latter action.

An important, 1f arbitrary, distinction in the alterations which oceur
in urinary flows ecan be made on a temporal basis Certain changes 1
the rate of urine formation are temporary; others are relatively sus-
tained Thus, where dwresis is temporary, polyuria s sustamed.
Desprte questions which arise i differentrating a brief polyuria from
a prolonged diuresis, the separation is well taken in the Interest of a
more accurate nomenclature for urmnary function, Table XX embodies
the terminology used in this book.

Occasionally the term diuresis 1s used to signify an merease in urine
flow of sufficient magmtude to effect an absolute dehydration of the
body, a consequence of the frequent use of diureties in elinical medicine
for the purpose of removing edema. The difference between druretic
actions which bring about absolute dehydration and those which do
not warrants special consideration Lyon[693] introduced the term
exogenous diuresis to mdicate that an inereased urine flow merely
derived from an excessive mtake of fluid Thus was distingwshed from
endagenous duresis in which the urine yolume depended on the removal
of tissue fluid Lipschitz and Hadidhan[669] similarly distinguished
dinretics which can or cannot dran tissne fluid, listing urea, lactamide,
melamine, and salyrgan in the former group and theobromine, formo-
guanamme, and ademme sulfate in the latter I have called those
diuretics ecuretic which induce an absolute dehydration of the body
to a water content lower than the predretic period[1173] Diuretics
which do not bring about absolute dehydration are called nonecuretic
Merenrial compounds, water, sodum chloride solutions below the MIC
and sodium chloride solutions above the LIC are often ecuretic (§65,
76). Sodium chloride solutions between the MIC and the LIC are

nonecurette diuretics

83 The Measurement of Diurefic Activity. In eriticinng the poor
enteria often employed to assess a diuretie agent, Smith[999] ’stated
formally conditions which should be met for the demonstration of

dretic actinty These included the and reprod ble eleva-
tion of the urme flow as determined by catheterized specimens in well
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1led 8 a

from rather than very low levels;
the attainment of a urine flow at least comparable to that observed
after a moderate dose of water, and the persistence of such an inereased
urite flow for a period of at least 30 minutes Urine collections of
either & few minutes or 24 hours duration were eonsidered to have
little meaning for the problem.

The caprices of the urme flow make 1t dangerous to draw eonclusions
from any but most carefully controlled experments, but somewhat
different eriteria should be applied to the demonstration of a diuretic
prmerple, that 15, dwresis, depending on whether the viewpoint is
pharmacologieal or physiological Smith’s eriteria serve well for the
former case TPhy 1y, however, and important diu-
retic effects may oecur in changes of urme flow from Yow to higher
levels; comparisons with water diuresis may not be relevant and it
may not be wise ta reject the possibality of blishi:

(statistically or otherwise) durations of dmresis which do not conform
to arbitrary minimal or maximal periods of urme collection.

Lipsehitz, Hadidian, and Kerpesar[670] have introduced a useful
bioassay for dwureties They deterrume the dwretic activity as the
diuretic potency of a substance referred to that of a standard diuretie,
mamely, urea, the activity of which is taken equal to 1 For many
substances the diuretic effects measured 1mn a test group of rats as
compared with those 1 a control group given sahme, over a fairly
large range of doses, yield an almost hnear relationship between log
dose (mM /kg body weight) and log effect or response This dose—
effect curve of the substance under investigation and that of urea
are plotied together “When the two curves ave parallel within the
experimental error, the distance along the abscissa between the eurve
for urea and that for the tested substance gives the logarithm of the
dsuretic activity of the substance (Table XXI)

Schlosser[936] tested the effect of some diuretres in combination
Using rabbits he found the smallest dose of a given substance which
was appreeiably divretic and called it the ‘““minimal dmretie quantity,"’
D Then he found D’ for another diaretic. On the assumption that
0,5D4-0 5 wonld by simple addition of effect give the same appreciable
dwresis as each individual dmretxc gave alone, the degree of synergism
or ism 1 the comb: was est d by how the sum of
the coeﬁiclents of D and I’ differed from 1. In the combimation

(1/8)D+(1/3) D, potentiation is evident where the sum of the coeff-
cients 18 less than 1. Antagonism is reflected where the sum of the
coefficients is greater than 1
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84, Clasnification of Dwreses and Diuretics, Pharmacologically,
classification of dwretic agents, at best an arbitrary and empirieal
matier, carries didactic advantage. Schemes[443] embodying the terms
‘‘osmotie,” “‘acid-forming salt,” ‘“santhine,”” “‘mercurial,” efe. as
applied to dinreses and diureties leave much to be desired from the

TasLE XXT

Comparison of duretie activities from the dose-setion eurves and from human therapeatic
loses[670],

. £
Eat Dose for {Diurettc Actinty | Fhoe
Substance Average Single Human Dose | Dautetic Ag- | i | Dose/

tron 15-25 |[Human  Rat 6"0’;:

gram | gram/kg l mM./kg | mM kg,
Trea 20-40 0306 5-10 I2.2 1 1 . 25
i 1.
1 .
ured 20

odium acetate

‘otassium  ace-
tate . ... . 15-30 .23-0 46 24-£38 4-8 21 34 1.7

lodarm  mitrate 29
‘otassium ni-

trate . . 8-13 013-020 13-290 25-60 4 3¢ | 25
.mmonium

bloride .. . 10-20 015-0 30 28-56 4689 2 27 16

it 43-0 05 0714 150 7.2 |20
. 0506 7.7-92 | 0043 1 -~ . 2

:;::;:mme. . o1 15 0.008 01-0.4 625 abt 32 [12-50
heophylime . [ 0.15-0.20 [ 23-30 | 0013-0017 007-016 480 115 510
;ﬂy‘fgnﬂ 24 0.004-0 008 0.027 1250 [abt 400 5
o 2000~ 220 15

< 003-009 [ 0515 |0.0017-0005 | 0050075
(K) tartrate o0

siologreal viewpomnt. It is not diffienlt to bring forward instances
::v)}:{re ::me ﬂow‘ivspznly remotely colligated with urmary fre?zmg point
depressions or with urinary concentrations,.for example, in glucose,
sulfate, and urea diureses{962, 1177}, or sodium an.d potﬂssl.um dre-
ses(1173]; alkalinizing salts are often quite as eﬁect{ve as de-fon;m:i
salts[182, 584, 831]; compounds more and more distantly reh:;e *
the zanthmnes continue to show diuretre effects[671, 673]; an ;‘:is
imercurial, heavy metal diuretics are well known[230, 485, 734].
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d ble, therefore, that ifications based on chemical or physical
properties are not yet sufficiently diseriminating, or are specious. Cer-
tamn other clasmfications such as ‘‘water diuresis,”” ‘‘salt diuresis,””
t4cold diuresis,” ete are undoubtedly tenable and later discussion will
adhere to a modified pharmacological scheme, using characterization
by specific agent where that seems best suited.

In some ways clearance analysis has obseured rather than enlightened
the classfication pieture because it leads us to suppose that diureties
act simply by altering the rate of glomernlar filtration or tubular reab-
sorption of water, or both  Figure 3% 1lustrates the only five combina.

T -

Fig 31, Five Combinations of Changes 1a Glomerular and Tubular Activity
which Can Effect Diuress Whete g is glomerular fltration rate, Ty o 1
tate of tubular reabsorption of water, and —, 0, and 4 mgus indicate
“¢Qecrease,’ f‘no change,’’ and *‘imcrense,’’ Tespestively, the mumbered hnes
connecting g and Tay 10dicate the combinations of these factors Which esn
malie for inereased urine flow

tions of glomerular and tubular activity which can concervably vesult
m diaresis according to current remal physiology Not all of these

i are of piven diretics and some
of them are common to otherwise unvelated dretic agents, Rince
the magnitude of an aliered tubular water reabsorption is a value
calculated from an observed change n urine flow, to attmbute this
change 1n urine flow to a change, let us say, m tobular function is
only as meaningfol as the information that the barn 1s red because it
is so pamted, or the tautologism that drinking water increases urine
flow by means of its diuretic sction. The assertion that a real adsance
18 made in establishing the magnitude of the tubular vector 1n wrine
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formation by subtracting a factual urine flow from a hypothetieal glo-
merular filtration rate has httle more than doctrinal validity,

CIReULATION AND DruREsis

8.5. Blood Flow and Urine Flow. Except where renal blood flows
are diminished remarkably[1086], little parallelism is found between
renal blood flow, per se, and urine flow. This has been ascertained in
the dog[75, 447, 1088, 1100] with and without anesthesia; in the rab-
bit[269]; 1 the rat[294]; and in man[101, 216, 219]. Urine fow does
not necessarily parallel kidney volume[447].

The glomerular filiration rate 2s imdicated by inulin clearance in
dog and man tends to be relatively independent of the urine flow except
in extreme oliguria[224] although this has been questioned in the case
of the dog[1146]. Fultration rate varies with the degree of body hydra-
tion m infants[744], unlke adults In frogs[372] and some other
amimals the urine flow varies with the inulin clearance which suggests
that urine flow 1n these species is more intimately related to glomerular
activity than in others This direct relation has been affirmed[294,
579] and denied[174, 1146] for the rabbit.

A curious dwrests desertbed by Verney[1096] results from arresting
the eirculation through a part of one kidney in the isolated state The
remeinder, ‘“without a moment’s hesitation, secretes much more rapidly
than before.”” This may be due to assoctated reduction of intrarenal
pressure (§417). Earher esperments of Bradford[153] showed that
when a dog is left with only one-quarter of 1ts kidney weight hydruria

results.

8.6. Blood Pressure and Urine Flow The pulse pressure appears to
exert an mfluence upon urine flow at least in the perfused kidney such
that at constant mean perfusion pressure, the urme flow as v.vell as
chloride, urea, and total mtrogen output, varies in propo!"tion to it[424,
555). Changes m mean perfusion pressure are accompanied by parallel
changes in the rate of urine formation in dog and rabbit[322, 323,
675, 898]. Hyp due fo b hy leads :? a reduetron of
diodrast and inulm clearances as well as urine flow in dogs _when the
blood pressure reaches 60 to 70 mm of mercury[243] - Follomfng blood
transfusion which restores normal pressure t}le nngmfl urine flow
may be exceeded. In traumatic shock there is a fall in urine flow
where blood pressure does not f:_ill bel.ow \80,- » of mercury[576].
However, where dogs an; 2 * -tized thh{ i s blood pressure
¥l N
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levels of 110 to 120 yam of Tereley which are normal for conscious
dogs may toxic d by ohguria[212],
since proper therapentic doses of these drugs elevate blood pressure
considerably and increase plasma volume In shock, when blood is
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Fig 35 Fffects of Gradual Blood Withdrawal in a Dog (226 Kg) on
Blood Fressure, Total Renal Plasma Flow Measured with PAH, and the
Fraction of Plasma Water Filtered i the Glomerul. Simee the blood pressure
m the femoral artery was still 0 mm. of mercury m the final shutdown of the
Kadneys this was attributable to constrietion of the renal artery or ats branches.
After Van Blyke 11086]

lost, the renal blood flow is decreased[1086] and there may be anuria
with the blood pressure at 80 to 100 mm of mercury Wath blood
pressure still about 0 mm. the filtration fraction 13 almost zero, sig-
nifying practically no resdual excretory function (Fig 35). Hyper-
tension following transfusion of bleod from one dog to another does
not produce duresis[704].

Hamulton, Phillips, and iller[480] find that dogs with the right
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formation by subtracting a factual urine flow from a hypothetical glo-
werular filtration rate has little more than doctrinal valdity.

CIRCULATION AND DIURESIS

85 Blood Flow and Urine Flow. Except where renal blood flows
are diminished remarkably[1086], little parallelism is found between
renal blood flow, per se, and urine flow. This has been ascertained in
the dog[75, 447, 1088, 1109] with and without anesthesia; in the rab-
bit{269] , 1n the rat[294]; and in man[101, 216, 219]. Urine flow docs
not necessartly parallel kidney volume[447].

The glomerular filtration rate as ndicated by inulin clearance in
dog and man tends to be relatively 1ndependent of the urine flow except
in extreme oliguria[224] although this has been questioned in the case
of the dog[1146] Filtration rate varies with the degree of body hydra-
tion 1 1nfants(744], unhke adults In frogs[372] and some other
ammals the urme flow varies with the inulin clearance which suggests
that urine flow in these species is more intimately related to glomerular
activity than in others This drect relation has been affirmed[294,
579] and denied{174, 1146) for the rabbit.

A carious drests described by Verney[1096] results from arresting
the eirculation through a part of one kidney in the isolated state. The
remainder, ‘‘without a moment's hesitation, secretes much more rapidly
than before ** This may be due to associated reduction of intrarenal
pressure (§4.17). Earlier experiments of Bradford[159] showed that
when a dog 1s left with only one-quarter of 1ts krdney weight hydruria

results,

8G. Blood Pressure and Urine Flow The pulse pressure appears to
exert an influence upon urine flow at least in the perfused kidney such
that at constant mean perfusion pressure, the urine flow as well as
chloride, urea, and total nitrogen output, varies in proportion to it[424,
555]. Changes in mean perfusion pressure are accompanied by parallel
changes in the rate of urine formation in dog and rabbit[322, 323,
675, 898]. Hypotension due to hemorrhage leads to a reduction of
drodrast and mulin clearances as well as unne flow in dogs when the
blood pressure reaches 60 to 70 mm of mercury[243]. Following blood
transfusion which restores normal pressure the original urine flow
may be exceeded In traumatie shock there is a fall in urine flow
where blood pressure does not fall below 80 mm. of mercury[576].
However, where dogs are anesthetized with barbiturates blood pressure
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levels of 110 to 120 mm. of mercury which are normal for conscions
dogs may represent tosic depression accompanied by oliguria[242],
since proper therapeutie doses of these drugs elevate blood pressure
considerably and imerease plasma volume In shock, when blood is
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Fig 35, Effects of Gradual Bloed Withdrawal an & Dog (226 Eg ) on
Blood Pressure, Total Renal Plasma Flow Measured with PAH, and the
Fraction of Plasma Water Filtered 1n the Glomeruli Since the blood pressure
1n b femoral artery was still 80 mm of mereury in the final shutdown of the
Xadneys thus was attributable to constriction of the renal artery or its branches
After Van Slyke [1056]

lost, the renal blood flow 15 decreased[1086] and there may be anurta
with the blood pressure at 80 to 100 mm of mercury. With blood
pressure still about 80 mm the filtration fraction 1s almost zero, sig-
nifying practically no residual exeretory function (Fig 35). Hyper-
tension following transfusion of blood from one_dog to another does
not produce diuresis{704].

Hamilton, Phillips, and Yiller[480) find that dogs with the right
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formation by subtracting a factual urine flow from a hypothetical glo-
merular filtration rate has Litle more than doctrinal validity,

CIRCULATION AND DrvREsts

8 5-. .Bl.oad Flow and Urine Flow. FExcept where renal blood flow
are diminished remarkably[1086], Dttle parallelism is found betwee
renal blood flow, per se, aud urie flow. This has been ascertained 1
the dog[75, 447, 1088, 1109] with and without anesthesia; mn the rat
bit[269]; in the rat(294]; and in man(101, 216, 219]. Urine flow doe
not necessarily parallel kidney volume[447].

The glomerular filtration rate as indicated by inulin clearance ir
dog and man tends to be relatively independent of the urine flow excepl
in extreme oligara{224] although thns has been questioned in the case
of the dog{1146] Filtration rate varies with the degree of body hydra-
tion m infants[744], unlke adults In frogs[372] and some other
animals the urine flow varies with the inulin clearance which suggests
that urine flow 1 these species is more mtimately related to glomerular
activity than in others This direct relation has been affirmed[204,
579] and denied[174, 1146] for the rabbit.

A curious diurests deseribed by Verney[1096] results from arresting
the cireulation through a part of one kidney in the 1solated state, The
-emainder, **without a moment’s hesitation, secretes much more rapidly
han before ”” Ths may be due to reduction of i 1
yressure (§417) Earlier experiments of Bradford[159] showed that
vhen a dog is left with only one-guarter of 1ts kidney weight hydruria

esults.

86 Blood Pressure and Urine Flow. The pulse pressure appears to
xert an influence upon urine flow at least m the perfused kidney such
hat at constant mean perfusion pressure, the urine flow as well as
hloride, urea, and total nitrogen output, varies in propox:tion to 1t[424,
55]. Changes in mean perfusion pressure are accompanied by parallel
banges 1n the rate of urine formation m dog and rabbit[:ﬂ'.:, 323,
75, 898]. Hypotension due to hemorrhage leads toa reduction of
iadrast and inulin clearances as well as urine flow in dogs ?vhen the
lood pressure reaches 60 to 70 mm of mercury[243].. 'Fol.lvw:?g ‘blood
ansfusion which restores normal pressure t.he ongm;id un'ne flow
ay be exceeded In traumatie shock there is a fall in u:mest;gw
here blood pressure does not fall below 80 mm. of mercury[576].

owever, where dogs are anesthetized with barbiturates blood pressure
)
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levels of 110 to 120 mm of mereury which are normal for conscious
dogs may represent toxie depression accompamed by oliguria[242],
smee proper therapeutic doses of these drugs elevate blood pressure
considerably and inerease plasma volume In shock, when bleod is
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Fug. 35, Effects of Gradual Blood Withdrawal 1 a Dog (226 Kg) on
Blood Pressure, Total Remal Plasma Flow Measured with PAH, and the
Fraction of Pleema Water Filtered 1 the Glomeruli  Since the blood pressure
1 the femoral artery was still 80 mim. of mercury n the final shutdown of the
Tudneys tlus was attributable to constriction of the renal actery or ata hranches
After Van Blyke (1096}

lost, the renal blood flow is decreased[1086] and there may be anuris
with the blood pressure at 80 to 100 mm of mercury, With blood
pressure still sbout 80 mm the Hltration fraction is elmost zero, sig-
mfymg practically no residual exeretory function (Fig 85). Hyper-
tension following transfusion of blood from one dog to another does
not produce diuresis{704].

Heamilton, Phillips, snd Miller[480] find that dogs with the right
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kidney removed survive mdefinitely after a two hour pertod in which
the left renal artery is cl. d, stopping flow almost ) (some
flow continued to the ureter, possibly finding its way through the kid-
ney). Some armimals survived three or four hour periods  After
removal of the clamp renal funetion (measured by urea elearance)
takes as long as 8 month to recover Occlusion of the renal vein is more
ramdly injurious than occlusion of the whole pedicle[931] (§314, 9.13).

Water Drvrests

87. Characteristics of Water Diwurests. A convenient fiction has it
that a man normally exeretes 1440 cc of urine per day This homalurie
rate, being numerically equal to the number of mmutes m a day, is
therefore nicely expressed as 1 ce./min  Actually sigmficant deviations
from this precise figure abound. In a hot environment sverage urinary
output will be less than two-thirds of this figure. Diet, extrarenal water
Iosses, and probably other factors eonspire characteristically to stamp
the ‘“normal’’ rate of urine flow It is observed that the ratio of the
day urine volume to the night (8 00 pm to 8 00 am ) urine volume
is greater than 1:1{876, 1039] and may be as much as 4.1 The ratio
12-1 is given as the average for hourly rates of diurnal and nocturnal
flows by Préron(859). Nycturia, or excessively large nocturnal urine
volume is characterisiic of certain diseased conditions, Toward the
end of pregnancy the ratio of day urme to night urme decreases and
may fall below unity[1054] Normal urine flow includes periodic
direses and ohigureses brought on by changes of intake and of metab.
olism. In diverse ); species, the 1 ie water ontput is
grossly related to body weight by the equation

#=0 000106 B°*?

where % is urinary flow m ce /min and B is body weight jn grams[llﬁL

Water taken by mouth, by rectum, by vein (fortified osmotically W.ltb
ucose)® and otherwise parenterally, although not ordinarily
ly, leads to is[16, 249, 521, 812). The urme, when
flowing rapidly, is dilute, having a low sper:ific gravity a'nd & small
freezing pomt depression (§44, 47) Water in the digestive tract 18
T e i o &y e o (1
the extent of 1 liter), or 0§ g glucose/kg./br [680] In dogs and uhhx:s' tb:: “xl:t’e,
is given as 0.85 g kg /kr [#23] Nonglpeosuric Ioads of mcmeno:sm sotome
glncose (54 per cent) Lehave duretically, essentially the samo as eq

water taken orally.

(121)

5 per cent gl

tead to frank glycosuria 1s o
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said to linger a shorter time, the nearer the temperature of the water
t0 body temperature. Also, there may be a greater and sooner dinresis
with water at 40° C compared with that of water at 10° C.[83] The
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Fig 36. Upper: Water Tolerance Curves i the Dog showing the eourse of
senmble water Joads (per cent of body weight per hour) after water is grven
by stomach in 4 single dose  Semsible load 39 total ingesta punns wrime collected.

Lower: Water Dinresis Curves showmg vate of unmary water output (per
cent of body weight per hour) 1n Telation to tume after a sungle dose of water
18 given by stomach tube, Same tests as in upper figure. After Adalph [16]

diaretic response to n dose of water (Fig 36) is charactenzed by a
definite delay or latent pemod (§837, 1010) lasting from 18 to 42
punntes, a rate of water exeretion rising rapidly to a peak, a short
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duratio.n of excessive excretion, the elumination of an amount of water
approgmate]y equal to the guantity of water load, and an inhibition
fzfllowmg administration of the antidiuretic hormone of the posterior
pltmta}ry. In rats, repeated water diuresis results in the diuresis
beeoz.zzmg characterized by less delay in onset, greater rates of outpui,
and inereased resistance to water mtoxication{23, 660]. After pamai
nephrectomy the remaming renal tissue undergoes no more hyper-
trophy with the stimulus of rapid water turnover than without it
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Fig. 37, Rate of Urine Flow in Man (Per Cent of Body Weight Per Hour)
in Relation to Senmble Water Load (Per Cent of Body Weight). Three mdi-
viduals wn stationary state, 21 tests YWater was imgested ab ove goarter bour
intervals, wsually m 16 portaons but varying from 8 to 16. Black dots,
maximal unme flow m any one-quarter hour period befors wmgestions ccased;
white dots, mammal unme fow (and comadent load) 1 any subsequent
one quarter hour period  After Adolph (167

B

The latent period for water diuresis 1s only relatively unique Many
other diuretics do not show so long a delay before an appreciable increase
in uripary output 1s effected; still others show a longer delay. A
graded series of latent periods characterizing different lyuretic and
specifie dinreties eould probably be arranged.

The time in hours, f, required to complete the diuretic response to
water is related to the water Ioad, Ly,o (in per cent of body weight)
by the equation of Adolph[16]

t=1.34Ln,0 122)
Hevesy and Hofer[539] calculate from observations on the disappear-
er a water

ance of ingested heavy water, that in hot sammer weath
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nolecule spends an average time of 13 days m the body The half-hfe
if & load of heavy water 1s 9 days (thus, 13=9/In 2).

The rate of urine formation 15 often proportional to the load of water
‘Fig 37) 1n the blood and tissues at any moment but beyoy.:d c‘ertain
jmts of load the urme flow falls off[476, 916, 1171]). It is diffieult
.0 sustain urine flows in excess of 1000 ee./hr even with constant water
intake The quantity of urine collected in & diuresis following a unit
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Fig $8. Unmary Chlonde Concentration (Un) and Rate of Exeretion of
Chlonds (ulle) Varpmg with Time during Steady Ingestion of Water
{70 ec /10 mun ) 10 Man, Unnary chlonde concentration reashes a mmmum
of 12 mg jec by the thurd hour After Wolt [1171]

load of water is approximately proportional to the logarithm of the
time{1057).* Thirst, per se, as induced by atropine does nmot change
the course of water diuresis{18, 356] although large doses of this drug
inbibit the excretion of water, sodium, and chloride{633]. Water diure-
si1s does not increase appreciably the output of sodmm[258], potas-
siom {818, 1173], or chloride[318, 718] end may decrease it where the

® Quantitative relations between unme flow, time, and water load were put to
practical uso in the Sioux *‘alarm clock”’[566] A Swoux warnor wantmg to be
awakened early to go on the war tral sunply drank = lot of water before he went to

bed. The earlier he was to be awakened by tis primitive slarm clock, the more
‘water he drank,
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period of diuresis is short. In prolonged water drresis (at least 7
hours) the rate of excretion of chloride may fall and become rather
constant after. an initial increase(818, 1171]. This phenomenon has
been' treated in connection with the absolute debydrating action of
continuously admimstered water (§6 5, Fig. 38).

The effects of druresis on the elimination of solutes is often complex,
For_ example, there are conflicting findmgs on the exeretion of phosphate.
It is said to be frected[141), ¥ d[55], or d a[1176]
with water diuresis. Decreases and increases are also found in suerose
or glucose (50 per cent solution) diuresis[141, 591). Several factors
other than those strictly concerned with experimental technique enter
into results of this sort. First, the load of solute ip the animal at the
beginning of an experiment may be positive, zero, or negative. Where
it is positive it can be expected that some lyuresis will oceur imtally,
followed by antilyuresis. Where the load is zero or negative, we may
obtain essentially only an oligolyuresis Second, there is a temporal
aspeet in that loads change from positive to negative (for example a
threshold substance falls below its threshold concentration), from zero
to negative, or from negative to more negative, each change making for
char exeretory Third, the height of the threshold
of the substance in question may importantly influence the result.
Other things being equal, low threshold substances tend less to reduce
their excretion rates sbarply than high threshold omes Fourth, it
may be expected that Joads of substances intimately colligated to the
one in question may act critreally in determining the escretory pat-
tern(829]. According to Ogden and Tripp(827] water diuresis may
actually lead to an increase 1n the production of a substance such as
ures, as well as to an augmentation mn 1ts rate of excretion[52, 787].

The p of of solute ion with imerease
of utive flow[959, 961] 18 presently explained with faclity With any
given glomernlar filtration rate, a given load of solute is presented to
the tubules per unit time. In dinresis we suppose that the rate of
tubular reabsorption of water is smaller than m adiuresis, the result
of which is (1) to decrease the concentration gradient of the solute
betwween tubular urine and plasma and thus to decrease its raie.of
reabsorption, and {2) to reduce the time of contact ot Yhe sonte m‘xh
the tubular wall by virtue of the more rapid movement of Juminal fluid,
again favoring lesser reabsorption than in adiuresis. Presumably }hese
hypotheses apply <with more foree to those substances which are passively

rather than actively reabsorbed, sinee the excretion of the latter can
dless of the magnitude of the urine flow,

be ‘kably redueed r
under appropriate conditions
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88, Dief. On a low salt diet dogs which have undergone marked
chlornresis and ecuresis through previous treatment with solutions of
50 per cent sucrose may be maintamned with a serum total base and
chlorde level 15 to 25 mEq/l below normal[552]. Although these
animals seem normal they do not show a normal water diuress, it being
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Fig $9 The Inlubiting Effect of Salt Defirency upon the Produetion of
a Water Diuresis  Black arrows mdicate midperiod of water admunstration
1m 2 doses, 100 co. and 70 cc  White arrows nducate time of administration of
100 ¢c of 5 per cent glucoss  After Wilkinson and McGanes {1143] In 4,
sait defieent rabbit had a blood area of 154 mg per cent, i B, salt defictent
rabbit had & blood urea of 8% mg per cent The azotemia m salt deficrency
may refiect generally depressed renal funetion although 1t 18 not fully under-
stood 372] Salt deflcency in adremalectomized dogs 13 correlated with
reduced glomerular fltration [492]

either absent, less than one-third normal, or delayed one and one-half
hours or more and accompanied by a fall in electrolyte concentration
m the serum  1f animals are allowed to dnnk ad Lbitum most of the
charactersstic weight loss 1s recovered with a lowering of serum elec-
trolyte Water diuresis in man 18 less than normal in mineral starved
and in salt enriched subjects{53). In dehydration of the Dd type (§62)
water intake results 1n diuresis even though 1t may not be so marked as
in the normal{521], a fact which is not explained by but is consistent
with the observation that plain water intake cannot rebeve for long
absolute dehydration



206 URINARY FUNCTION OF THE KIDNEY

When diet is standardized the output of water is closely dependent
on the magnitude of the salt intake[96, 743, 752, 1040, 1042, 1044] in
normals, dehydrated individuals, and thoss with disbetes Insipidus
Gamble[397] reports a so-called ““sodium sparing” effect of dietary
glucose which seems to be connected with the ability of glucose to
reduce the water exchange in man. The *protem sparing’! action of
glucose is also related to its ability to reduce the water requirement
smce the excretion of nitrogenons material obligates urine volume some-
what after the manuer of salt In dogs, after eating meat, there is &
diuresis(435] and urme volume is invariably inereased with a higher
daily metabolism of protein[275]. The pattern of food ingestion may
dictate the pattern of water ingestion[909] Dogs deprived of food
and water for eight days show no water diurems in response to water
increment, if they have been allowed water ad Ibitum during food
deprivation they show impared water diuresis[16], Hypoproteinemic
rats~show delayed water dwresis despite the fact that administered
water may actually be absorbed from the gut more rapidly than nor-
mal[298]. In fasting there is often a decreased water intake and
some degree of oliguria although this effect meed not be marked and
there may be an ipitial dwresis of uncertain origin[1148] with an
inereased negative water balance It 1s reported for a single subject
that in prolonged fasting the average night urine volume was somewhat
higher than the average day urine volume[99].

Liyurertc DIURESIS

8,9. “Osmotic”® or *““Tubule’” Dwuresis. Permeation It has long
been suspeeted that dimreties such as salts and xanthines differ in therr
actions on the tubules[1011]  Cushny[266, 268] attempied to generalize
the behavior of the former by considering a ‘‘permeation factor.” If
there were present in the plasma and then in the glomerular filtrate
any solute which could not permeate mto the epithelium of the tubules,
this was supposed to retard the absorption of the flmd in which it was
dissolved and thus crease the urime flow. Cushny called this tubule
diuresis and it is commonly referred to as osmotic diuresis He recog-
nized eclearly, as did others[10, 21, 383], that tubule druresis becomes
a complex matter when a dilution factor, arisi!:.lg from the incfemenl
of flmd (if the diuretic is given in solution) im the plasma, is also
present (*‘dilution diuresis”) . X

The permeation factor itself shows little correla?mn with dlll!esl‘ﬁ
Sodium and chloride are reabsorbed in large quantiies yet ibe dm}-ehc
effect of saline solutions of different strengths (Fig. 29) bas no direct
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diuretic effects[1178] (Fig. 29). Potassium chloride solutions (for
example, from 0 to 100 mEq./1), however, are all strongly, almost
equally dwuretic Isotonie sodium sulfate solutions given intravenously
are more dwuretic than those of isotonic sodim chloride{703] and
actually behave in this respect like plain water[1177]. Thus, specific
action of iomie combinations stands clearly apart from osmotic
phenomena.

These and other[952] serious defects in the concept of *‘osmotic
diuresis’’ led the author[1173] to suggest that some diurete actions
were more properly referable to the LIC of the solutes comcerned, as
with urea or sodium chloride. In 1ts simplest form, for no-threshold
substances, the steady state equation (84), #U=:l, indicates that when
U is at the LIC (that is, esentially constant}, then « (reflecting the
diuretic effect) is proportional to ¢ or to tl, or, therefore, to solute load
Solutes which were thought to influence urme flow in this way (sodium
chloride, urea, sodium sulfate} were called ‘‘isorrkeic diureties ’’ Since
the LIC and the MUC are often diff values, the sigmfi of
osmotic pressure for jsorrhetc diuresis becomes conjectural. Isorrheie
diuresis 1s not clearly an entity and Like so many other alleged types
of diuresis it too may be fictive

Isorrhete diurests may be some function of both the threshold and
the LIC as seen from the steady state equations

v I—Ar (95)
TTU-Ar
and
“=11~iAr (123)
U—-Ar

Where i is very small and +f is some large, constant (K) value (as
where salt 1s taken wrth minimal volume of water), 1Ay becomes neg-
ligible and U attatns or exceeds the LIC  Thus

o K azy)

Y= Uuo—4r~ Uno—Ar

And for no-threshold substances for which Ar=0,
+l K
g =
Uuc Uue
The fact that there is mo theoretical justification for equ.ations {95)
and (124) where the LIC is exceeded (§78) poses the question whether
substances which ordinarily have thresholds lose them and behave as

(125)
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no-threshold substances under conditions 1 which normal plasma eon-
centration cannot be regulated.

To avold postulating a mechamsm of solute diuresis at this time 1t
15 proposed that an merement in the rate of urine flow which 19 traceable
0 an increment of excreted solute be called tentatrvely Iyuretic diuresis,
aterm asto hanism yet 1y descriptive for most
purposes This defimtion requires qualifications First, it is observed
that salt and glucose diuresis fall off more quickly than loads of these
substances are removed from the body[46, 286, 1024], a fact which
does not support (although 1t may be consistent with) the idea of simple
convection of excess solute from the body in a medmm of obligated
water[950, 1170, 1177]. Second, mercurial dimres:s 18 to some degree
also proportional to the excretion of solute (mercury, itself, sodwum,
ete) and 18 only excluded from the lyuretic diureses because it is
presently expedient to consider 1t separately. Presumably as our under-
standing of diuretic actions i more of
diureties will become possible Here, lyuretic dresis, by exclusion,
refers to those diureses not falling 1nto ¢lasses otherwise defined Liyuretic
diureses are thus grossly distingwshed from relatively speeific dmreses
such as those of mercury, xanthinoids, or water They may be brought
about by both threshold and mo-threshold substances and therr magni-
tudes depend on the amount of solute findmg 1ts way 1nto the urine[886]
rather than on the clearance or plasma level of the lyuresed material.

In those instances where the lumting osmotic pressure of the urine
due to all dissolved substances appears to determme urine flow[536],
the velocity constants of the Iyuresed solute is of importance[1170].
Where urea has a given velocity constant of exeretion, increase of the
load 1n the body mmplies proportionally increased excretion rate Where
an LIC exists the urie flow takes up whatever rate 1s consistent with the
colligated excretion rate, load, and veloeity constant of the solute 1 ques-
tion The fundamental basis of lyuretic diuresis remains obscure The
advansege of the term “‘Iyuretic’’ over ‘‘osmotie’” with respect to diure.
s1s lies 1 the fact that urine flow 1s & well known funetion of excessive
solute exeretion, whereas 1t 13 not established that 1t 1= a function of
urinary osmotie pressure in any simple form, I believe the osmotic
factor 15 best regarded for the present as merely one element m a
complex pieture which mvites clarification No one has yet proved
that urme flow 15 determined by osmotic hmitations rather than that
osmotie lunitations are determined by urme flow

An 1dealized osmotie factor in dinresis might be ﬂlusn-ated as Iollows
Suppose a freely filterable,
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" The x_lr'e,mife that terminal or bladder urine will be hypertonic in an

osmot.m diurests, that is, that there need be a positive osmotie con-
centration gradi (U—A4), is challenged directly by Wesson, Anslow,
and Smith[1123, 1124] (§81). They hold that the osmotic action of
filtered solutes interferes with a passive reabsorption of water in the
proximal tubules thus causmg more isotonic fluid to pour into the distal
inbules At this latter site, the liruted reabsorptive capacity (active)
for water, (Tm®)n,0, is exceeded and a urine, tending to the isotonic
as its rate of formation increases, is found. This tubular maximum
hypothesis of osmotic diurests should be nseful 1f more direct evidence
can be brought forward to establish 1t as other than an ingenious scheme
to rationalize only restricted facts of Iyuretic diuresis.

How to decide whether water reabsorption in the proximal tubule is
active or passive 1s not so obvious If we accept the premuse of active
reabsorption of sodium and concomitant reabsorptron of water, how
do we know whether the latter 1s a passive, osmotie consequence or
an active metabolic simultaneity, or a combination of both—and does
it make any difference for the facts on hand? With mannttol diuresis
it is found that some considerable quantity of sodium always remains
in the urme in lower concentration than in plasma, at high urme flows,
and that (4—U) rarely exceeds 60 to 90 mEq /1, Ths kas been con-
sidered by Wesson et al a lumting gradient in the proximal tubule
beyond which the tubule cells could not go Witk passive, osmotic
water reabsorption in mind, one can state that more than the ordmary
amount of water flows through the proximal tubule in a umt time,
with the osmotically active manmitol and remaimmng sodium  More
than the ordinary amount of these flows into the distal tubule, fooding
its assumed (T'm?)m,0 and (I'm®)x,, and more than the ordinary amount
of water and sodium are excreted finally Xt 1s of interest to note,
however, that mannrtol or glucose given during water diuresis may
inerease sodium exeretion with no change or even a decrease m urine
flow[892].

Constder the case of sodium sulfate We might suppose that, Iike
manmitol, large quantities of sulfate remamn unreabsorbed in the
proximal tubule[950]. By the principle of electroneutrality (§7.1.7)
a block of sodium sulfate would stmularly remain  When we exa?mme
the urine In sodmm sulfate druresis we find often that there is no
excess soditm in the urine which 1s not neutralized by sulfate, that is
the (A—U)x. (for Na in excess of SO,) gradient is perhaps %40 mEq /1.

[1177] Ths behavior, and that of urea[796], differs sufficiently fml.ﬂ
that of manmtol to raise the guestion of whether this gradient is
entical We might simply state that practieally all excess sodium
(that approximately electroneutralized by chloride, brearbonate, phos-
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phate, ete.) is reabsorbed ectively; that water is reabsorbed perhaps
passively 1 part, but finally actively, until a eritieal (U—dA)nuys0,
—or a critical gradient between tubular urine and the interior fluid
of tubular cells (§4 3)—was reached whereupon all remaining filtered
water appeared in the urine with sodum sulfate at its LIC (Table
XVI) In the case of manmtol which appears to be able to replace
sodium m the plasma (§7 16), we could state that mannitol and sodinm
share & common LIC

At the present tme a Teturn to the older idea of active water
reabsorption 1s not precluded by any particular findings Neither
is 1t neeessary to invoke a separation of proxmal and distal mech.
amisms of water reabsorption on & basis of the activity of the pituitary
antidiuretie hormone since the endogenous hormone does not apparently
modify the course of sodium sulfate-water diwresis m the normal
anwaal  Tha excretion of other 1ons sueh as potassium, ealeivm, mag.
nesium, ete [1177] 13 sugmented during sodium sulfate duresis and it
would seem that this fact, and whatever ‘‘specific’’ ipfluences sodium
sulfate has on the tubules i this regard, concern intimately the nature
of the diuresis produced The sttempt to account for Iyuretic diuresis
m terms of any one jon or pair of 10ns 1s probably, like its counterpart
in slippery explanations of edema, doomed to fail

In fine, there are numerous questions which must reccive satisfactory
answers before a comprehensive mechanism for Iyuretie diuresis ean be
considered established (if, indeed, the elasnfication *‘lyuretie’ 13 a
proper entity) At Jeast let us ask how 1t 13 that diureties such
as manmtol [892], urea[885], and sodium sulfate[950, 1177] have differ-
ent effects on salt output and plasma concentrations of sodium and
chloride, 1f they are all swoply “‘csmotie’’ dwretiesd ow ean we
base the mechanism for active reabsorption of water on the antidiretie
hormona of the pituitary when hypertomic urine can be formed in the
absence of this hormone, when removal of the adrenal cortex together
with the source of this pitmtary hormone prevents the development of
diabetes ynsipdus (§1016), and when the mamtenance of definite u/i
Tatios m steady state water intakes clearly attests to the regulation of
water output m the absence of antidiuretic hormone at widely varying
water loadst Ilow are we to quanuitate the comparative ‘‘osmotie’”
duuretic effects of jons like sodmm, chloride, potassiom, ete if these
are to vanable degrees reabsorbed and altered in their plasma con.
centrations? Tow is it that within wide limits the urine in salt diuresis
tends not to have an 1sotonic but rather a hypertonic LIC[433, 1170] 1
And when is an ‘‘esmotic diuretic’” not an *‘osmotie’” diuretie?! These
are not eaptions questions.

From experiments on mannitol diuresis it was found by Wesson and
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« The pr,e,mi§e thé'lt termi!lal or bladder urine will be hypertonic in an
osmot.lc diuresis, that is, that there need be a positive osmotic con-
o i (U—4), 18 chall d direetly by Wesson, Anslow,
and Smith[1123, 1124] (§8.1). They hold that the osmotie action of
ﬁlter_ed solutes interferes with a passive reabsorption of water m the
proximal tubules thus causing more isotome fluid to pour into the distal
tubules. At this latter site, the limited reabsorptive eapacity (active)
for water, (Tm@®)m,0, is exceeded and a urine, tending to the isotonic
as 1its rate of formation inereases, is found. This tubular maximum
hypothesis of osmotte diuresis should be useful if more direet evidence
can be brought forward to establish it as other than an ingenious scheme
to rationalize only restricted facts of Iyuretic diuresis

How to decide whether water reabsorption i the proximal tubule is
active or passive 18 not so obvious If we accept the premise of active
reabsorption of sodium and concormtant reabsorption of water, how
do we know whether the latter is a passive, osmotic consequence or
an active bolie si , OF & b ion of both—and does
1t make any difference for the facts on hand? With mannitol diuresis
it 1s found that some considerable quantity of sodium always remams
1n the urine i lower concentration than n plasma, at high urine flows,
and that (A—U) rarely exceeds 60 to 90 mEq /L. This has been con-
sidered by Wesson et al a hmutmng gradient in the proximal tubule
beyond which the tubule cells could not go With passive, osmotic
water reabsorption 1n mind, one can state that more than the ordinary
amount of water flows through the proximal tubule in a umt time,
with the osmotically active manmtol and remammng sodwum  More
than the ordipary amount of these flows into the distal tubule, flooding
its assumed (Tm?)m,0 and (I'm?)x,, 2nd more than the ordmary amount
of water and sodium are excreted finally. It is of interest to note,
however, that manmtol or glucose given during water diuresis may
jincrease sodmum excretion with no change or even a decrease in urine
flow[892]. .

Consider the case of sodum sulfate We might suppose that, like
mannitol, large quantities of sulfate remam unreabsorbed in the
prozimal tubule[950] By the principle of electroneutrahty (87 1‘7)
a block of sodium sulfate would similarly remamn  When we examine
the urme in sodmum sulfate diuresis we find often that there is no
exeess sodium in the urine which is not neutralized by sulfate, that is
the (A—U)xs (for Na in excess of SO,) gradient is perhaps %40 mEq /1
[1177] This behavior, and that of urea{796], differs su_fﬁuenﬂy frox'n
that of mannitol to Taise the question of whether this gradient is

critical We mught simply state that practically all excess sodium
(that il 1 lized by chloride, bicarbonate, phos-
194
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phate, ete) is reabsorbed actively; that water 18 reabsorbed perhaps
passively in patt, but finally sctively, uwntil o ecritical (U—A) gm0,
—or a critical gradient between tubular urine and the interior fluid
of tubular cells (§43)—was reached whereupon all remaming filtered
water appeared in the unne with sodum sulfate at its LIC {Table
XVI) In the case of manmtol which appears to be able to replace
sodium in the plasma (§7 16), we could state that mannitol and sodinm
share a common LIC

At the present time a return to the older jdea of active water
reabsorption 13 not precluded by any particular findings Neither
is it nmecessary to mnvoke a ion of 1 and distal mech-
amisms of water reabsorption on a basis of the activity of the pituitary
antidiaretic hormone sinee the endogenous hormone does not apparently
modify the course of sodium sulfate-water diuresis i the normal
ammal, The excretion of other ions such as potassium, caleium, mag-
nestum, ete [1177] 18 augmented during sodmm sulfate diuresis and it
would seem that this fact, and whatever ‘‘speerfie’’ ifluences sodium
sulfate has on the tubules m this regard, eoncern intimately the nature
of the diurests produced The attempt to account for lyuretic diuresis
1n terins of any one 10n or pair of 10ms is probably, ke 1ts econunterpart
1 shppery explanations of edema, doomed to fail

In fine, there are numerous questions which must receive satisfactory
answers before a comprehensive mechamsm for Iyuretic diaresis can be
considered esteblished (if, indeed, the classification “lguretic’” 38 &
proper entity) At least let us ask how it is that diureties such
as manmtol [892], urea[885], and sodium sulfate[950, 1177} have differ-
ent effeets on salt output and plasma concentrations of sodram =nd
chloride, 1f they are all simply ‘‘osmotic” dwretics? How can we
base the mechamsm for active reabsorption of water on the antidiuretic
hormone of the mtuitary when hypertonic urme can be formed 1n the
absence of this hormone, when removal of the adrenal cortex together
with the souree of this pitwitary hormone prevents the development of
diabetes 1nsipidus (§1016), and when the mantenance of definite u/t
Tati08 in steady state water mtakes clearly attests to the regulation of
water output 1 the absence of antidiuretic hormone at widely varying
water loads? Tow are we to quantiate the comparative ‘‘osmotic®”
dwretie effects of fons like sodium, chloride, potassium, ete 1f these
are to vanable degrees reabsorbed and altered in their plasma econ-
centrations? How 15 it that within wide limits the urime in salt dinresis
tends not to have en isotonic but rather a hypertonic LIC{433, 1170} 1
And when {s an “osmotic divetic’ not an *‘osmotie” diuretict These
are not eaptious questions,

From experiments on mannitol diaresis it was found by Wesson and.,,,

#
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Anslow([1123} that sodium, chloride, and water are not reabsorbed in
a constant ratio as diuresis increases in magnitude, and this was taken
as evidence of the independence of the reabsorptive processes under-
lying their excretton To conclude the independence of sodium and
water excretion on the basis of such experiments which apply stresses
to the kidney so severe as to prevent that organ from executing its
normal urnary function {including maintenanee of sodmm coneentra-
tion in the plasma) is physiologically meaningless When solutions
stronger than the LIC of sodium chloride are steadily infused an
observer may conclude equally that because water is being lost ecuretr-
cally and salt is being retamed m ever increasing quantities, the two
excretions are controlled by ‘‘independent” mechanisms, and this
might have a degree of validity. But reasoning from these meta-
physiological facts alone camnot divulge the nature of mormal remal
funetion It {s not much more strange to ask for an interpretation
of the facts of normal body temperature regulation from the response
of a dog placed in boiling water

[ . . - .

I, .. . PN e
sulfate, and urea have marked diretic effect. Although the Sy e3Cfelou by e
ladney seem to have the most effect, equmolecular solutions of chlonde of & series
of eations (Lthwum, sodium, potsssmum, and rubidmm) produce a progresuvely
ncreasng duwresis with mcrease of molectlar weight, while solutions of chloride
of magnesum, calem, strontwm, and mercury give 4 progesuvely decreaung
diuresis with merease of moleeular weight Here agam speetfic 16me action appears

to play & umque Tole

810 Sugar, Mannitol, and Urea Dwresis  Strong solutions of glu-
cose, sucrose, and Iactose are powerfully diuretic but lead to funetional
renal imp and to 1 1 alterations m the tubules such
as foamy swellng (hydropie degeneration) [48, 526-528, 638, g61) If
these diuretic agents are not used too frequently, structural and fume-
tional ehanges are reversible and not considered harmful When 50
per cent suerose 1s injected into rabhuts the urinary concentratton of
sugar does not exceed 10 per cent Sugar diuretics are extremely
eeuretic and lynretic[552, 581], resembling manmitol[1123, 1124}, b\:!
they are unlike urea which does not markedly increase salt output {285,
366, 885, 952, 1078). However, high urea diuresis has been observed to
jnerease the excretion of salt when the latter is loaded m thg body n.lnlfg
with urea[796] Urea diuresis dnring the action of excessxve. pltu.xtrm
is also salt lyuretic[1078]. Adminstered during water dmrcsls,' peither
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urea nor glueose bring about marked sodium lyuresis(258] although
some increased sodium exeretion is reported[892], Phosphate excretion
15 d d by 1 and 1 d by glucose[952).

811. Salt diurests The temporary increase in urme flow referable
to the ntroduction 1nte the blood of saline solutes{10] and to themr
urinary excretion 1s known as salt diuresis (Fig. 40) The term has
been used erroneously to sigmfy salt Iyuresis, that 1s, an inereased
urinary exeretion of salt

T T T T T T T T T

URINE FLOW (cc./mm)
3 o
o Q

3
o

TIME {mours)
Fig 40 Salt Drurems m Man  The effects on unne flow folloming the

ngestion at 4 of varying amounts of sodwum chlonde, (1) 3 g, (%) B g;
() 17g, ()30 g After Adolph [10]

Hypertone salt solution 1njected subeutancously produces & dinresis
which is delayed more than that followng intravenous solution{239)
a latency which 1s traceable not only to the absorption time for !he’
bulic of ingected fluid, but also to the fact that hypertonic solutigng
placed 1n regions which restrict their free escape are of low fosaes
and mitiate & movement of water from other parts of the bady ingy
the region they occupy. It is mot certain what factors determip, thy
latent period of diresis following inyections of salt solutions. ‘Suc}:
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2 latent period may be quite variable depending on the nature, con-
centration, and quantity of salt mjected With some solutions diuresis
may proeeed almost from the moment of injection[d472]. The greatest
urine flow following adumiinistration of hypertonic sodrum chloride does
not necessarily coincade with the greatest plasma concentration of
ehloride [286].

_ The salt diureses which apparently have some roots in osmotic or
Isorrheie phenomena have been discussed (§8.9 f£) These include
diureses from hypertonic solutions of sodwm chloride, bicarbonate, end
sulfate[886, 943, 1173]. Other salt diureses (potassinm chloride, bicar-
bonate) are less well correlated with osmotic or isorrheic effects and
reflect more strikingly ‘‘speerfic’’ tubular effects of the loaded solutes

8.12. Potassium Diuresis Ringer’s Solution. The diuretic action of
Dotasstum  salts was first reported by Wilks and Taylor[1144]
Blum[132] and particulerly Keith and Binger[584] studied the clinical
efficacy of these salts including the biearbonate, chloride, nitrate,
acetate, and eitrate The latter investigators showed for thewr experi-
mental conditions (salts given as 013 to 02 g /kg, in 25 per cent solu-
tion) that the nitrate and then the chloride were the most effective,
then bicarbonate, acetate, and citrate. Peters[840] raised the question
as to whether potassium had any speeific diuretic influence or whether
diuresis after of p i or any indaffe jon was
not referable simply to restrietion of sodium chloride. Probably this
is not the case[1173] It is true that certain dilute solutions of potas-
sium chloride, for example, cannot easily be distinguished from water
so far as their etfects on the load of water remaimng after a short time
are concerned (Fig 82). But potassium chloride solutions bave 2
greater lyuretic effect in removing sodium and some bicarbonate from
the body than does water, and 1n longer periods of adjustment spectfic
ecuretiec effects of potassium chloride mey be demonstrable as 1s the
case more promptly with more concentrated solutions, )

By virtue of the fact that diureses from water and from certain
solutions of potassium are smmlar we cannot attribute the effect of
salts like potassium, when given in solution, fo any definable osmotic
infiuence It 1s difficult to avmd the simple if 1nadequate view that
potassium salts call forth renal responses specific for any given com-
pound which is loaded on the body. These responses in turn may
depend upon the state of surfeit or paucity of all other substances

calling for renal excretion.
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It is convenient to think of diuretic salt solutions as composed of
two elements, water and salt, giving rise respeetively to water dinresis
and Iyuretic diuresis A graded series of mingled influences 13 found
as solutions of increasing concentration are loaded on the body and it
18 not slways easy to tell where each 1s particularly effective or ineffec-
tive. Where an LIC exists, a8 with urea, we can tell farly closely at
which concentration a specific ecuretic effect of the solate begins, but
a graded series of diuretic influences due to urea is still perceptible
(Fig 80) In the case of sodium chloride solutions {Figs 26, 29)
the diuretie 1mfl of the are so lated that in
ghort tame periods it 13 as though there were an ihibitory effect of salt on
water diuresis, most marked with solutions 1n the concentration range 100
1o 200 mEq/1 (§912). Nevertheless these effects are still diwuretic
oncs and not antiduretic since with admimstered solutions of any
concentration urme flow 13 1nereased.

Ringer’s solution has varously been reported more dimretic than
normal salme[231) or not mgmficantly different{670] Pfeiffer, Roby,
and Smth[846] state that the addition to 0.43 per cent sodium chloride
of calerum, potassium, or magnesium to give the same concentrations
they have 1n the blood, renders the sahne more diuretic when taken
orally Caleyum 1s saad to be the least effective, magnesinm the most,
and potassium of intermediate potentiation More data, however, will
probably be required before 1ome mfluences on saline diuresis become
elear,

Salt solutions approximatingy human serum 1n composition are said
to be more palatable than equivalent sodium chloride solutions[872)

813 Actdifying and Alkalimzing Salts. Intravenous Calcrum
Ammonium chlonde, sulfate, and nitrate, and calcitm chloride (orally)
are so-called ‘‘acid-forming’’ salts which brng sbout dinretic activ-
ity(398, 592). The effect of these ammonium salts, after metabolic
conversion of the cation to urea is similar to the effeet of a load of
hydrochlorie, sulfurie, or mtrie acid  With caleinm chloride there is
a farlure of absorption of caleium from the gut (which eliminates 1t
as insoluble carbonate, phosphate, and soap) and an effective absorption
of hydrochlorie acid, whereupon & similar acidifying action results
There is a decrrase in plasma bicarbonate, an increase in plasms con-

of the anion ini o decrease at times in the plasma
concentration of sodium, a genersl Iyuresis (Fig. 32), and an ecuresis
which in edema may be cffective in removing considerable quantities
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in thqse with edem?[583], and in those with diabetes insipidus]621]
Chloride concentration in the urine rises with the peak of draresis to
levels al.:ove that 1n the plasma[391]. The chloruresis, which is roughly
pr.oportmnal to the quantity of mercurial given[912], is often a better
eriterton of the renal action of these dmretics than the diuresis, and to
some extent they are independent. In dehydrated dogs there is fre-
quently a great chloruresis with no diuresis following administration of
organic mereury compounds. Mereurial diuresis in man usually begins
in the first half hour after intravenous injection and becomes maximal
in the second hour, time relations which do not vary with the size of
the diuresis[350]. Whereas in normal subjects draresis lasts only during
the excretion of the mercury, mn those with edema the drress is pro-
longed, reaching 2 peak in 6 to 8 hours and often continuing into the
next day[1015]. This effect, sometimes attributed to a so-called *‘mobr-
lization’’ of edema flmd which is supposedly out of renal contact before
the diuretic is given, 1s actually of unknown origin (§54).

2¢ is not known précisely kaw mercurral diaretics act, They are said
to hinder the tubular reabsorption of water, sodium, and chloride[999]
and may increase the exeretion of i iently that its cle
exceeds that of creatinme[103] This suggests that potassium ean
actually be secreted by the tubules, providing that the glomerular filtra-
tion rate does not exceed the creatimme clearance under these experi-
mental conditions (§313). Since many diuretics appear to act in man
and dog by hindermg directly or indirectly the tubular reabsorption of
water, this fact is of little speeral valae To suggest that mercury is
“jrritant’’ to the tubules is hkewise nondiscriminating; meither ean we
be sure that its effects represent an early stage in toxic action[443]
particalarly m view of the inereased concentration ratio for chloride
which it brings about Furthermore, the curious synergisms and
antagonisms which exist between mereury compounds and other sub-
stances do not favor any such smple view Beyond what can be said
of the nephrodynamics of mercurial diuresis m terms of inulin elearance,
the underlying mechamsm of action and the patterns of solute and water
exeretion which it makes are not well known,

816. Ecurests and Lyuresis  Mercurial diuretics are partienlarly
ecuretic in the presence of cardiac edema if other conditions are con-
ducive to their action[256). Blamgart et al [138, 139, 140] found th_at
the greater the edema, the greater the effectiveness of these dmgs.m
bringing on absolute dehydration. They cause an ingrea?sed excretion
of sodium, chloride, potassium, and calcinm with no significant change
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m the bolism of phosphate, sulfate, totsl nitrogen, ot
urea[391] The ratio “between the Iyuresed solutes and the ecuresed
water 13 ly equal to or greater than their con-

centrations in body fluds{140]. Although a fall i plasma chloride
may oceur following the elumnation of a urme more concentrated in
chloride than the plasma, the change is mot always clear. With the
onset of mercurial dwresis there 13 & diminution in plasma volume
proportional to the magnitude of the diuresis[351). In consequence of
the dechloridization of the body which occurs, associated with a eellular
hydration at the expense of extracellular fluid as the chloride concen-
tration of the latter falls (hyposalemia}, drinking is augmented less
than the duresis, in per cent of intake[620]. Normal buman subjects
may show some thirst after mercurial dwresis, the explanation of which
has not been attended carefully, Tiuis phenomenon 1s less common in
edematous patients.

817 Synergism and Antagomsm  Keith, Barrier, and Wbelan[583]
first wndicated that a dwretie synergism existed between amraominm
chloride and mercurial diureties Combimed m nephritic edema, these
disstnular diurveties produced clear ecuretic responses Whereas each
alone was relatively 1neffective An additive effect was likewise dem-
onstrated between mercurials and acidifying salts (ammomum nitrate
and ammonium chloride) by Jacobs and Keith{564] and both types of
synergism were subsequently confirmed{123, 366, 589, 590]

The nature of these synergisms with mercurial diureties is poorly
understeod When plasma chloride 13 low, mercumals do not have
potent diuretic properties{350] When there 13 a tendeney to alkalosis,
or where alkalimzing salts are given, mercurials similarly exhilat httle
diuvetic actruty (344, 348, 349, 924] Keuth{582] has stated that two
factors aid mercurial drwresis, namely, proper (normal or elevated)
plasma chloride level, and & positive systemic nexd balance A diuresis
resulting from synergism between ammomum nitrate and an organic
mereurial may lag after a time, a3 the plasma chlomde falls, but it is
readily restored by substituting ammomum ehloride for the nitrate
However, Blumgart et al {130] note & patient in which the plasma
chloride was high, bicarbonate low, and sodium low There was Ditle
diuretic response to mercury Sodum bicarbomate was given where-
upon sodium was Tetamed With no gain in weight When acid-base
balance was reached spontaneous diuresis occurred  These results were

taken to indicate that the sodimm level 1s sigmficant m mercurial
duresis (§6 3).
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The_ di\ln-ehc effect of mereury cannot strictly be referred to salt
Iyuresis since pituitein can inhibit the diuresis without reducing, or
even with increasing, the salt output (as it may do in the absence of
mereury). Also, mercury administered during water diuresis augments
the salt output but does not greatly affect the urine output[258].
Co_rtical hormone polyuria (§1015) occurring with salt retention also
evidences a high degree of freedom between urinary excretion of water
and salt. This need not signify ind dent handling of these ial
but rather an alteration at some new level of water balance of either
the jomie thresholds, eontrol of flmd intake, both, or perhaps other
factors

XANTHINE AND XANTHINOID DIURESES

818. The diuretic effects of xanthine derivatives were first estab-
hshed by von Schroeder[947, 948] who studied caffeine, theobromine,
and related substances. The action of caffeine is complieated by its
crreulatory and eentral nervous system effects, but hke many other
diuretics, it (and other xanthines) appears to act primarily by hindering
the tubular reabsorption of water Glomerular or circulatory changes
in the kidney are not necessary for its action[999]. Dogs and frogs
are not so responsive to caffemne diuresis as rabbit and man[268, 7581];
eats 1n general do not respond well fo dimretics

8.19. Synergism and Anfagonism. The action of certain members
of the caffeine group (caffeine, theobromine, theocin) m dogs in water
balanee is to decrease daly urine output, that is, they are oliguretic,
according to Wallace and Pellim{1112] The dwretic action appears

J slnen fe ovascerva wataw in the body. Rabbits on a dry diet show

(caffeine, theophylline) potenﬁatf
Eggleton[318] finds that tea diuresis averaged 1.55

water duresis
+imaa ne preat as water diuresis when comparison was made betw‘:t’:l
2007 Tenoa

ate the action of caffeine (§8.3) while catteime sowum suuvyoen
theocin work together to give only simple additipn of their duretic
effects Theophylline diuresis is increased by pituitrin[1078] ; that of
eaffeine is little affected[671}. R
Intraperitoneal distilled water inhilats the specific action of theo-
phylhne etbylenediamine [264] in & manper which depends upon the



DIURLSIS AND DIURLTICS 225

deviation of chloride and other electrolytes from the plasma into the
fluid bulk 1n the peritoneal cavaity, If 25 per cent sodwum chloride is
given while water 1s mn the cavity, the diuresis is not inhibited Intra-
peritoneal 1sotonte glucose, like distilled water given this way, can also
cause serum to become hypotome with consequent cell hydration and
oliguresis{281]

Xanthmes have a chloruretic effect, the chloride in the urine being
approximately the same as 1n an equivalent amount of body flmd[140].
Theophylline brings on potassium Iyuresis i the rabbit{818] Admin-
1stered during water dmresis i man, 1t increases the execretion of
sodmm with little change 1 urnne flow(258] If given with watome
salime, urinary flow 1s greater than if saline 1s given alone[1057].
with the mercural dwretics and with water, overdosage with certan
xanthines (theophylline, caffeine) decreases their diwuretie action, a
pheromencn not ordmanly seen with lyuretic diureties

Three newer chloruretic diaretics related to the xanthines, and which
will be referred to here as zanthinoids (contaimng the group N—C—N
several times i the molecule) have been studied by Lipschitz and
Stokey[671, 673]. These are melamne, adenine, and formognanamine.
In the normal rat melamine 1s ecuretic, while adenine and formoguana-
mine are not Patressin does not antagonize these drureses

The fact that urea, biuret, and the xanthines contain the same
N—C—N gronp at least once 1n the molecule and are dieretically active,
opens the possiility that urea may not be simply a lyuretie diaretic
but may exert some specific renal influence Iapsehitz[668], after
testing about 50 substances from this viewpoint, arrived at the following
conclusions. (1) Acid amides are diuretics, but weaker ones than urea
The activity 1s decreased with the higher molecular weight (2) c-oxy-
acid amides are more active duretics than the corresponding acid
amudes. (3) Urea and simple urea derivatives are about equally
active {(4) Substances of the aliphatic type containing more than one
N-—C—N group are more active than urea biuret, 14,* ammobiuret
hydrochloride, 91  (5) The furyl and amdine gmups enhance diretic
activity f 13, d 1de, T (6) Among the
eychic compounds contmmng the N—C—N group once or several times,
there are substances which by far surpass the xanthne diwretics in
activity and harmlessness: melamimne, 77; adenine sulfate, 139; and
formoguanamine, 347. (7) It appears that urea and the xanthines are
only well known examples of a class of diretic substanees

* The dwretic actmity. See table XXT, §83.
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1ng plasma protein by plasmapheresis increases the capaeity of the organ-
{sm to retain normal salt solution Gelatin has been reported to hunder
(606, 874] or to favor[1021] dwuresis Bridger et al {161] obtained duffer-
ent effects of 6 per cent gelatin in unanesthetized dogs, depending on
whether it was unautoclaved or autoclaved The former was found to
e an ecuretic diuretic while the antoclaved material was not partienlarly
effective in increasing urine flow

821 Ethyl Alcohol In normal human subjects, a specific dinretic
action of ethyl alcohol 1s revealed by compartson of 1ts aqueous solutions
with plain water (Fig 41) Murray[802] and Eggleton[317, 321}
have determined that diwresis eaused 1 part by aleohol is, like water
dwresis, mhbited by prtmtrin  Diuresis seems to be imtiated by
1merease in aleohol concentration i the blood and it fails to be mam-
tained if this concentration 13 kept steady Urine is consistently more |
2cid during aleohol drures:s[819], a phenomenon not traceable to
increased excretion of acetic or acetoacetic acid The behavior of
chlomide 15 similar to that m plamn water duress(325, §8.7). The
mechanism of aleohol diuress 1s anknown  Altbough the percentage of
aleobol eliminated 1n the urine veries with the amount ingested, most of
1t (99 per cent) leaves the body through oxidation {473] The concen-
traton of alechol 1n the water of the urine is independent of the urine
flow and 1s the same as in the water of the plasma except when plasma
levels are changing rapidly[317]  Other ingredients than aleohol and
water 1n beverages do not contribute sigmficantly to the diuresis

1t 13 obvious that much of the diuretic effect following ingestion of
aleoholic beverage stems from two sources other than the aleoholie
content Furst, the unavoidably consumed water would of 1tself bring
on diuresis even n the absence of alechel Second, “‘social’” drinking
often involves the intake of water in beverages when there 13 no negative
water load to favor the deflection of some of the mgested water from
the kidneys to the tissues

822  Ingitalis. Withering{1167] first desembed the dwretic prop-
erty of Dugitalis purpurea. It has since become commonly accepted that
1ts primary action, and that of derivatives, 1s less on the kidney than
on the heart and cireulation (268, 1015]  In the absence of heart disease,
digitalis has little diuretic effect. Mlokotofl et al [779) presented evi.
dence that in heart failure the renal blood flow may be reduced to one-
third normal and the glomerular filtration rate to two-thirds normal.
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g plasma protein by plasmapheresic inerenses the capacity of the organ-
ism to retain normal salt solutign. Gelatin hias been reported to hinder
1606, 574) or to favor[1021] diurcsis, Bridger et a1.[161] obtained differ-
ent effects of 6 per cont gelatin in wnanesthetized dogs, depending on
whether 3t was unautoclaved or antoclaved, The former was found to
be an ecuretic diuretic while the autoclavesd material was not partieularly
effective 1n 1nereasing urme flow.

891, Ethyl Aleokol, In normal human subjects, a specifie dhuretic
action of ethyl aleohol 14 reealed by comparison of 1ts anueons solutions
with plain water (Fig 41) Marray(602] and Degleton[317, 321)
have determined that diuresis eaused 3n part by aleohol 1, Like water
diaress, inhibited by pituitrin Dhures:is seems to be initiated by
1nerease 1n alcohol concentration 1n the blood and 1t fails to be main-
tained »f this concentration 13 hept steady  Unne 15 consistently more
acid during aleobol dwresis[319], & phenomenon mnot traceable to
increased excretion of acetic or acetoacetic aeid.  The behavior of
chloride 13 mmilar to that in plam water dwmresis[325, §87). The
mechamsm of alechol diureqis is unknown  Although the percentage of
slcohol eliminated 1n the urine varies ith the amount mpested, most of
it (99 per cent) leaves the body through oxidation {473} The concen-
tration of alcokiol in the water of the urine 1s independent of the urine
flow and 1s the same ns 1n the water of the plasma exeept when plasma
levels are changmng rapidly[317)  Other ingredients than aleohol and
water in beverages do mot b izni 1y to the diuresis

1t 11 obvious that much of the dinretic effect following ngestion of
aleoholic beverage stems from two sources other than the aleoholie
content First, the unavoidably consumed water would of itself bring
on diuresis even 1n the sbsence of alcohol. Second, ““social’’ deinlung
often involies the 1ntake of water in beverages when there 15 no negatine
water Ioad to favor the deflection of some of the ingested water from
the kidneys to the tissues

822 Digialis  Withering(1167] first deseribed the diuretie prop-
erty of Diptalis purpurea. It has since become commonly accepted that
its primary action, and that of derivatives, i3 less on the kndney than
on the heart and eirenlation{269, 1015]  In the absence of heart disease,
digitalis has Little duuretic effect  Mokotofl et al.{779) presented evi-
dence that in heart failure the renal blood flow may be reduced to one-
third normal and the glomeralar filtration rate to two-thirds normal.
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These considerations suggest a relation betiween circulatory embarrass-
ment and renal dysfunction yet a few points remam refractory to
inclusion in this hypothesis. In the first place the diwresis of digitals
m the presence of edema is an ecuresis, a specific removal of water and
salt from the body through the kidneys. But there is actually httle
impairment of water diuresis{[258] or water ecuresis[446] in eardiac
failure although definite “impairment”’ (§7.14) exists in the excretion
of £alt[392, 1115]. The remal impairment is largely confined to the
ability of the lidney to remove loads of salme, while the faculty of
regulating plasma concentrations of soditm and chloride is not serjously
al bed, dly, in the devel t of cardiac decompensation,
adema may form through emuresis before venous pressure rises[773,
1115] or when these pressures are not elevated[147, 148, 1025]. As
Fremont.Smith{380], Warren and Stead[1115], Briges et al [170], and
athers{892, 495] have suggested, depression of renal function other
than 1 consequence of direct renal circulatory embarrassment may have
1 role 1 the retention of edema fluid. The mechanism of such renal
‘mpairment js 1n doubt (§7.14).

Pfaff[845] and Bartram[82] are among the few investigators who
1ave found an increased urine flow mn the nonedematous animal follow-
ng administration of cardiac glucosides Nope has d ated clear
ffects of this drug directly on the kidney[465, 717]. It would be inter-
sting to learn whether digitalis exerts a diuretic or ecuretic effect
vhen it acts direetly, and only, on the kidney in eardiac disease.

8923. Urine, Renin, etc Little et al [674, 676] report that ntra-
‘enous infusion of urine i dogs ecan promote ecuretic diuresis. If
rine is injected too rapidly, collapse and death ensue The substance
esponstble 1s thought to have a large molecule.

Extracts of rabbit kidney, contaimng renin, can produce diuresis
nd chloruresis when injected into rabbits[163, 851]. Witte’s pep-
me[454] is said to be ecuretic Under certam conditions some anes-
hetics are diwuretic[626], for example, paraldehyde, chloral bydrate
bloralose, and ether[504]. Human hemoglobin inyected into rats
noiews SraresalWRAT. i

A posthemorrhagic diuresis, not related to water drank is described
 Stewart and Rourke[1033] 1n fasting dogs  After hemorrhage there
.1 an immediate potassium lyuresis but no change in the excretion of
sodium, chloride (§714), or mitrogen. On the second day after hem-
orrhage the diuresis oceurs.
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A ion of the p of diuresis’ observed by
Bernard {103} to Sollow pnckm- of the floor of the fourth ventricle
(fumieulus teres) is given by Cushny[268] The hydruria after an
attack of angina peetoris has been considered to involve a nervous
mechanism of this type[698].

8924 Hormones Dumretic effects of hormones are diseussed in
Chapter X. Tormones possessing duretie action (Table XXV) include
those of the thyroid, adrenal medulla, adrenal cortex, anterior pituitary
{extract), and the postemor lobe of the ptwitary (axytocie).

825 Hyperventilation Collip and Backus{233] and Davies, Hal-
dane and Kennaway[284] studied the drmaresw observed m most ceses
where byperpnea is prolonged for about one hour In this type of
duuresis one finds alkalinuria or decreased urinary acidity, lowering of
plasma bicarbonate level, fall in alveolar carbon dioxide, and decreased
exeretion of ammoma. 1f 6 per cent carbon dioxido 13 breathed for
prolcn'ved periods, there 13 also a diresis but this 19 characterized by

d aed and

McCanee and Widdowson{746] showed that hypenentilation dinresis®
was accompanied by an mncreased excretion of sodiem and potassium.
Briggs[167] pointed out the lack of proportionality between the increase
in fixed base excretion and the drop in ammoma production, a fact
which he takes to argue against the alleged base-saving properties of
ammoma (§726) The cxperiments of McCance and Widdowson were
earried out not only in normal subjects but also in salt deficient ones
(Tables XXIII, XXIV). In the latter it was found that overbreathing
causes ne change in urinary pli, no inereased exeretion of sodium and
potassium, an oliguria, and & @epression of renal function indicated
by aberrant excretion of ures, sulfate, phosphate, and ereatinine. These
effects are apparently related to the alkalosis of overbreathing rather
than to the overbreathing per se, since if carbon dioxide is taken during
over hing, there 13 no ion of the exeretory function Since
the lack of alkalinuria i hyper with salt defi depends
on the lack of sodium in the body, these experiments support the idea
that the regulation of plasma osmotic pressure takes some precedence
over the regulation of plasma pl 1t is as if the Jack of carbon diomide

* Also referred to as “*bicarbonate dwresa’'{10]. -
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in the plasma in hyperventilation lowers the threshold of sodium and
bicarbonate, but not below the concentrations which may actually
exist in experimental salt deficiency. Excessive plasma carbon dioxide
appears to elevate the bicarbonate threshold. In either case, gaseous
exchange influences renal function[735]

TasLE XXIIT

Effect of overbreathing on the urne 1 normal and salt deficrent persons with
respect to urinary flow (u), urmary reaction (pH), and rates of excretion (x¥) of
various solutes[742]

Normal Balt Deficient
P .
B ar arr 2 COyair
mixture

pH Becomes al- No change No change

kaline
u Increascscon  Decreasescon  Nochange

siderably mderably
WO Increases Deereases, but  No ehange

traces only are
present both

before and dur-
ing overbreath-

ing
A Inereases Shght decrease,
normal amounts
present .
Inereases Decreases, brut
shghtly traces only are
present both
before and dur-
ing overbreath-
mg
U No change Decreasescon-  Very alight decreaso
orea mderably
W patmme O ChERES Decreascs con-  No change
aderably
Nochange Decreases con-  Nochange
sderatily
Nochange® Decreasescon-  No change
siderably

uUs0s

Y

2T poq

* Brown et al [177] find a decreased exeretion of phosphate in men hyperventilated
by means of a respuator with an over-all retentwn of phosphate darag prolonged
hyperventilation (8 and 24 hours), Nevertheless plasma inorgame phosphate, a3

well as plasma sodum and biearbonate concentrations, fell.
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of 14 per cent oxygen[101], there is diuresis and Iyaresis of sodinm,
potassium, and chloride(202]. Dogs exposed to high altitudes also
shoyv lyuresis of these jons. Following adrenalectomy this lyuresis of
sodium and potassium is not present (§1015),

ASII\‘et'te and Britton[985] have described in rats an acceleratory
oliguresis and a pi leratory diuresis (“‘accel ¥ polyuria’”)
which were thought referable to auoxia brought about by renocireulatory
disturbances  During exposure to positive or megative gravitational
stress urinary secretion was suppressed. Following centrifugation the
urinary flow increased to 40 per cent above normal for 5 to 6 hours
The dinresis was reversed or inhibited by posterior pitwtary extract.
Repeated daily exposure for 3 weeks caused albumin to appear in the
urine and pathological changes were observed in the kidney.

Ordinarily there is no simple relatron between renal oxygen consump-
tion and the excretion of water erther in intact ammals{77, 162, 608,
1088] or in the isolated kidney{624]. Presumably oxygen consumption
is more closely related to -y renal the effl of
the kidney bemng so low m terms of osmotic work (§42), In man the
resting oxygen consumption of the kidney is approximately 108 ec/
min.[162). The oxygen pressure in the urine probably reflects an
equilibrium with kidney tissue[707, 709]. This 13 less hikely for earbon
dioxide pressure[920]. In normal human urine oxygen tensions he
between 23 and 101 mm of mereury (average, 76 mm in healthy adults).
The tension is elevated 1 high dmres:s (95 mm ) and lowered m cardiac
disease (48 mm.). Carbon dioxide tension in human urine varies from
43 to 102 mm. of mercury with an average of 81 mm It is probsbly
never less than the carbon dioxide tension of arterial blood. In the
dog the partial pressure of carbon dixide of actd urine has been found
similar to that of arterial plasma[865] In alkaline urine it is greater
A urinary carbon dioxide tension of 310 mm has been reported(65]

Linzbach[665] has suggested that an mmportant fraction of the oxygen
used by the tubular epithelium 1s obtained from that dissolved in the
glomerular filtrate, that is, there is a significant urmary as well 88
vascular source. This supposedly would be available only when the
nephron was functioning and that proximal region where most flurd
may be reabsorbed would thus be served. Failure of t.his urinary oxyge®
supply s thought to account for certain pathological phenomena 13
nephritis and nephrosis  Earleer, Richards and Schmidt[901] ha
suggested that in frogs, bloed flow through the glomernlus was 3 funcf-
tion of the call for oxygen but this was not supported by the work ©
Adolph{18] for this species (§3.14). And Oliver[828] has shown that
a tubule can exist without an intact and functioning glomerulus.
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Aglomerular nephrons have a blood supply that is adequate for mainte-
nance and growth in spite of the obliteration of the eapillary bed of the
glomerulsr tuft. This is a compensatory bloed supply through the
vessel of Ludwig which shunts the blood from the afferent arteriole
divectly into the intertubular capmllary system In the progress of
Qisease afferent vessels decrease in size while Ludwig’s vessels become
more prominent,

Barach and Richards{61] have cbserved an ecuretic effect of atmo.
spheres high 1n oxygen, in eardiac cdersa (§714).

827. Myprome Conditwned Reflezes A number of curious “‘psy-
chie’ dinreses have been reported Helig and Hoff{510] state that
under hypnosis the snggestion of pleasure and joy s ohiguretic and
antilyuretic while the suggestion of unbappiness and musery leads to
ecuresis (relative to the unhypuotized person or to joy-suggested ones)
with salt Joss. Marx{720} hypnotized patients and suggested, when
an empty glass was brought to their Lips, that they had taken water,
A typieal “water” churesis followed which depended on the suggestion
of drinking water and not the hypuosis per sc. After the experiment
Tus subjects showed spontaneous thirst as 1f a result of the water they
d:d not take but which brought about ecuresis'

Diuress can be through ditioned reflexes[454, 469].
Bykow and Berkmann{[20G, 207, 208] established a conditioned reflex
in the dog by repeatedly putting water into the rectum on d:fferent
occasions  After the reflex had been established the water might be
placed 1n the rectum and then remeved and diuresis swould still result
The amimal could be conditioned to the insertion of the rectal tube
elong, or to the sound of a whistle even when no water was actually
placed in the reetum Finally, placing the dog n the room where the
injection was customarily made provoked diurcsis The conditioned
reflex and 1ts extinetion oceur in dogs with one kidney denervated This
suggests that the reflex has two parts, nervous and humoral, since the
effector side of the reflex 13 not simply nervous. Marx[731] was able
to establish a conditioned reflex for diuresis in only one out of four
dogs where the conditioned stimulus was a musical signal and the uncon-
ditioned sttmulus was a pan of milkasater mixture Frve months of
trammng were required

828, Body Powtion Abdomingl Pressures. Linossier and Le-
moine{663, 664) discovered that the erect posture decreases notably
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of 14 per cent oxygen[101], there is diuresis and lyuresis of sodium,
potassiom, and chloride[202]. Dogs exposed to high altitndes also
show lyuresis of these jons. Following adrenalectomy this Iyuresis of
sodum and potassium 1s not present (§10.15).

Silvette and Britton[985] have deseribed in rats an acceleratory
oliguresis and a postacceleratory dmresis (‘‘acceleratory polyuria”)
whieh were thought referable to anoxia brought about by renocirculatory
disturbances. During exposure to positive or negative gravitational
stress urinary secretion was suppressed Following centrifugation the
urinary flow increased to 40 per cent above normal for 5 to 6 hours
The diures:s was reversed or inhibited by posterior pituitary extract.
Repeated daily exposure for 3 weeks caused albumin to appear in the
urine and pathological changes were observed in the lkudney,

Ordinarily there 1s no sumple relation between renal oxygen consump-
tion and the excretion of water either in intact animals[77, 162, 608,
1088] or in the isolated kidney[624]. Presumably oxygen consumption
is more closely related to 'y renal the of
the kidney being so low in terms of osmotic work (§42). In man the
resting oxygen consumption of the kidney is approximately 10.3 cc/
min [162]. The oxygen pressure in the urine probably reflects an
equilibrium with kidney tissue[707, 709]. This is less Iikely for earbon
dioxide pressure{920] In normal human urine oxygen tensions he
between 23 and 101 mm of mercury (average, 76 mm in healthy adults).
The tension is elevated 1n hgh diuresis (95 mm.) and lowered 1n cardiac
disease (48 mm ). Carbon droxide tension in human urine varies from
43 to 102 mm, of mercury with an average of 81 mm It is probably
never less than the carbon drwoxide tension of arterial blood. In the
dog the partial pressure of carbon dioxide of actd urme has been found
similar to that of arterial plasma[865]. In alkaline urine 1t 15 greater.
A urinary carbon dioxide tension of 310 mm. has been reported[65].

Linzbach[665] has suggested that an important fraction of the oxygen
used by the tubular epithelium 15 obtained from that dissolved in the
glomerular filirate, that is, there is a significant urinary es well es
vascular source. This supposedly would be available only when the
nephron was functiomng and that proximal region where most fluid
may be reabsorbed would thus be served  Failure of this urinary oxygen
supply is thought to account for certain pathological phenomena in
nephritis and nephrosis  Earlier, Richards and Schmidt[901] had
suggested that in frogs, blood flow through the glomerulus was a func-
tion of the call for oxygen bnt this was not supported by the work of
Adolph[13] for this species (§314). And Ohver[828] has shown that
a tubule can exist without an intact and functioning glomerulus.

£
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of 14 per cent oxygen[101], there is diuresis and lyuresis of sodinm,
potassium, and chloride[202]. Dogs exposed to high altitudes also
show lyuresis of these jons. Following adrenalectomy this Iyuresis of
sodium and potassium is not present (§10.15). N
Silvette and Britton[985] have described in rats an acceleratory
oliguresis and a postaceeleratory diuresis (‘‘acceleratory polyuria’)
which were thought referable to anoxia brought about by renoctreulatory
disturbances. During exposure to positive or negative gravitational
stress urinary secretion was suppressed. Following centrifugation the
urmary flow inereased to 40 per cent above normal for 5 to 6 hours
The diuresis was reversed or inhibited by posterior pituitary extract.
Repeated daily exposure for 3 weeks caused albumin to appear in the
urine and pathological changes were observed in the kidney.
Ordinarily there is no sumple relation between renal oxygen eonsump-
tion and the excretion of water either in intact animals[77, 162, 608,
1088] or 1n the isolated kidney[624]. Presumably oxygen consumption
is more closely related to nonexcretory renal processes, the efficiency of
the kidney being so low in terms of osmotic work (§42). In men the
Testing oxygen consumption of the kidney is approximately 103 cc/
min.[162]. The oxygen pressure in the urine probably reflects an
equilibrium with kidney tissue[707, 709] This is less Ikely for carbon
dioxide pressure[920] In normal human urine oxygen tenswons lie
between 23 and 101 mm of mereury (average, 76 mm in healthy adults)
The tension 1s elevated in high druresis (95 mm.) and lowered in cardiac
disease (48 mm.). Carbon dioxide tenston in human urne varjes from
43 to 102 mm. of mercury with an average of 81 mm It is probably
never less than the carbon dioxide tension of arterial bloed. In the
dog the partial pressure of carbon dioxide of acid urme has been found
similar to that of arterial plasma[865]. In alkaline urine it 1s greater.
A urinary carbon diox:de tension of 310 mm has been reported[65].
Linzbach[665] has suggested that an important fraction of the oxygen
used by the tubular epithehmm is obtained from that dissolved in the
: 1 filtrate, that 15, there is a significant urinary as well a%
pascular source. This supposedly would be available only when ffle
r:phron was funetioning and that proximal region where most fluid
may be reabsorbed would thus be served. Failure of this urinary oxygen
supply is thought to account for certam pathological phenomens i
nephritis and nephrosis Earlier, Richards and Schmidt[901] had
suggested that in frogs, blood flow through the glomerulus was a fune-
tion of the call for oxygen but this was not supported by the work of
Adolph[13] for this species (§314). And Oliver(828] has shown that
a tubule can exist without an intact and functioning glomerulus
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‘With contimed exposure to cold, diuresis reaches a maximal flow 1
the second hour and rapidly duminishes thereafter. Silvette[981]
reports polyuria in rats which mereased with lower temperatures and
decreased with raised temperatures in the range 10° to 30° C This
may be related to higher food mntakes in the cold.

Cold has the effect of causing temporary albuminuria[571], diminu-
tion of blood and plasma volume(22, 91], and increass of plasma con-
centration as measured by refractive ndex, hematoent, and vaper
pressure[64]. Some of the fluid lost from the plasma is thought of as
appearmng 1n the urine of cold diuress, possibly as an indirect effect
of intense vasoconstriction which reduces the space within which the
blood is contained. It is interesting to observe, however, that the fluid
shift in cold diuresis is opposite to that in recumbence diuresis (§828)

Cooling the blood perfusmg the 1solated kidney from body tempera-
ture to anywhere 1n the range 3° to 13° C. changes the composition of
the urine substantially to that of a serum transudate. There is recovery
on rewarming With coohng, urine flow increases reaching 2 maximm
at about 10° C. The chloride concentration of the urine, always low
at body temperatures, 1s 1ncreased by cooling so that below about 18”
1t is the same as the serum atron[114], The appli of heat
to the kidreys appears to have less marked effects[129]. Body tem-
perature has been reported to affect the maximal urinary concentrations
of urca and chloride[237].

8.31. Decreased Renal Mass. Aceording to Tuffler[1074] and Brad-
ford [159, 160] about 1 to 2 grams of seereting kidney parenchyma per
kg body weight are required for life in the dog (equivalent in man
to 80 to 100 grams or about one-quarter to one-third of the total renal
mass). When a portion of one kidney 1s excised, there is an increased

urine flow (§85), i itory, and not jed by appre-
eiable lyuresis. Exciston of portions of both kidneys is followed by 2
iderable and more hydrnria  Removal of about

more
two-thirds of the total kidney mass leads to a large and pracncally

permanent polyuria, still with httle Iyuresis® Loss of three-quarters
of the total kidney mass induces polyuria including urea lyurests
Verney[1094] duplicates the polyuria in the remainmg part of an
exesed kidney by tying arterial branches in the isolated kidney, otfmm-
ing an immediate response. Hayman et al.[505] believe there is &n

*In an older usage, ‘‘polyunia’’ mplied Iyuresis along with inereased urisary
flow, the latter alone, being known as *‘hydrunia **
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increased filtration through tke remaining glomeruli It is conjectural
how the remaining part of an excised kidney is apprised of the reduction
of renal tissne (§4.17, 85). Verney suggested that this type of polyuria
is found in certain chronic nephritides, constituting a ‘‘compensa-
tion’’[1095]. Removal of an entire kidney results in an increased blood
flow, oxygen ion, and urea cli in the ining kid-
ney(1058], the maximum increases being reached in about a month in
the dog The reaction of the reduced kidney to sodium sulfate and
to prtmitrin 1s diminished[505].

832 Dwrests and Renal Function in Relation to Age. Renal func-
tion duffers with age, being poor by adult standards 1n very young ani-
mals and showing some decline in age {§48, $11) The subject of renal
function 1 early life has been reviewed by MeCance[715]

In the newborn infant an average daily urine output (approximately
proportional to fluid intake) is given as follows[995] - first day, 156
ce.; second, 30.7; third, 58; fourth, 103; fifth, 148; and sisth, 1955.,
Despite the small volumes the speaific gravity 18 no higher than 1.012
on the first day and 1t may fall to 1003 or 1004 by the sixth Thom-
son[1059a] presents a detailed study of urme formation (reflecting the
onset of lactation and establishment of breast feeding) 1n newborn
breast-fed mfants during the first few days of life, including average
figures and ranges fo? urinary volume, spemfic grawity, pil, chloride
output, ete  In general s results indicate that in tins early period
volume and urea output inerease gradually ; pII moves toward alkalinity.
Speaific gravity rises to a maximum of 1025 on the third day and then
steadily dechines till the eighth day following which it becomes more
stabibzed  Albumun is quite consistently present at the second to fifth
days after birth and even more frequently in premature nfants,

Darnett[79], using & value equivalent to the veloety constant of
inulin (slope of the curve of log blood inulin concentration against time,
when nulin concentrations are falling after o priming dose), demon-
strated the proportionality of this factor to the inulin clearance (§323).
Human infants 4 to 9 days 01d have velocity constants of mulin only
one-third those of the normal adult. In parallel, infants 7 to 14 days
old have reduced urea and mineral clearances and show somewhat
¢levated serum levels of ehloride, sodinm, and potassium. They do not
have & concentration ratio for chlonde over 1 and are unable to form
a hypertonie urine[751).* As a result, oliguria becomes synonymous

*In the first two days of extrauterine lity infants exercte a comparatively eom
eentrated urime (400 mlliosmotar)
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with renal insufficiency, and normal saline is a dangerous drug since
the kidney cannot regulate loads of water and salt from such solutions
in the usual way (by forming a hypertonic urine). Postpituitary
extract which produces inhibition of water dwresis in adults has only
a very shght and fleeting effect on the urinary concentration of newborn
infants producing hypotonic urine, according to Heller[518, 519]. The
posterior pitwitary glands of the mewborn have considerably less of
the antidmiretic and oxytocie prineiples than do adult glands, but not
so little as to account for the low concentration of infant urine[525)
Presumably the sensitivity of the tubules to these hormones 1s less in
the infant than in the adult Heller[518] regards the daily fluid intake
as a more mmportant mfluence on the urinary concentration Barnett
et al [80] find that the premature infant does respond to the anti-
dinretic hormope by an increased fubular reabsorption of water but
water deprivation 1s more effective than the hormone in raising the
eoncentration ratio of mulin

The postnatal development of water diuresis has been studied in pups
by Adolph{15, 16]. Within a few days of birth, water to the extent
of 5 per cent of the body weight given to dogs by stomach tube makes
no difference 1n the urine flow or weight loss. Sometime around the
fifth to twenty-first day water diures:s is acquired and the adul{ response
is fully developed The deficiency in water diuresis before this time
is not due to lack of absorption from the gut, a finding which has been
affirmed by Heller[520] for the newborn rat .

The differences between jnfant and adnlt kidneys can be summa-
r1zed {286, T44] as follows in the infant excretion of water is defective
by adult standards, the osmotie pressure of the urine 1s low and only
rises to adult levels when serum values are highly abnormal ; glomerular
filtration is low and varies with the hydration of the body unlike the
adult; urea and mineral clearances are low and the latter may account
for the high suseeptibility to edema when normal saline is given

~, Asin full term infants, the remal function of premature infants s
~. reduced but to a greater degree They have lower urea, sodium, and
%hloride clearances than full term infants[445, 1185] and the concen-
tration ratio for osmotie pressure (approximated by adding the con-
centration of electrolytes and urea m the urine and dividing this by
the sum of the conecentration of electrolytes and urea in the plasma)
)s nspally below 05 although it can rise above 1 if the blood urea
is high. The functional differences between adults and full term infants
are exaggerated m premature mfants Wells et al [274, 1120} have
shown that injection of coneentrated urea solutions (50 per cent) under
the skin of fetal rats accelerates urine formation, and thus that some
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urctic function at this early ame exnts Ilowever, MeCance and
11kinson[730] were unable to obtain diuresis in suckling rats (unhke
ults) by oral 10 per cent sodm chloride, but there was some lyuresis,
n old observation of Dastre and Loye[283) suggests that it is not
ays possible to reach isorrhea in young dogs when D7 per eent salme
njected intrasenously, unhke the case with adult dogs.

There are sigmifieant differences in renal function 1n ofd animals as
mpared with younger adults or very young anunals Some of these
ve been noted previously (§48)  MaeNider[701] states that old
gs anesthetized with ether tend to becowme anuric, unlike young ones,
1t that they react much as younger ammals to diureties.

EXTRARENAL \FRsts RENAL AcTION or DIURETICS

833. The Prorimate Acton of Dwrefies In the older literature
ore attention was paid to the 1dea that diureties exerted their action
2 the tissues or the bleod rather than on the kdney  Thus, Jendras-
k{570] believed the diuretic action of calomel resulted from dilution
[ the blood through the absorption of flmd from body cavities. ITow-
ver, von Schroeder[947, 948] eonsidered xanthines to aet directly on
1¢ kidneys since no primary change in tissue fluuds was observed fol-
»wing their administration  Diureties were supposed to have a primary
xtrarensl action by Nonnenhruch(816], Bohn]144, 143, 146}, Crawford
nd Melntosh{256], Dieter and Wright{119], Melville and Stehle[766,
67] Claussen[226}, Tezner|1052), Stewart{1032], Fischer{365}, Cur-
i3{262], Eppinger[315), and others The evidence for this view is of
everal types

First, there 15 the finding of hydrerma and hypochlaremia in normal
t neph 1 dogs foll of 1 diureti
v certain xanthines  An action by wercury upon bedy and blood
rotemns, as indicated by progressive changes in the ultramicroscopic
ieture of blood plasma particles, has been thought to signify thewr
rogressive dehydration and hiberation of chloride, making water and
bloride more asvailable for renal excretion. Anotber aspect of this
iydeemic netion is seen 1n the decreased plasma specifie gravity and
he inereased blood velume which have been said to precede the onset
f dineesis[1032].  And the prolonged diureses which can be scen n
‘demn conceivably argue far an extrarenal molihization of flnd other-
wise 1n poor renal contact (§54). For the most part this mobilization
toncept depends on the subsidiary hypothesis that blood dilution 1s
8 stimulus for diwresis, which in itself cannot be accepted without
damaging reservations (§833).
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A second type of evidence for extrarenal diuretic action (on the

tissues) 1s that of Tezner[1052] who found that in children subeutaneons
potassium iodide is more rapidly absorbed following novasurol {mer-
baphen) injection and takes longer to appear in the saliva. Edlund
and Linderholm[316] found increased absorption of colloid (hemo-
globin), and particularly of water, from the knee joints of rabbis
treated with mersalyl (salyrgan) Quring the first hour after the drug
was given and before appreciable diuresis had set in. These experiments
are of a type which has not yet been suffictently investigated but it is
not clear what significance these reported effects have for diuresis
MeClure and Aldrich{28, 754] introduced a test for the presence of
edema and pre-edema states, based upon the time required for the
disappearance of 0.2 cc of 08 per cent sodium chloride placed intra-
dermally. In cases of developing edema the disappearance time of the
bleb is shorter than normal. It was supposed that this test reflected
variations in tissue affinity for water and salt, However, Govaerts and
Bernard[453] showed that paraffin oil, as well as saline, is more rapidly
absorbed from intradermal blebs in edema The simple interpretation
was then advanced that under the mechanical influence of the edema,
channels opened up, facthtating the removal of any introduced flmd
mass.
A third type of evidence 1s simularly mdirect and suppositions
It les in that certain diuretic agents such as digitalis which improve
the circulation, appear thereby to aid renal fumetion This factor,
and ‘“mobilization’’ of tissue flnid, may actually play a role in brimging
on diuresis but there 1s no clear proof that such is the case (§822).

FEvidence for a direct renal action of diuretics 1s given by Gova-
erts[451, 452], Schmitz[942], Bartram[82], and Bryan, Evans, Fulton,
and Stead[194] It takes the following forms

Furst, there is the direct denial of the hydreme blood changes reported

by other authors[194].
Second, there is the finding that while saline appears mainly to

. 1ncrease glomerular filtration m the course of its diuretic action, mer-

?

salyl appears to decrease tubular reabsorption of water. The diﬁ'erfent
type of response to salme and mercury has suggested that the action
of mereury is not secondary to an extrarenal mobilization of salt{942].
However, the xanthine, euphyllin, mereases glomerular filtration an‘d
it could be argued, if weakly, that this is evidence of extrarenal mobi-

lization of salt and water. A e y exists
in regard to certain xanthines in the experiments of Bartram([62]. .In
merenrial

anesthetized dogs rendered hydremic by intravenous saline,
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dinretics and theocin-sodium acetate when injected in small doses
directly into the renal artery of one side produced diuresis on that
side but had httle effect on the other, Other diuretics such as caffeine
citrate, theobromi: i i , theophylli hylened:
ureg, and digitan, in contrast, produced approximately the same urinary
excretion from each kidney even though only one renal artery had been
mjeeted. It was taken that the mercurial diuretics evinced direct action
on the kideeys The others were considered to possess, possibly, some
extrarenal action Gremels[465] states that mereurials, xanthines, and
cardiae glucosides all have & direct effect on the isolated dog kidney.
A third type of evidence for direct renal action is given by Gova-
erts{451, 452] He took a kdney from a dog at the height of merbaphen
duress and transplanted 1t mn the neck of a normal dog. Then he
transplanted a kidney from 2 normal dog in the neck of a merbaphenized
dog. The kidney from the mercurialized ammal, even though perfused
with normal blood, continued to secrete abundantly while the kidney of
the normal amimal transplanted to the neck of a mercurialized one,
waintamed 2 homalunie flow
A middle ground 1n the polemsc of extrarenal versus renal action is
held by Moller[788] and Engel and Epstem[344] The former contends
the evidence supports both renal and extrarenal action The direct
Tenal action of mereurial diuretics 18 seen 1n the elevation of the con-
centration ratio for chloride, while the extrarenal action 1s seen in the
hydremia indicated by the dilution of hemoglobn in the blood. The
latter authors support the view that hydrema precedes mercurial di-
resis and that there is a quicker absorption of a McClure-Aldrich bleb
even before diuresis starts They beleve that mercury affects the
osmotic pressure in tissues and consequently that the changes effected
by mercury with respect to tissues 1n general may logically include
parallel changes 1n the renal tissue itself In this way there is an
indissoluble nexus between renal and extrarenal actions
1t is presently difficult to deerde whether, or how much of, the action
of digitalis, of saline solutions, or of mercurial dmretses 18 at renal or
extrarenal loci. Experiments with isolated or other specialized kidney
preparations do not seitle the question By this means alone there
ean be no full companison of the diures:s from solely renal exposure to
a diuretic agent, with the diuresis from the agent permitted general
aceess to normal or pathological body tissues. In the past the matter
Bas been adjudiented necording to the temper of the investigator and
the physiological mores of the time rather than by logical inference from
all pertinent facts
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A seeond type of evidemce for extrarensl diuretic action (on the
tissues) is that of Tezner{1052] who found that in children subeutaneous
potassium iodrde is more rapidly absorbed following novasurol (mer-
baphen) mjection and takes longer to appear in the saliva. Edlund
and Innderholm{316] found increased absorption of colloid (hemo-
globin), and particularly of water, from the kmee jomnts of rabbits
treated with mersalyl (salyrgan) during the first hour after the drug
was given and before appreciable druresis had set in  These experiments
are of a type which has not yet been sufficiently investigated but it 1s
not clear what significance these reported effects have for diuresis
MeClure and Aldrich[28, 754] introduced a test for the presemce of
edema and pre-edema states, based upon the time required for the
disappearance of 02 cc. of 08 per cent sodiim chloride placed intra-
dermally In cases of developing edema the disappearance time of the
bleb is shorter than normal It was supposed that this test reflected
variations 1 tissue affimity for water and salt However, Govaerts and
Bernard[453] showed that paraffin o1, as well as saline, is more rapidly
absorbed from intradermal blebs in edema Tke simple interpretation
was then advanced that under the mechanical influence of the edema,
channels opened up, facihitating the removal of any introduced fluid
mass
A third type of evidence is smularly indirect and suppositious.
It lies in that certain diuretic agents such as digrtalts which improve
the eirculation, appear thereby to aid remal funetion. This factor,
and ““mobilization”’ of tissue fluid, may actually play 2 role in bringing

on diuresis but there 1s no clear proof that such 1s the case (§822).

Ewidence for a direct renal action of dwreties is given by Gova-
erts{451, 452], Sehmitz[942], Bartram[82], and Bryan, Evans, Fulton,
and Steadf194] It takes the following forms.
First, there is the direct denral of the hydremic blood changes reported
by other anthors[194]
Second, there is the finding that while saline appears mainly to
increase glomernlar filtratton i the course of 1ts dmretre action, mer-
 salyl appears to decrease tubular reabsorption of water. The different
type of response to salne and mercury has suggested that the action
of mereury 1s not secondary to an extrarenal mobihzation of salt[942).

However, the xanthine, euphyllm, mcreases glomerular filtration nn'd

it could be argued, if weakly, that this is evidence of extrarenal mobi-

lization of salt and water. A similarly unsatisfactory situation exsts

in regard to certain xanthines 1n the experiments of Bartram[82]- .I"

anesthetized dogs rendered hydremic by intravemous salmne, mereurial
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diureties and theocin-sodtum acetate when njected in small doses
directly into the renal artery of one side produced diuresis on that
side but had little effect on the other. Other diuretics such as caffeine
citrate, theobromine-sodium salieylate, theophylline-ethylenediamine,
urea, and digitan, in contrast, produced approximately the same urinary
excretion from each kidney even though only one renal artery had been
injected. It was taken that the mercurial diureties evinced direct action
on the kidneys. The others were considered to possess, possibly, some
extrorenal action Gremels{465) states that mercurials, xanthines, and
eardiae glucosides all have a direet effect on the isolated dog kidney.

A third type of evidence for direct remal action 1s given by Gova-
erts[451,452] He took a kadney from a dog at the height of merbaphen
diuresis and transplanted 1t in the neck of & normal dog. Then he
transplanted a kidney from a normal dog 1n the neck of & merbaphenized
dog  The kidney from the mercurialized ammal, even though perfused
with normal blood, continued to secrete abundantly while the kidney of
the normal ammal transplanted to the neck of a mercarialized one,
maintained a homalune flow

A middle ground 1n the polemic of extrarenal versus renal action is
beld by Moller[788] and Engel and Epstein[344] The former contends
the evidence supports both renal and extrarenal action The direct
Tenal action of mercurial dinreties 1s seen 1 the elevation of the con-
centration ratio for chloride, while the extrarenal action 1s scen m the
hydrenin indicated by the dilution of hemoglobin in the blood. The
latter authors support the view that hydremia precedes mercurial din-
resis and that there 1s a quicker absorption of a MeClure-Aldrich bleb
eien before dioresis starts. They believe that mercury affeets the
osmotic pressure In tissues and consequently that the changes effected
by mereury with respect to tissues in general may logically include
parallel changes 1n the renal tissue stself. TIn this wey there is an
indissoluble nexus between renal and extrarenal actions

It is presently difficult to decide whether, or how much of, the action
of digitalis, of saline solutions, or of mereurial diureties is 8t renal or
extrarenal joes  Experiments with isolated or other specialized kidney
Dreparations do not settle the question By this mcans alone there
ean be 1o full comparison of the dinresis from solely renal exposure to
a diuretic agent, with the diresis from the agent permitted general
feeess to normal or pathological body tissues In the past the matter
has been adyudicated according to the temper of the investizator and

the physiological mores of the time rather than by logical inference from
all pertinent facts.
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THEORY OF Drurests

824 The Dwmresss Problem The physiologist given to the analys
of renal funetion purely in terms of its glomerular and tubular fractior
sees diuresis and antidinresis, as has been said, merely as the ebb 2n
flow in tubular reabsorption or glomerular filtration, and these a1
conventently explained by the intervention of mechanical, erreulator)
endoerine, osmotic, or toxic influences. Solute excretion or retentio
is seen by this physiologist as a matter of tubular capacity for transpor
or work, and the exeretion of each solute 1s without too mueh diffieult
compartmentalized in a Dittle excretory system of its own[1124].

To another physiologist, concerned less with nephrodynamies an
more with the urinary funetion of the kidney as it is evidenced by th
sum of complex responses which serve to maintain homeostasis, diures:
1 something else. Unine flow is less eapricious a renal variable whez
viewed as an integral part of the excretion of many materials The
excretion or retention of water has relation to the exerction or retention
of other urinary Is, and the is seen Iy to be
m multifarious states of imbalance or balance, perhaps tending always
toward the zero balance Perpetually prodded by loads and deficits,
by states of surfert and panaty, the ludney is seen to defer, to favor,
to restrict, or to compromwse the urmary excretion of different sub-
stances It sacrifices volume to concentration or pH to osmotic pressure,
in what may be the best of all possible choices, that 1s, those consistent
with its physiological capacity, which are m the highest nterests of the

organism

8.35. The Hydrenua Hypothesis of Diurests. Tt was once considered
axiomatie that diuresis resulted from an merease of water in the blood
Whatever the source of this water, whether exogenous or endogenous
(“*from the tissues’’), 1t was an easy surmuse that an excess would be
eliminated readily through the kidneys Jendrisaik[570], Magnus{702
704], Starling[1024], Cushny[265], Bayliss and Fee[88], Haldane and
Priestly [476, 872, §73], Riock{907, 903], and others[255, 330] sup«
ported this hypothesis which has essentially three forms.

Furst, according to Haldane and Priestley the kidneys eannol
hold water from renal excretion when the diffusion pressure o'5 wa.ter
in the urme 1s considerably below that in the blood In this view
(essentially an oversimpltfied fugacity hypothesis) water duuresfs
becomes a response fo some slight dilution of the blood Wh{ch causfs a;
inerease in the diffusion pressure of its water. Second, Rioeh believe

t with-
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that the dilution of the electrolyte concentration of the blood was
probably the factor responsible for instizating water diuresis Though
inextricably tangled with the diffusion pressure concept, the electrolyte
dilution hypothesis emphasizes a different proximate cause of diuresis
Third, the dilution of plasma colloids shown by Starling to favor
nereased filtration of flmd across capillary walls, including those of
the glomerult, 1s consistent with diurests (*‘dilution diuresis’’).

Attractive as the protean hydremia hypothews superfictally appears,
it bas possibly fatal defeets Experiment reveals situations in which
there is no parallelism between water excretron and blood dilution{10,
1038]. In vwater diurests the greatest blood dilution precedes the
greatest dwuresis with a lag of 15 punutes DBaird and ¥aldane[58]
drank hypertonie salt solutions followed by varying quantities of water.
Exira water consumption was found to have httle effect on the course
of the moderate diuresis produced by the hypertonic solutions so that
the druresis was m effect independent of the blood dilution. Simularly,
Underhill and Pack[1076] found no correlation betwecn hydremia and
the diureses of water, mtravenous sodmm acetate, or intravenous urea
solutions  Pituitrin admumistratton can produce an emuretie blood
cilution, evidencing 1n this instance a negative correlation of hydremia
with diuresis Lack of correlation between hydremia and diuresis is
shown by the work of Smirk[992] and Baldes and Smirk[53] who
measured blood dilntron 1n several ways (per cent solid in whole blood,
hemoglobin of whole blood, hematocrit, protem content of plasma, and
¢blorsde content of plasma) In man a fall in the total osmotic pressure
of the blood, if produced gradually by mineral starvation, does not
lead to the hypothetically expected diuresis If the total osmotic pres-
sure of the blood 1s first rased artifically and followed by a given
dose of water, diuresis may then ensue even if the total osmotic pressure
does not fall below normal Daldes and Smirk thought that water
diuresis was best interpreted by the hypothes:s that o mechanism which
Tosides an the kidney 13 stimulated direetly as a result of a sudden
inerease in the proportion of water in the blood whereupon there is
then a delay before the kidney responds by dresis to this stimulus
Lyuretic dinreses from strong solutions smeh as of salt or glucose argue
Azainst the alleged of a hydremia d m terms of
total osmotic pressure of the serum, since this may increase 1n these
dimreses,

From studies of the dioretic effect of hypertonic salt solations taken
orally, Arden[46] concluded that blood dilation was not a factor of
Impartance to diuresis beeanse inereased urine flow 15 proportional to
the quantity of salt taken, under conditions where water leaves the
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831, DThe Diwrests Problem. The physiologist given to the analysis
of renal function purely in terms of its glomerular and tubular fractions
sees diuress and antidinresis, as has been said, merely as the ebb and
flow in tubular reabsorption or glomerular filtretion, and these are
convemently explained by the intervention of mechanical, eirculatory,
endocrine, osmotie, or toxie influences. Solute exeretion or retention
15 5¢én by this physiologist as a matter of tubular eapacity for transport
or work, and the excretion of each solute 1s without too much diffienlty
compartmentalized 1n a little excretory system of its own{1124].

To another physiofogist, concerned less with nephrodynamies and
more with the urinary function of the kidney as it is evidenced by the
sum of complex responses which serve to maintain homeostasis, diuresis
15 something else  Urnine flow is less capricious a renal variable when
viewed as 2n integral part of the excretion of many materials, The
exeretion or retention of water has relation to the exeretion ar retention
of other urmary materials, and the organim is seen constantly to be
1n multifanous states of imbalance or balance, perhapy tending always
toward the zero balance Perpetually prodded by loads and deficits,
by states of surfert and paucity, the kidney is seen to defer, to favor,
to restrict, or to I the nrinary of different sub-
stances, It fices volume to ion or pH to osmotic pressure, *
in what may be the best of all possible choices, that is, those consistent
with its physiological capacity, which are in the highest interests of the
organism.

8.35 The Hydrema Hypothesis of Dinrenss. It was once considered
axiomatic that duresis resulted from an increase of water in the blood
Whatever the source of this water, whether exogenons or endogenots
(**from the tissues’’), it was an easy surmise that an excess would be
eliminated readily through the kidneys. Jendrissik[570), Magnus{702
704), Starling[1024), Cushoy[265], Bayliss and Fee[88], Haldane and
Priestly[475, 872, B3], Rioch[007, 908), snd others[255, 340} sup-
ported this hypothesis which has essentially three forms '

First, according to Haldane and Priestley the kidneys cannot with-
1old water from renal excretion when the diffusion pressure of Wﬂ}ﬂ'
in the urine is considerably below that in the blood In this view
(essentially an oversimplified fugacity hypothesis) water druresis
becomes & response to some slight dilution of the blood which esnses an
increase in the diffusion pressure of is water. Second, Rioch believed
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hat the dilution of the electrolyte concenteation of the blond way
wrohably the factor responsible for instigating water diyresix. Though
rextricably tangled wath the difasion presure conrept, the elhc\roly.le
Lluten hypothrsis emphasizes a different prosirate eanse of dinresiv
rhird, the dilshon of plasma collsids shown by Starlinz to favor
gereased filttation of fland seross capillary walls, jnelading these of
Le ploteruly, i3 consistent with diuresis (*dilution dinresis™).
Attrnctive g the protean Pydeemia hypothesis xuperficially appests,
t bas posubly fatal dofects. Experiment reveals situations in which
Lete {8 no paenilelinen betneen water excretion and blond ditation{10,
10%9). Tn water dinresis the grestest blood dilution precedes the
rreatent diteests Sith & lag of 15 mimutes. Dawrd and Haldane{43]
Jeank hypertomie satt aolutions followed by varing quantitiet of water.
Fatra water consumption was foond to hase Luh effees on the course
of {he moderate diureass produced by the hypertome solutions so that
the dinresis was 1n effect independent of the blood diluuon  Simularly,
Underhill and Pack, 1076] found no coerclation betwern bydremia and
the ditiresen of water, wtravenous soafiom zeetadr, ot TITAYENODS UIEA
slations. Pitudtein admonstration cas produre an emuretic blood
dlatien, evideneing i this tistance a pegative correlation of hydremia
with dinresis  Lack of correlation between hydremis and diuresis s
stown by the work of Smirk{992} and Daldes and Sourk{dd} whe
messured bloed dilution in several ways (per cent solid sn whale blood,
temenlobin of whole blood, bematoent, protein content of plasma, and
¢l iride content of plasraay  In man a £all in the total psmotic pressure
of 1he Yhad, of prodaced gradusily by minerl starvation, does not
B21 10 the hypothetieally expeeted dimreie 11 the total osmolie pres.
wre of tte blood s G0t raned artifinally and follywed by 8 Riven
drer of water, diuresis many then ensue even if the 161p) pemotie Pre=ure
dra md fall telow purmal  Tialdes snd Bmirk thonglt et water
d.zrer’s was bt initerprted by the hyptheds that a mechamsn which
raide in the hidney 18 ctmulated direetly ge a pesult ©f @ 23
scrense I the propattion of waler in the Locd wheretd?® 1Hre i
Wen ey before the Kadney Tepente by duurens 10 O, ST A0
Lyuretic dusrescs from atrong slutinns steh o of salt f £ ,,m"":;
araest the afloped requiterient of & Fydremis mesett Team 7 thea
142} eamotie prewnre of the serum, sines ihis mar 3
s L 3R len
From stutien of the datetie effect o hypenten™ "4 g fa e ot
revly, Anten(6) eubednlad that Bt itane® 25 S o o gy
Smpe Hanee fo dnirres beranes fnereased prine tere wAT T
Te granuy of walt hen, nndee gonlijons ¥ N
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bloodstream to enter the gut[240, 1172] in response to the osmotic
gradient between the contents of the gut and the blood. An early
observation of Frey[384] favored the view that the stimulus in salt
dinresis was the absolate quantity of salt taken rather than that of
water

Finally, we may note that anesthetics such as amytal and pentobarbital
produce hydremia and oliguresis{180, 481]

In general, for any examples one may bring forward of high correla-
tion between hydremia and diuresis, corresponding examples of high
negative correlation or zero correlation between these variables can be
eited  'Where 1t 1s shown that dilution of plasma colloid promotes
dwresis in one case, it may still be shown that in another, low plasma
colloid may exist without favoring diuresis We do not know all of the
factors which enter these pictures, and unless they are perceived and
remarkably clarified, we cannot seriously employ the hydrema hypothe-
813 to account for the fundamental facts of duresis

836, The Threshold Gap Hypothesis of Dwresis. An empirical rule
formulated by Dillon{298] has been applied to the phenomenon of
duurests, qualitattvely accounting for a wide range of experimental
results He suggests that the threshold of retention for chlomde is
held at its normal level by a reflex of an ome balance between cells
and extracellular flmd 1 the ludney If the plasma concentration of
chloride differs from 1ts actual threshold by more than a certain amount
(ca. 1 to 2 mEq /1), dwresis results This diuresis will be accompanied
by an increase 1 the urmary concentration of chloride 1f the threshold
has fallen below the actual plasma concentration, and by a decrease
if the threshold 1s raised above the actuzl plasma concentration

Tt 1s unnecessary to detail here objections to this kypothesis which
take the form of exceptions to the rule * Prineiples of renal physiology
are not sufficiently developed to permit affirmation or denial, on theoret-
ical grounds, to the threshold gap hypothesis For the present it can
only be regarded as an mteresting empirical rule of some heuristic
value which, to the extent that 1t holds, will eventually be incorporated
mto a body of principles of urmary functron

« An instance of such an exception 19 gaven sn the druress which vesults from the
infusion of saline soltion whose jome eoneentrations are at the actual thresbolds of
chloride and/or sodium, that 15, duresis ean obtam with no threshold gap Agaun, 1o
fhe Iyuretie diwresis followng admimustration of hypertome sodmm cblonde the
greatest diuresis does not mecessanily occur when plasma chlonde ¢

maximal{286].

oncentration 19
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§37. The Postpituilary Hypothesis of Diuresis, By the hydeemia
hypothesin an Increased concentration of water in the blamd in the
immediate’ stimnlus in water exeretion; by the postpluitary {pars
nervosa) hiypotheaix, an inereascd concentration of water in the blood
v the *‘mediate’” stimulus{C03). The postpititary Lypothrus{1026],
or 2% 1t has been called, the **hypopitresinemia’™ hypothetis of diuresis
is & conrept designed to arcount for the vichwtudes of the urine flow
chiefly where theae have reference to chanres 1n the water content of
the body It bas been forged into a useful tonl by Verney and his
co-workers}603], by Gilman and Goadman{431], and by Fuher, Inzram,
and Ramon}330, $1016}.

The pastpituitary hypothess holds that a load of water s1n the bady
flundy, through the Jlowening of osmatic presure which it pruduees in
thewe, alters the drgree of stimulation of osmoreceptors in the nervous
system o the Ied of the internal carotud arteey  The neult of such
eltered stimulation 1< a refles neural sohibation, through the supraoptico-
hypaphyscal syster, of the seeretion of the sntudinretic hormone of the
pars nervest. The hormone fally to a level in the blood such that tubular
realmorption of water i decrrased and the unme fw e anereased.
The tume required for the hirmone to fall below ats *‘antidivretie
thredold”” presumably conctitutes the latent period of water diuresae.
Dtleats of water an bddy flnds, or the introduction of substances which
Taive the tamolie prewsure of the body flunds an the remion of the
owmareerptory, kave the opposite effeet Releawe of putmtary ant-
dinretie bormone fs simulated with & resulting intibition of unine flow
The p * by patheas s particulardy elezant when applied to the
phenumennn of water diuresie and ats inhibition throuph eemotie e} anges
in the tvxly Bunle  In sta pare form, bowever, it Jdoss not acecunt for
dittrre st prneral, and at e neesaanly eormingled with otber hypethe.
s whrn applied to diveeset referable ta certamn other agents than
water  Thuy, wlale the tnitial, eonall digretie efferte of Jasds of swtanie
sbine fall an micely with the Ia-k of tamutie stimnlatin experte] from
szt salate iy (e nltieiste polvuria whash ean follow prol mpewd, steady
state itakrs of such s lutiona 1e not pirnply secounted fer thereby, The
Qg tie effovte ol notarge avliim sulfats, stpeng in comparivm with
1 o of rtense s ehland={ 703, 1157}, elearly eall for qualifeation
111k e functiomng of the antnleiretic bormone,  Further, we riay inquire
why a water dhiureus falle o at all sa g o thert §s an appreciatle

»ater bad am 41 by, o the dimrele B dne 1o b of wetidianvtys
botmone fn e arentati n In A derlining water drieue tie rate
e water etoretn g boorelated 19 water Ladf16) Tt Bad not yet been
Wown tbat eorrapen Leg pradate oo i orealating antadiaretss bormens
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actually oceur in the normal organism, despite the fact that graded
antidiuresis may be produced in dogs with diabetes insipidus by regulat-
ing the admmistration of vasopressin{965].

Wesson, Anslow, and Smith[1123, 1124] have applied the postpitu-
itary hypothesis to the excretion of water in the complex state where
strong electrolytes such as sodium chloride are being simultaneously
excreted (§8.1). They postulate a distal tubular rate of water reab-
sorption which can be activated to varymg degrees by the antidiwretie
hormone, that 1s, between zero per cent (maximum diuresis) and 100
per cent (maximal ohiguresis or minimal diuresis) Even with this refine-
ment the matter is left obj bly over-simplified. The evaluati
of the influence of other hormones such as adrenal cortical, oxytocic,
ete., and of the excretion of other uriniferous solutes has scarcely begun,
yet it 15 almost certain that they must be incorporated into the theory
of dinresis Presumably the postpituitary hypothesis will become an
important hink in this theory connecting presently known and as yet
unknown systems of renal regulation.

No one has yet presented a general theory of diuresis. With or
without chall to the fu il of renal function, that
is, that water and other urmary constituents are filtered at the glo-
merulus and that water, at least, is reabsorbed in variable degree by
the tubules, we cannot fully describe the excretron of water and other
urinary materials in 8 manner which is internally and completely con-
sistent Neither do we have any compelling reason to think that our
explanations for the actrvity of ndividual diureties are sound. It is
not enotgh that 1t 15 possible to construet hypotheses which account
for large areas of known fact No matter how ingenious these may be,
they will have to justify themselves m enabling us to predict previously
unknown or unsuspeeted renal relations, and 1n indicating how thefé
may be found Schemes which fail to satisfy these tests are wanting in
their fabrication
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Antidiuresis and Antidiuretics

91 Borme of the facts of antidiuresis cannot readily be divoreed
Trom 1t ove of diuresis or of endnefine conteol of urinary fuaction, and
thewe are nerordingly diccuseed in other scctins of this bok, The
best known antidinreas 3¢ that which results from the action of the
antdun s Lormone ol fhe peatebior pOtary shen o wrvolates nm
inereasad tubnlar eeatrorplion of water  Water diureus 1 mest eaily
subjert to the antazonism of this hormone  Mervurial dinreus is not
oriple tely antaponizsd Ly tiretse ditireaes sueh s from sndinr ehtoride,
PAasiom seetate, urea, etr and some xantiinoud diurees such »¢ of
melamine, adenine, and furmoguanamine, sre relatively ancontrollable,
TheapLslhne dimpears 13 sand to 1o mmeseased 2y 3 resolt of the arhim
of pituunin} 1078)

AsmiiarRrss o NpCEonyrornysoas Ousans

9% Acetylehchine Anhdiercny Paehford (892, £33, £53) has studsed
1te inhilitery action of aretyleholine on water ditress an the upanes
tetired dug  After atropine, guven 1o counteraet periphiersl effects of
tbe parasympathotmumetze deuz, ntrsvenous aeetyleholine Jed to »
temporary inhibition of water dwresis areompanied by £ v an ehlonds
sreretion  Anomtal, bre! anana, not eharacterishe af pure piteitary
antulinteas but presarably dus to soue expenmentally uneostrollm)
factar wan alvs olecread T8 ead presante changes were not intelied
inthiseffect  1na thinting dog acetylehaline prodaces a duiress whark
ineharacteristic of postpitmitary aston i this eopditon §102)

Aretglholine myectad mto the saprr plc nuslens rreabts o an
sdabatien of uriee €om which 1w ot seen alier rem wval of the putuatary
wlandi=ii] Nanlibiten ol ws mpertion it e aredlary badied
or lateral typrthatamus Thow asetyi*loIne appears 10 &t en the
entral cersan avater, peatbly by stimulatien the anprasptie el
e e Llveabon n§ the aptidinretie horrone of e pautary,

23 NMedine eo! Yolsmbuae dnfebwron Uamm, Trodwe aed
Torn{20], norprtie s the eyiests of el nlen s

27
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a3 evidencing the ““nieotime’” action of this drng, tested the effect of
nieotine on water diuresis and conclnded that the inhibition which it
produces may be due to stimulation of the supraoptic nucleus bringing
on a release of antidiuretic hormone from the posterior pituitary. In
the rat meotine is antidiaretic but not if the pituitary has been remosed.
In man smoking exerts an antidiuretic effect to the extent in a sensitive
subject that one cigarette will inhibit divresis for 2 to 3 hours The
same amount of nicotine as contained in this cigarette will give the
effect upon mtravenous injection. The stimulus of nicotine persists for
30 to 45 minutes even 1f given intravenowsly ang s thought tonieslly
to discharge pitwitary autidivretic hormone. Some individuals are
Jess sensitive to this effect of mcotine which may in part represent &
tolerance to the drug The effect is not due to nausen. Nonsmokers
were counsidered by Walker{1110] fo be more susceptible to the ant-
diuretic influence of smoking than smokers but Eggleton[321] finds
that while the reaction of smokers to intravenous nicotine is 8 diminished
dwretic response to water {or ethyl alcohol-water) load, nonsmokers
actually show an enhancement of the response. The latter investigator
suggests that a possible esplanation of tius difference lies in a differ-
ential action of nicotine on the sympathetic and parasympathetic sys-
tems in the two groups. It seems to her not unlikely that subjects
addicted to micotine mught respond to a single injection of the drag
differently from those whose tissues had not previously been exposed
to its action Stimulation of the sympathetic system is known to antage
nize the output of antidi h (the 3! group) but in
smokers it appeared to bring on increased output of hormone {§1018).

Fugof389] deseribes an antidwuresis in normal dogs which fo“qws
the ndministration of the alkaloid yohimbine The polyuria following
transeetion of the posterior lobe 13 not relieved by yohimbine whose
action is attributed to the release of the antidiuretie principle of ('h)s

release of some dinretic principle from the anterior Iobe

94, Morphine Antiduresis. Intramuseular morphine sulfate gw
mg.) can inhibit water diuresis in man producing at the same ume
slight chloruresis{362). It does mot inhibit saline dim‘esis to th&;
extent that it does water diuresis, From similar observations in norma
dogs and from the fact that morphine does mot inhibit water diuresit



ANTIDIURESIS AND ANTIORRFTICS 259

in dopx with diabetes insipudas, de Bod»{237] conrluded that the neuro-
hypopliysin is necexary for the id action of snorphins,
Walker[1110] statew that subeotancous morphine salfats (20 my) in
therapeutie drsrs dxs pot inhalit nater dinress in man.

The renal influence of morphine varies in d:fferent apimals, for
example, it has no elear antidiuretic action n the rabbit in contrast to
the dog[514]. The meekannms of morphine antidiaresis in different
apeeies are posably of three type<. Lipschitz and Stokey(672], afrming
it the 1dea of postp y listion of morphine action in the
dog stow, secondly, that merplune is antidiuretic i the lyoretie dinresis
of sadium ehlatide ar the xanthineid diutess of melamine snd formn-
goanamine  In other worde, it is sntidiuretic where acetyleboline,
pitressin, or phenobarkital s snactive, or where pmipitmitary mediation
v in~ffective.® Sinee peurvhypophysectomized dogs do not show this
antidiarctic e~tivity of morphine the mechanien m thexe instanees iy
suspeeted to be mediation by the antenor lobe 1§23 of the hypophyiv
This normally stimulates the slrenal cortex which, 1n turn, is eseential
{or digreas. Other posbibirs anclwle & perphernd action of e drug
¢ the Lidney or a depressing effeet upwn the adrenal cortex However,
Wkite et a1 {1131] bnve shown that demonstrable falls 1n parssminchip.
purate and fnubin elearance In dogx, following hypophysectomy, are
not dlue to adrenocortieal regression dependent on loxs of adrenacortico.
trvphie hormone  Newher adrema) veplarement therapy nor adminie.
trativn of adrenocorticotrophie hormone has any effect in proteeting thes
renal functione Thess imextigators regard the effects as das to I
of anterior lobe prineiple ($10 113 Thardly, in the dmg the rensl nerves
play no part i morphins antidiureas but in the pat morphine anti
diurmis dunng the action of ditreties, AmY mont of 17 in water diarenas,
Is paralyzed whent the kadneys are decapsulated and denervated  Only
sraal] ameunts of the antidiretie barmone are found in the unne
+f nosmal sud hydrated rats under morphine

Ah Thol (BALY Awtubixresn The action of arcoiie oF inopranis
retnral direhies 1 pretertad or atalaled by certan thiode
(19 %2 100 Larle and Berlimee]815] find 59 BAL (Britsh
ot bewsite, 2 Bdimercaptepropancl) ean atus inhibt mater diurmis,
rlably By stimulating the sectrtim of tle artubutets bons o of
the pitadary gland sdnee thers 16 no effet of e drez m dagy wath

SHUb aler abt f et £ and watelLruretis A8 merearal & arva 81FE2] 18 porgeatane
bt futire (1 4
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as evidencing the ““nicotinie’” action of this drug, tested the effect of
meotine on water diuresis and concluded that the inhibition which 2t
produces may be due to stimulation of the supraoptie nueleus brging
on a release of antidiuretic hormone from the posterior pituitary. In
the rat mcotine 13 antidiuretic but not if the pitmtary has been removed
In man smoking exerts an antidiuretic effect to the extent in a seasiive
subject that one cigarette will mnhibit dwuresis for 2 to 3 hours. The
same amount of meotine as contained in this cigarette will give the
effect upon intravenous injectron. The stimulus of nicotine persists for
30 to 45 minutes even 1f given intravenously and is thought tonically
to discharge pitunitary antidiuretic hormone, Some individuals are
less sensitive to this effect of nicotine which may m part represent a
tolerance to the drug. The effect is not due to nausea, Nonsmokers
‘were considered by Walker[1110] to be more susceptible to the anti-
Qiuretic influence of smoking tham smokers put Eggleton[321] finds
that while the reaction of smokers to intraverous meotine 1s a duninished
dinretic response to water (or ethyl aleohol-water) load, nopsmokers
actually show an exhancement of the response, The latter investigator
suggests that a possible explanation of this difference lies in a differ-
ential action of nicotme on the sympathetic and parasympathetic 87S-
tems in the two groups. It seems to ber not unbkely that subjects
addicted to nreotme might respond to a single mjection of the drug
differently from those whose fissues had not previeusly been exposed
to its action, Stmmulation of the sympathetic system is known to antago-
nize the output of antidinretic hormone (the nonsmoking group) but m
smokers 1t appeared to brmg on increased output of hormone (§1018)

Fugo[389] describes an antidiuress in normal dogs which follows
the admimstration of the alkalord yohimbine, The polyuria following
transection of the postertor lobe is not relieved by yohimbine whose
action 1s attributed to the release of the antidiuretic prineiple of this
pland. In dogs with diabetes insipidus followmng surgieal intertﬂp.twn
of the hypothalamic stalk, urine volume metreases with yohimbine Since
completely hypophysectomized dogs show no sigmficant change m urne
flow with yohimbine, it 1s suggested that the drug also stimulates the
release of some diuretie principle from the antertor lobe.

94, Morphine Antidiuresis Intramuseular morphine sullate '(10
mg.) can inhilit water drulesis in man producing at the same time
slight chloruresis[262] It does mot nhibit saline duresis to the
extent that it does water dmresis From similar observations 1o narm'fxl
dogs and from the fact that morphine does not inlbit water diuresis
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in dogs with diabetes 1nsipidus, de Bodo[287] concluded that the neum-
hypophysis is necessary for the ic action of morphine,
Walker[1110] states that subeutaneous morphine sulfate (20 mg) in
therapeutic doses does not mhibit water druresis 1n man.

The renal influence of meorphine varies in different animals, for
example, 1t has no clear antidiuretic action in the rabbit 1 contrast to
the dog[544] The mechamsms of morphine antidiuresis 1 different
species are possibly of three types Lipschitz and Stokey {672}, afirming

« first the idea of postpituitary mediation of morphine action m the
dog show, secondly, that morphine is antidiretic in the Iyuretic diuresis
of sodium ehloride or the xanthinoid diuresis of melamine and formo-
guanamme In other words, 1t 1s antidiuretic where acetyleholine,
pitressin, or phencbarbital 38 inactave, or where postpituitary mediation
is 1neffective * Since neurchypophysectoimzed dogs do not show this

a aetivity of h the h 1n these is
suspected to be mediation by the anterior lobe (§9 3) of the hypophysis
This normally stimulates the adrenal cortex which, 1n turn, 18 essential
for draresis Other possibilities include & peripheral action of the drug
on the kidney or a depressing effect upon the adrenal cortex. However,
‘White et al.{1134] have shown that demonstrable falls i paraammo!np-
purate and mulin m dogs, foll g hypoph y, are
not due to regression dependent on loss of adi 100+
trophic hormone Neither adrenal replacement therapy nor admints-
tration of adrenocortreotrophic hormone has any effect m protecting these
renal functions These investizators regard the effects as due to loss
of anterior lobe prineiple (§1011) Thirdly, 1n the dog the renal nerves
play no part m morphine antidisresis but 1 the rat morphine anti-
diures:s durmg the action of dwuretics, and most of it 1 water diuresis,
15 paralyzed when the kidneys are decapsulated and demervated, Only
small amounts of the antiluretic hormone are found in the urine
of normal and hydrated rats under morphine

95 Thiol (BAL) dntidiuresis. The action of orgame or mnorganie
mercurial dmreties 15 prevented or abolished by certain thiols
(§817) (482, 1038]. Xarle and Berhiner[315] find that BAL (Britsh
amti-lewssite, 2, 3-dimarcaptoprapancl) eem el mhibit water diuresis,
Probably by stimulating the secretion of the antidiuretic hormone of
the pituitary gland since there is no effect of tlus drug in dogs with

*Itis alse 2 and in mereural di 13621 in eongest:
beart failure (Fig 43).
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diat insipid In antagonizing mereurial diuresis, BAL exhbits
also an antichloruretie effect. Since pitressin of itself will inbit 8
mercurial diuresis yet not stop the mercurial chloruresis, these authors
suggest that the kanism of BAL anti is involyes the com.
bining of BAL with mercury.
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Fig. 43. The Antidiuretic Action of Morphmo on Mereurial Duresis in 2
Pagwent with Coogestive Fatlure The */cantrol®’ eurve represents the effect
of mercupurin alone The *“morphine’” curve and the “‘sterile water’’ curve
represent, respectively, the effect and luck of effect of injections of thest o2
the courso of the mercurial dfuresis. The arrows to the left in each diagram
indueate the time of njection of sterile water; those to the right indicate the
time of mijection of morphine. Abscissa shows the time in mrnutes following
mercupurn mnjection  After Ferrer and Sokoloft [362].
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The chloruretic influence of certain antidiureties, for example, acetyl-
choline, supposed to act through pituitary entidiuretic mediation, is °
difficult to explain if chlorures:s 1s more & property of oxytocic action
than of antidwmretie action{377-879, 632]. In this case postprtmtary
mediation would appear to mvolve two hormones in these antidiureses,
the oxytoeic one bemg mtrimsically chloruretic and diuretic but having
its diutetse factor masked (§103),

96 Postsyncopal Olgurie  Brun, Knudsen, and Raaschou{189, 190,
191] find a fall in water diuresis 1n the passive erect posture when this
is attained after the horizental position has been held for a time. Brief
cireulatory collapse brought about m water loaded subjects by means
of a tilt table 1s followed by protracted oliguria which they designate
as postsyncopal It 1s behieved that pitwitary antidiuretic hormone
s brought 1nto action through reflexes involving pressoreceptors * Find-
ings taken to support this view inelude the faets that changes in
chloride during p pal oliguria to changes
observed after the injection of antidiuretic hormone, transfusion of
blood from recently collapsed subjects into other water loaded subjects
is followed by antidinresis; and patients with dizbetes msipidus of
moderate severity show a shorter duration of postsyncopal ohguria,

97  Anesthetic Antidiuresis  Ether anesthesia 1 dogs causes vari-
ous changes m unine flow meluding an imtial oliguresis followed by
some dwresis which may be succeeded in turn by a progressively
deercasing output or even anuria[504, 1030}, Ether anesthesia brings
on hyperglycemia and reduced plasma volume[94, 739, 996, 1034] and,
when deep, a depression of inulin and dwdrast clearances{233, 252].
There is a baruna (spearfic gravity up to 1057) Que 1n part to 5 or
6 per cent glycosuriat Water diuresis 15 diminished for a brief
period following one hour of surgieal anesthesia but the 24 hour urine
output 13 not ki hed. h
glomerular filtration and renal blood flow to a somewhat greater degree
than ether[201] It resembles ether and ethylene in depressing urine

* It is interesting to note in thus conneetion that small arterial bemorrhages (6 per
cent of blood volume) ¢ause diuretsc inbibition of the pituitary type in dogs in which
splancbme nerves have been divided[1098].

The epecifio gravity of a 5 per cent aqueous solution of glucose, D7, 13 ca 10165
(sce table V)
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flow. Such depression is, again, followed by compensatory excretion
several hours after anesthesia[1116].

Amytal, sodium pentobarbital, sodium hal[356, 730, 826, 1113)
and other barbiturates[672, 1082] are sntidiuretie for water diuresis and
to some extent for certain other diureses including those of mer
cury[978]  These drugs are somewhat oligolynretic and antilyuretic
for substances ordinarily readily elminated, including phenol red. How-
ever, strong, nonwater, diuretie dinreses render them antidiuretically
inactive[672] Sodium pentothal followed by pituitrin effects a slight
diuresis wiile pitwitrin followed by pentothal resnlts in an olizuresis
even more marked than that with pitnitrin alone[978].

Intraperitoneal sodium pentobarbitel (nembutal) in proper anesthetic
doses inereases plasma volume[481] in dogs and wsually does not impair
renal function as measured by diodrast and inulin elearance and T'm
When renal failure does oceur, it is iated with pr a oliguresi
and with concnrrent depression of these clearances, independently of
arterral pressure  Blood pressure levels of 110 to 120 mm of mercury
which might be normal in conscious dogs may express toxie depression
under pentobarhital which otherwise raises blood pressure (§86). Tbe
onset of severe ohiguria, mdreating renal failure, is thought to provide
a more delicate index of the toxic effects of the anesthetic than &
decrense of arterial pressure(242]. Depression of renal function pre-
vents, 1n part, elimination of toxic doses of anestheties. Such autogenous
inhibition of excretion, however, 1s characteristic of many substances n

includmg water, p fum, mereury, ete. In common with
other anestheties such as urethane and chloroform, barbiturates seem
to suppress central impulses by which acetyleholine action or, directly,
the seeretton of the antidinretie hormone of the pituitary is 1nhib-
ited (356]. This view 1s based on the fact that drugs hike phenobarbital,
while antidwmretically active 1n normal dogs, are not active in neuro-
hypophysectonuzed animals, or in monmwater, diuretic drreses. An
unsatisfactory point 1r this conception is that no antidiuretie prmcipk
or hormone is found in the urine of dogs treated with antidiuretic
doses of phenobarbital[672, §102]. However, it has been supposed
that the antidiuretic material is not exereted in appreciable quantities
in the urine until relatively high blood hormone levels are reached.

Many other anestheties includmg avertin[180], lllminal[15'0. 626],
and chloretone{819] have antidiuretic cffects whose mechanisms are
not always clear Narcotie action does net necessarily paraliet “}9
antidmretic effect[149, 150] Chloralose has no such effect even in
deep marcosis, and aleohol is sctually diuretie in certain doses (§821).




ANTIDIURESIS AND ANTIDIURETICS 253

Urethane, paraldehyde, and chloral have been reported to be somewhat
dwretic[948].

98 Emotwnal and Psychogemc Anfidivresss Taking blood from
unbound rabbits has no effect on their urme flow[523)], but stretehing
these animals and tymng them on their backs brings about a diminution
of water diuresis[780] which ean be nullified by either narcosis or
decortreation  Water duress in normal rabbits even under chloralose-
urethane 13 curtailed by *‘painful’’ stimulation 1n the lumbar region,
although similar stimulation m ammals with pituitary stalks destroyed
eauses no antidmretie response[502] ‘‘Emotional ohguria’’[174] is
correlated with d ck of 1nulin and i als
in the rabbit and 1s mdependent of renal mnervation

In dogs strong affective stresses such as rage bring on complete anuria
which [302] stress, induced by strange
sounds (horn) or electrical nhbits water
duress within 2 minutes[820, 821, 922]  Verney[1098] has reviewed
the work which demonstrates that the action of emotional stress in
inhibiting water diuresis is mediated through the postpituitary, the
release of whose it le 15 after sy

Pain in man, mduced either by exposure of a hmb to an ice-water
bath[824] or through the applieation of a device for exerting pressure
on the head[1178], or through eirculatory arrest by means of an ocelu-
swon cuff on the arm{596], 1s ohiguretic Decreases wm diodrast and
inulin clearances observed during the period of pamn suggest 2 vasocon-
strictive factor 1n this phenomenon although there is good evidence that
reflex stimulation of the neurohypophysis 1s also involved

Under hypnosis the suggestion of happiness, plessure, and joy 1s
reported to bring on antidiures:is and water retention[510] It is
claimed that m the attempt to produce a conditioned water dmresis
reflex (§827) there can develop a conditioned mhibition of the uncon-
ditioned response, characterized by nerease in the latent period of
diwresis, decrease m magnitade of dinresss, and finally, by n total lack
of duuretie response to water mgestion[314] It is not shown whether

or 1o what extent these phenomena actually derive from postpituitary
mediation

89, Increased Osmotic Pressure of Arteral Blood Verney 's[1098}
Tesearches have shown how release of postpittutary antidiurette hormone
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Vascular disturbance is not limited to a decrease in the volume of blood
reaching the kudney. As has been said there 1s also observed within the
kidney a great alteration in the distribution of blood, entailing a drver-
sion of flow from the cortical glomernli to and through the juxtamedul-
lary glomeruli (§314) Such reduced flow through the cortex has been
thought consistent with a reduced glomerular filtration sufficient to
nduce anuria, as in the ‘‘crush syndrome’’ of Bywaters and Beall[200],
while a nutritive flow through the cortex might still be maintained
Van Slyke[1086] and others have shown in dogs that total renal blood
flow in hemorrhage and traumatic shock is greatly diminished. This
condition is distingnished from the instances Trueta mentions 1 which
the diversion of hlood flow from the cortex mght not result in a reduced
total renal blood flow Reub: and Schroeder[894] were unable to obtan
evidence 1n dog or man that large, intermittent, vascular shunts could
be affected by vasoactive drugs such as histamine and epinephrine
If such operable shunts exist 1n these species they have thus far no
demonstrable physiological function

9.12. Antidwretic “‘Dwuretics””  Diuretic agents, so-called from
their characteristic effect on urine flow under given conditions, do not
always behave divretically It has been noted in the previous chapter
how overdosage of many diureties (water, mereury eompounds, 3an-
thines, potassium, ete ) results in erther an nhibition of diuresis, oligure-
sis, or anuria  We suppose the basis of these effects probably to involve
toxieity, both renal and estrarenal in varying degrees, rather than a
‘‘physiological’’ antidiuretie action

A lyuretic druretic such as sodium chloride, administered without
water or with small quantities of water, calls forth a characterstic
inerease in urine flow (Fig 40) Water alone smmlarly produces its
own characteristic merease 1n urine flow (Fig. 36). Both diureties are
individually ecuretic Yet a water diuresis may be mhibited and made
nonecuretic by the admimstration of sodwum chloride(9, 680, 1105],
presumably most strongly where the ratio of the loads of salt and water
approximate a concentration of saline in the-most hydropigenous range
(Fiz 29) A duresis from hypertonic sodium chloride is not eﬂ'ectxvelly
infbited when water, sufficient to make the loaded salt solution fsolonic,
js ingested[9] ; neither is it inereased[46].

Water given mntraperitcneally mhibuts the specific action of theophyl:
Tine ethylenedi inophyllme) [264], 1y danly to
the diffusion of salt from the plasma to the peritoneal fluid, which is
caused by this procedure. Alkalinizing salts, such as sodium hicarbonate,
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Vascular disturbance is not limited to a deerease 1n the volume of blood
reaching the kndney. As has been said there is also observed within the
kidney a great alteration in the distribution of blood, entailing a diver-
sion of flow from the cortical glomernli to and through the juxtamedul-
lary glomeruh (§314). Such reduced flow through the cortex has been
thought comsistent with a reduced glomerular filtration sufficient to
mduce anuria, as m the “‘crush syndrome’’ of Bywaters and Beall{209],
while a nutritive flow throngh the cortex might still be maintained
Van Slyke[1086] and others have shown in dogs that total renal blood
flow in hemorrhage and tranmatic shock 15 greatly diminished Ths
condition 1s distingmished from the instances Trueta mentions in which
the diversion of blood flow from the eortex might not result in a reduced
total renal blood flosy  Reubs and Schroeder{894] were unable to obtain
evidence in dog or man that large, mntermittent, vascular shunts could
be affected by vasoactive drugs such as histamine and epinephrine
If such operable shunts exist in these species they have thus far no
demonstrable physiological funetion

912  Antdwretic ““Diureties '’ Duuretic agents, so-called from
their characteristic effect on urme flow under given conditions, do not
always behave diuretically It has been noted in the previous chapter
how overdosage of many diuretics (water, mereury compounds, xan-
thines, potassium, ete ) results 1n erther an inhibitton of diuresss, oligure-
sig, or anuria  We suppose the basis of these effects probably to involve
toxieity, both renal and extrarenal in varying degrees, rather than &
“‘physiological”” antidiuretic zction

A lyuretic duretic such as sodum chloride, administered without
water or with small quantities of water, calls forth a characteristic
inerease m urine flow (Fig 40) Water alone similarly produces its
own characteristic ncrease 1 urme flow (Fig 36). Both diuretics are
individually ecuretic Yet a water diuresis may be inhibited and made
nonecuretic by the admimstration of sodmm chloride[9, 680, 1105],
presumably most strongly where the ratio of the loads of salt and water
approximate a concentration of saline in the most hydropigenous range
(Fig 29) A dwresis from hypertonic sodium chlorade 1s not eﬁecllve'ly
1nhibited when water, sufficient to make the loaded salt solution isotonic,
js ingested[9] ; neither 1s it increased[46].

‘Water given mtraperit¢neally inhibits the speerfic action of the?phyl-
line ethylenediamine (aminophyllne) [264], presumably secondar{ly tf’
the diffusion of salt from the plasma to the peritoneal fluid, which Is
caused by this procedure  Alkalinizing salts, such as sodum ‘bicarbonate,
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anuria but has no remarkable consequences for renal exeretion (§86)
during re-establishment of blood flow, exeept for some proteinuria and
lipuria[ 720, 1099). Tying of the vena cava in rats above the entrance
of the renal vems causes only transient anuria, the blood findimg jts
way back to the heart by abdominal veins which enlarge day by day[6]
Elevation of the renal venous pressure in gembutalized dogs to 350
mm. of saline proves olj; and hloruretre. Higher p

(5650 mm, saline) decrease renal blood flow and glomerular filiration
rate[127, 954].
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of menstruahon[509], in deficiencies of pantothemie acid or ribofla-
vin[411, 414], and in instances of liver dysfunction[8] including that
which follows a high fat diet[655, 971]. Utrine formation in cirrhosis
1 often retarded, particularly after meals, a phenomenon designated
as opsiurie by Gilbert and Lereboullet[427].

Oliguresis or oliguria is found during the breathing of atmospheres
of low oxygen tension (5 to 12 per cent) by anesthetized dogs[1068,
1071, 1084], during continuous pressure breathing at 10 to 40 mm
of mercury above ambient pressure in man[310], following laparotomy
1n the rabbit[523, 720), and as a result of admnistration of certamn hver
extracts[439, 1056] mcluding ferritin[56]. Histamine, choline[783]
(said not to act in dogs with an Eck fistula), heparin{1103], cinchomme
acid derivatives and antipyretics such as antipyrin, pyramidon, acet-
anilid, and phenacetin[53] are also to be grouped here. Unme, itself,
containing antidiuretic material, behaves erther antidiuretically on this
aceonnt, or diuretically [674, 676] (§8.23, 10.2). Certain other mfluences
such as sleep[859], posture[663, 664, 614, 1136], centrifugaton{985],
ete. are discussed in the previous chapter where the reverse effects are
given.

9.17. Hormones The antidmretic effects of hormones are discussed
in Chapter X. Hormones possessing antidiuretic activity (Table XXV)
melude those of the adremal medulla, pars nervosa, and pancreas
(insulin).



CHAPTER X

yerines in Urinary Function

and real and vy The

pressure to profess a coherent science is fertunate to spe-
» funetion of some organ or system where hormonal influence
y mnunal  Renal physiologists are not so fortunate. They
¥ very well how hormones exert influence on the kiduey,
ough unique stimulation or depression of tubular or glo-
5, through the process of their own excretion, through alter-
1 10ms of other sub d for exeretion,
other extrarcnal influences Neither do they kmow the full
hich humoral effects depend on the presence or absence of
nes And where hormones are regulators of renal function,
know the degree to which the kidney regulates these regula-
ndocrines make possible the urinary function of the kidney
xists a substantial fund of information on this subjeet

rmones acting on drverse organs in concert present many

Tag PosteriOR PITurtary

e Actions of Posterror Pifwilary Extract or Pituatrin  The
+ posterior pitwatary on renal activity was first noted to be
lagnus and Schafer[703] injected a pitmtary decoction into
zed dog, producing a brief rise m blood pressure, a Yonger
es1s, and a still longer lasting oncometric expansion of the
1e diaretic effect of pitmtary was later observed by many
${377, 379, 388, 515, 695, 699, 765, 807, 900, 915, 928, 1007,

a of certmn types precdisposes to the appearance of the
et while normal or unanesthetized animals usually show an
effect{253, 557, 607, 1007} When large doses of pituitary
given during a water diuresis, compared with smaller ones,
are the less antidiuretic and have been regarded as relatively
71. When pituitnin does act diuretically tlis is often an
t, & more lasting antidinretic effeet being mamfest later,
aresis is usuaily d with an d of
ntidiuretic effect 13 more readily seen when initial rates of
are high{981] as in water dinresis where the quantity of
261
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excreted solids does mot strictly govern the facultative urine volame,
A dwretic effect is commonly seen where the urine, flowing slowly, is
concentrated, and its increased flow is obligated to the extra ehimnation
of solids brought on by piteitrn[1027, 1029]. Hence pituitrin is said
to be diuretic for urines of high osmotic pressure and antidiuretie for
urines of low osmotic pressure[514, 515]. The diuretic effect in anes-
thesia may be related to the low urine flow which often obtains m that
state However, Nelson[806, 833] finds in morphine-urethanized rabbits
rendered diuretie by isotonic sugar solutions that intravenous pituitrm
gives a marked, 1f transient, diuresis

In unanesthetized man or in hghtly anesthetized dogs intravenons
injection of postpituwitary extract may produes not a diuresis but rather
an antidiuresis, and the blood pressure need not be elevated. This has
suggested that the diuretic action of this material is assocrated with
the pressor activity[693] Actually large doses of pressor principle
which bring about errculatory disturbances are druretic[379].

The antidmrette action of prtwmtrin is usually conwidered the more
sigmificant physiclogically. It occurs in the presence (for example,
with meotine antidwresis) or absence of a pressor effeet; and it is
not annulled by vasodilators such as amyl nitrite, sodium nitrite, nitro-
glycerme, and papaverme[782] However, the pressor fraction (vaso-
pressin, pitressm, postlobn-V), regardless of whether it manifests &
pressor effect, 1s ordinarily responsible for the antidmretic activity [378]
\Vhen mixtures of pitressin with water or urine are dialyzed, both the
pressor and antidiuretie actinities disappear from the dialysis resi-
duef309] Furst clearly recorded by von den Velden[1091] in normal
subjects and 1n those with diabetes msipidus, the antidiuretic property
of postpituttary was further established by Motzfeldt{794] It obtans
in normal ammals where the hormone acts directly on the kidneys[253,
888, 993),* and in dogs anesthetized with chloralose[559]. The antr-
diuretic activity has beeu reported less effective at high water loads
than at low[497, 677] Lyuretic diwureties (glucose, sodium sulfate,
sodinm chloride, nrea) snd some xanthinoids (melamine, adenine,
formosuanamine) prevent the antidwmretic effect; others like caffeine,
theobromine, or thyrord may or may not Uranium and cantbaridin
polyurias are not reduced by prmtrin[782]. Parabiote dogs[540],
as well as isolated kidneys[184, 1092], respond antidiuretically. The
antidiuretic action of pitmtrin is not, therefore, simply consequent to

*The hypothems of Moltor and Pick(784-786] that the antidiwretic principle

1 t
of the hypophysis acts on a water eeuter in the midbramn has recerved no suppor!
it and has been to be fallacious by Theo-

from other
bald[1053]
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delayed absorption of water from the gut, or due to excessive removal
of water from the blood by the tissnes{522, 993]. It cccurs if water is
given intravenously.

An antidinretic factor (which may be different from pitressin} is
excreted 1 the urine[431, 479, 491, 517, 524, 1104], can be assayed
biologieally[124, 198, 199, 479, 437, 568, 615, 929, and is said to be
detectable in human bleod[636, 733] Yt 13 adsorbed by blood and
serum and by tissue extracts such as of musele, brain, kidney, and
particularly Iiver Blood and liver contain an enzyme.like substance
which destroys pituitrin[524, 574). Various cations, anions, and organic
substances when added to posterior pitwitary extracts prolong the

id is obtaned by sub mjection  Zine, nickel, cadmium,
and ferrocyanide are most active[815]  This 13 smd to aceount for high
assays of antidiuretie substance obtained from blood and urine.

Harris{491), who has used both direct electrical stimulation of the
neurchypophysis 1n the conscious rabbit and intravenous injection of
postpitmitary extract, finds the eppearance of antidiuretic material in
the urine 1n each case, Tlus lends stronger support to the theory that
this material is of pimiary oruin than do negauve results obtained

from hypoph ammals sub d to dehydration[431, 562,
$1010] There 13 evidence that dehydration causes excretion of both
piteitary and itary d 10

103 The Ozylocre and Pressor (Antrdiuretic) Principles of the
Postpitutary  The nature of the so-called dinretic principle of the
postpitmtary has been a matter of controversy. Melwille and others{763,
1028] performed esperiments on unanesthetized rabbus which were
supposed to indieate that the diuretic effect of pitmitary preparations
incladmg pressor and oxytoese factors 1s largely due to the pressor
factor, the oxytocic constituent (oxytoein, pitocn, postlobin-0) probably
exerting no diuretic influence  ITowever, Kuschinsky and Bund-
schuh(632) and Fraser{377-379] believed the oxytoric hormone to
have a defimite diuretie action in rats, whether hydrated or not, appar.
ently not due to pressar (antidinretic) hormone. Shght
dehydration destroys the response to the oxytoeie hormone, suggesting
that its action is on excess water, Some physiological antagonism has
been postnlated to exist between the oxytocic and pressor hormones in
water exchange in view of the belief that the antidwretie factor also
tets primarily on execss water[21]

Tressor extracts|379] anpear to exert a diuretic action only in doses
with drastie cirenlatory effects The increase in urine flow has been
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thought to be basically a salt diuresis However, the oxytocic hormone

may be extremely chloruretic{295, 632] and it 1s possible that the

mereased chloride excretion after pressor extract is actually due to
= oxytocie } .

Jones and Schlapp[574] find after intravemous mjection of post-
pituitary extract that pressor and oxytocie activities of the circulating
plasma disappear at the same rate, mone remaining after 2 hours,
Unexcreted portions of both oxytocic and pressor substances are
destroyed in the body, possibly by the lrver, kidrey, and spleen, extracts
of which are capable of destroymg these corresponding activities The
pressor and oxytocic prineiples exist 1n untreated press juice of postertor
Iobe in the form either of a single large molecule or two separate large

lecules of similar i ion properties This large molecular
species is considered the mative hormone by Rosenfeld[914], Its sed-
imentation constant is about one-third to one-half that of egg albumin
Pituitrin, pitocin, and pitvessin contain the active principles as cleavage
produets of much smaller molecular weight and less concentratable by
ultracentrifuge Van Dyke et al [1081] have found a protein behaving
like a homogeneous substance (mol wt, 31,000) in the ultracentrfuge,
extractable from fresh posterior lobes of oxen, and possessing constant
oxytocic, pressor, and antidiuretic properties About 11 micrograms
of nitrogen of this protemn 1s equivalent to 1 unit of U 8 P. reference
standard

104. The Quantities of Antiduretic Hormone Inhbiting Water Din-
resis®* When a fasting subject under standard cenditions assumes
the recumbent posture, a diuresis begins some 3 to 6 hours later, with
abrupt onset and termination This diuresss, which can be wmhibited
by postpitnitary extract, was aseribed by Hart and Verney[497] to 2
fall in the concentration of the antidiuretic substance of less than 1
part in 15 billion parts of plasma Partial mhibition of water diresis
occurred with intravenous injection of extract to the extent that the
concentration of antidiuretic substance in plasma was mueh less than
1 part in 6 hlhon

For the rabbit, Levitt[656] states the minimal amount of pitressin
which caused a definite and eonstant decrease m the urime output #nd

d the chloride ton, as 000002 units Maximal anti-

* Heller[516] finds that mammahan pituitary bodwes contam at least 8 tumes 29
such antidaretic principle on the basis of body weight as the glands of a2y mon
mammalan species A relation between the phylogenetie development of Henle's
Ioop and the amounts of antiduuretic hormone is suggested.
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dinresis results from 0002 umts per rabbit, giving a 100-fold range
in dosage between the minimal and maximal effects Subminimal doses
may have 2 slightly inhibiting effect on water diuresis without sig-
nificantly affecting the chloride exeretion

A graded diuresis 1n 10 to 15 kg dogs with diabetes insipidus, when
normally hydrated, was obtained by Shannon[965) when 0001 to 0005
pressor units were injected per hour. This range is also physiologically
active 1n normal ammals  In a 10 to 15 kg dog the normal rate of
Uiberation of the antidiuretsc hormone, therefore, is estimated as 0001
to 0003 units per hour

105 Postpitwtary and Solute Excrefion  Adolph and Erneson{21]
showed that mtwtrin 1n man does not inhibit the exeretion of solutes
from ingested solutions, while it inhibats completely the extra exeretion

, of water following ingestion of pure water Tt has httle oliguretic
effect on the obligatory urme flow With ingested salt solutions more
concentrated than the maximum uwrinary concentration pituitrin does
ot prevent water excretion, and with certain solutions such as jsotonic
potassium ehloride and 1sosmolar uren, solutes are allowed to eseape with
obligated water while excess water 15 held back  Pitwtrin appears to
render the kidneys insensitive to an exeess of water in the blood, helping
thus to distinguish diuretic influences due to dilation from those due
to salt excretion

Stehle and Bourne[1029], Unna and Walterskirchen[1077], Mel-
wille[764], and others find that pitwitrin admimstration dnring obliga-
tory urine formation increases the chloride output and the urine flow,
the former independently of the effect on urine fow However, the
quantity of urine put out depends on the salt content of the awmal or
its salt intake On a salt-poor diet there is hittle dinresi, but with
salt.rich diets there is & notable merease 1n urine volume In any case
the salt output imcreases In dogs with or without barbiturate anesthesia,
the diuretie response to pituitary 1s greatly augmented by giving the
anumal salt prior to pituitary istration, although salt administra.
tion even without itwtrin might be expected tn inerease uripe flow

Silvette[977] showed that nercasingly concentrated salt solations
when injected into putwitary treated tats provoked correspondingly
Increased urine volumes  As the dose of extract was reduced the chlonde
¢concentrating effect tended to disappeat before the inhibitory influence
on water excretion was affeeted.  An inereased exeretion of water in
extract-treated rats given isotonie saline was corrdlated with a low (1
PeT cent) ‘‘concentration ceiling’’ of the urine It was further
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thought to be basically a salt diuresis. However, the oxytoeic hormene
may be extremely chloruretic(295, 632] and 1t is possible that the
increased chloride excretion after pressor extract 15 actually due to
contaminating oxytoeic hormone

Jones and Schlapp[574] find after intravenous imjection of post-
pituitary extract that pressor and oxytocic activities of the circulating
plasma disappear at the same rate, none remaining after 2 hours
Unexcreted portions of both oxytoeic and pressor substances are
destroyed in the body, possibly by the liver, kidney, and spleen, extracts
of which are capable of destroying these corresponding activities The
pressor and oxytocic principles exist in untreated press juice of posterior
Iobe in the form either of a single Iarge molecule or two separate large
molecules of similar sedimentation properties. This large moleculsr
spectes is considered the native hormone by Rosenfeld[914]. Its sed-
imentation constant is about one-third to one-half that of egg albumin
Pitwitrin, pitocin, and pitressin contain the active prineiples as cleavage
products of much smaller molecular weight and less coneentratable by
ultracentrifuge Van Dyke et al [1081] have found a protein behaving
like a homogeneous substanee (mol wt, 31,000) n the ultracentrifuge,
extractable from fresh posterior lobes of oxen, and possessing constant
oxytocte, pressor, and antidiuretic properties. About 11 micrograms
of nitrogen of this protem 1s equivalent to 1 untt of U. § P. reference
standard

104. The Quantities of Antiduuretic Hormone Inhibiting Water Diw-
resis® When a fasting subject under standard conditions assumes
the recumbent posture, a druresis begins some 3 to 6 hours later, with
abrupt onset and termmation. This diuresis, which can be inhibited
by postpituitary extract, was ascribed by Hart and Verney[497] to &
fall in the concentration of the antidiuretic substance of less than 1
part in 15 hillion parts of plasma. Partial inhibition of water diuresis
occurred with intravenous injection of extract to the extent that the
concentration of antidruretie substance in plasma was much less than
1 part in 6 billion.

For the rabbit, Levitt[656] states the mmimal amount of pitressin
which caused a definite and constant decrease in the urme output an.ﬂ
inereased the chloride concentration, as 000002 urits Maximal anti-

* Heller[516] finds that mammalian pitmtary bodies contam at least § tumes 23
much antiduretic primeiple on the basia of body weight 2s the glands of any non
mammahan species A relation between the phylogenctic development of Tenle’s
loop a0 the amounts of antidiurebie bormone 1s soggested.
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of the respective principles on the urinary excretion of these electrolytes
falls in with the antagonism hypothess. Just =s excess of cortical
hormone 1s said to raise the threshold of retention for these jons, excess
of postpitmtary prineiple has been fhought to lower it[298]. The
actual demonstration of these changes in serum electrolyte as a result
of pitunitary excess has not yet been clearly set forth.

In normal dogs Spingarn, Mulinos, and Maculla[1020] find no effect
of pitressin on plasma chloride concentration When normal dogs are
subjected to intramuscular injections of pitressin tannate in oil, which
has a longer lasting action than aqueous preparations, there is only a
sml] alteration mm the water exchange of the animal, since 1t normally
does not drink an excess and concentrates tts urine maximally. In water
load the pitressin effect 13 seen in the absence of water diuresis but
otherwise the only noticeable effects are moderate oligodipsia, some
oliguresis, and baruria Urme flow was shown to decrease 8 to 30
per cent under pitressin while water intake decreased 8 to 40 per cent.
Dogs put on this low level of intake, but withont pitressun, become
very thirsty; when on pitressmn they Qo not The oligodipsia is con-
sistent with a tendeney for the plasma chlonde to fall even though
increased excretion of chloride takes place only in the first 24 hours
of pitressin admimstration

No change in gerum chloride piturtary ini: jon was
observed by MeIntyre and Van Dyke[756] in nephrectomized dogs,
from which it was concluded that the extract acted only on the kidneys
and not extrarenally DBut Busehke[204] reports an inerease in nephrec-
to}mzed rabbits and argues for an extrarenal, ‘‘tissne’’ action[296] of
Ppituitrin.

~mexﬂm-z{iiBS] found a fall in the blood chloride with large doses of
Ppituitary extract, as did Britton and Kline[171] Gilman and Good.
man(432] found that in rabbits a *‘pituitnm anemia' 1 produced
through the retention of water which leads to lowered osmotie pressure
of the serum and ultimate destruction of red cells

It is difficult to tell to what extent the antrdmrenc and oxytocie
factors operate individually 1n the regulation of salt levels in the plasma
_The problem 15 not made simpler by supposing that effects on salt are
independent of effects on water Salt and water metabolism are physi-
ologically never wholly independent so long as & threshold of retention
for sodium and chloride exists YWhere an agent such as a cortical
bormone or, as scems likely, & pituitary hormone is eapable of altering
8 threshold of retention, the change induced 1mphes no less than an
ﬂlered excretion of either salt or water, both of which are factors of

hreshold, or of the two Where the exeretion of one faetor, for
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shown[976] that as the dosage of pituitary extract was reduced from
high levels to zero i the presence of a small load of 02 per cent sodium
chloride, water excretory function gradually increased while that of
chloride steadily diminished. Water exeretion approached normal more
rapidly so that when urine exeretion was inhibited only 11 per cent,
chloride exeretion was still 280 per eent above normal. Chloruresis here
is thus more sensitive an indicator of postpituitery excess than anti-
duresis,

In man Little et al [677] examined the effects of intramuscular pitres-
sin. Subjects were either hydrated by several hours of steady water
ingestion, or not hydrated prior to the administration of the pitressin
Usnally there was 2 decrease in the rate of water excretion following
Ppitressin which was accompanied by either an increase or a decrease
in the rate of chloride excretion. Occasionally there was an neresse
in urinary chloride concentration at the same time as an merease in
urinary flow, reflecting definite chloruretic action The rate of water
excretion was greater during the postpitressin period in hydrated than
in nonhydrated subjects. Chloride excretion was inversely proportional
to the preinjection rate of chloride excretion and was not related either
to the preinjection chloride level in the serum or to the state of hydration
of the subject.

McQuarrze, Thompson, and Ziegler[760] observed that with repeated
doses of postpitmutary extract the body weight conld be made to increase
3 to 4 per cent in a few days, Upon withdrawal of the antidiuretic
principle, when the diet was low m salt, there followed an ecuresis
capable of removing edema. Sodium and chloride balances were nega-
tive both during the antidiuretic and the diuretic periods, while potas-

swum, calerum, phosphorus, and nitrogen bal were little affected
by the extract* It is interesting to note that spontaneous diuresis
occurred jonally 1n spite of istratton of extract.

106 PBzcess of Postpitutary Principle in Belation to Serum Elee-
trolyte. In keeping with the 1dea that some antagonism exists between
the actions of postpitntary antidiuretie substance (possibly admixed
with oxytocie principle) and certam adrenal cortical primeiples(247,
984, §10 18], 1t might be supposed that the former in excess would tend
to lower serum concentrations of sodium and chloride as the latter !e.ﬂds
to raise them This belief 18 strengthened particularly since the actions
admimstration to be nch it

*Stenle[1027] reports the urime after pituitrm
) ) Fraser[379] states that the

p calefum, an
oxytocic bammopa depresses phosphorus exeretion
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which period the denervated neurohypophysis produces vasopressin,
but after 3 to 10 days the actinty of the pituicytes ugan disappears
because of loss of trophie nerve influences This ushers in a *‘permanent
phase’ because the pituicytes mow actually undergo degeneration®
{’Connor and Verney[820] showed how after about a week hypophy-
sectomized dogs return from "y polyuria to 1 Assess-
ment of neurohypophyseal activity by measuring the emetional inhbi-
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Fig 45, Course of the Polyuna and Polydipma of a Typieal Case of Experi
mental Diabetes Insiprdus 1n the Cat  OP indieates time of operation. Dasly
average for 6 weeks- Anid 1ntake, 474 cc , vrine outpnt, 453 cc  After Fisher
etal (370}

tion of water diuresis (§1018) indicated that 95 per cent had been
abolighed P a functional £ t of the pars
Bervosa restrains the excessive formation of urine

108 The Primacy of Polyunia or Polydipsia. Two cardinal signs
of diabetes insipidus are polydipsia {or polyposia) and polyuria  The
more or less but not always simultaneous oceurrence of these signs

o Bea Gersh and Brooka[421, 422] and lhckvy et sL{543] on the correlation of
and eytological changes in the 318 in ¢xp habetes

luu-xdn
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example, water, is obhigated to remain relatively constant to satisly
physiological pressures of other hormones, ete, the change in the one
factor of the threshold, that is, sodium or chloride, may seem independent
of the other. Such an appearance, however, 1s probably illusory.

10.7. Duwabetes Insipidus* Diabetes insiprdus is o disease promi-
nently characterized by polydipsia, polyuria, and hydruria The ratio
of water intake of ammals with drabetes insipidus to water intake of
normal amimals 1s approximately the same in individuals of a given
spectes, but the ratio varies among different species, for example, in
the rat it is 7; in dog, 10 to 20; in man, 25 Richter[905] states the
maximum voluntary intake of water wn drabetes insipidus to be propor-
tional to body weight 1in different species rather than to surface arvea
as, it is said, 1s the case 1 normal animals But for mammals of diverse
species Adolph[16] finds total water intake proportional to the 088
power of the body weight (§12) It is not possible here to set out
any extended discussion of the presently conceived nature of the pitu-

itary aberrations m diabets dus but deration of certain
salient features are of interest m a study of the urinary function of
the kidney.

Although the presence of the anterior lobet has been considered
necessary for the omset of a permanent diabetes insipidus]370, 484
903], Heinbecker and White[512] state that a masimum and permanent
diabetes msipidus follows removal or complete denervation of the
entire neurohypophysis resulting in a retrograde degeneration of the
entire supraoptic nucler and the rostral ventral partions of the para-
ventricular nucler In the act of denervation, failure to interrupt 15
per cent of the fibers innervating the neurohypophysis will prevent
the devel t of diabetes dus, and farlure to inter-
rupt smaller percentages of these fibers leaves mereasing degrees of
diabetes measured 1 terms of polyuric intensity. Complete mterruption
increases the urine output 10 to 20 times in the dog It is beheved
that at initial operation there 1s sufficient anjury to vasopressin-forming |
tissue to prevent hormone secretion, leading to the so-called *‘transient
phase” (Fig, 45) of polyuria A “‘normal interphase” follows during

* Bee Van Dyke[1079, 1080] and Geilng[417] on physilogy and pharmacalogy of
the pitmtary body; Fisher, Ingram, and Ranson[370] for a entical remew of the
lierature on diabetes wsipidus; and Harris{490] on the neural contsol of the

wtmtary gland
r s fer-Hi is of the dwretie setion of pitmitary

P
Frank[375] beleved diabetes mmsipidus to result from bypes-

+F g the Sch
ecoctions[928, §102],
funetion of the pars intermedsa.
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is balanced by intakes of water with little salt Intake of water with
salt can only agpravate thirst, the more as the ratio of the salt to the
water is the higher,

109, Tests for Mhabetes Insiprdus  The urine in diabetes insipidus
is usually dilute with respect to salt. With water deprivation it
becomes somewhat concentrated[268, 288, 964, 1041}, more so far sub-
stances like caleium and mtrogen than for chloride, A hypertonic
urine ean apparently be formed in the absence of the antidmretic
hormone of the pituitsry But such unme 1s difieulily obtained and
fhis defeetson in rensl funetion bas, 1o one form or another, provided
the bauis for recogmizing diabetes wnsipidus

Meyer[774] tested for diabetes inupidus by giving ralt  When the
discase is present the kidneys fail to concentrate the urine White and
Findley {1129 h o2 diabetie polydip from that of dia-
betes insipidus by withholding water for 6 to 12 hours  Only in
diabetes or renal disease (otherwise distingmshable) will polyuria per-
«ist; nondirbetic urine flow fafls to normal and its concentration riscs.
Ttrown and Rymearson{179] find that a patient refraining from water
iutake long enough to toduce extreme dicomfurt 1w not hiely to have
isbetes insipadus 2f st the end of thyy prriod the urnary spredfie
gravity is greater than 1016 Hare et af {458, 542} refined the appli-
cation of these pnneiples 1 testing whether a pre-exidting **water
diurests’ 15 intubited by an injection of salt. If it 15, the hypothalamico-
hypophyseal syxtem is said to be in good order, a continuation of the
high rate of urine flow snggests that the polyuria s of pimtary onmn
Agam, under test conditions, diabetes msipidns is revealed by the fact
that after & dose of hypertome sodium chloride, the eoncentration ratlo
for chlonde ordinary remams less than 1, whereas mn the normal
subject, the concentration ratio rises mbove 1, The use of the ratio
of the concentration of the ehloride 1n reabsorbed flwd to the roncen-
tration of chloride in the plasma (7¢/F) for this test hay hitle to recom-
niend it, since the U/A ratio slways varies in sn imerse maooer to
the R/P, 18 simpler to determine, and requires no assumptions as to
the magnitude of the glomerutar fitration rate

1010, Ilypotheses Concermng Newrohypophuseal Regulafion of
Water Outpuf. Verney and his co-workers|603, 820, 1026, 1003, 1097,
1008} have ded a useful physiol 1 hypothesss to the effect
that the regulation of water output in the utine is largely undor the
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. In a sense there is little physiological profit gained in pursmng the
idea tha.t either polyuria or polyposia is primary in diabetes insipidus.
Polyposia (exeessive drinking) may be brought about by thirst, volition,
or force, or as a result of psychiatric aberration[63], Polydipsia
(excessive thirst; excessive drinking), as we have noted (§6.2, 64),
is commonly associated with relative dehydration or elevated extra-
cellular and intracellular electrolyte concentrations; and the degree
of polyuria followmng on & given polyposia depends in a complex
way upon the salt intake[446, 1173]. Correspondingly, a loss of body
flud (urinary and otherwise) has a variable effect on the intake of
water, depending on the quantity of salt lost with the fmd[20, §712].
Polyuria and polyposia in diabetes insipidus are colligatives of the
salt:water mtake (and balanee) ratic When salt is restricted from the
diet, the polyuria 1s reduced[288, 1040, 1157] whereas if dietary salt
1s increased, it may be enormously aggravated{96, 1040, 1042, 1044]
Swann{1041, 1044] showed how 1n diabetes insipidus in the rat the
polyuria appears primary at some times while at others the polyposia
appears primary Total nephrectomy prevents the polyposia of both
the transtent and permanent plases of diabetes providing the animals
are drinking water. If they are drinking saline, and if they have
come to the permanent phase of the disease, nephrectomy does mot
abolish the polyposta This salt effeet 15 relatrvely speerfic, being
produced by sodiim biearbonate and Rmger’s solution as well as by
sodium ehloride, but not by sodjum sulfate, sodium extrate, potassium
chloride, or calemaum chlorzde However, it cannot be implied that
diabetes instprdus 1s merely 2 defect in sodium and chloride metabolism,
otherwise simply lmiting the intake of these would constitute the
prime therapeusis m the disease Furthermore, Winter, Sattler, and
Tngram[1159] have shown that i cats on a salt-free diet the polyuria
following mterruption of the supraopticohypophyseal tracts ean be
maintained whereas fasting cats on normal sodium chloride intakes
. have a fall 1 urine yolume
-\ If we acknowledge that salt-water disturbances are not alone in the
} pathogenesis of diabetes msipidus, and that serum concentrations of
sodium chloride are either unaffected m the disease[856, 1158} or
1nereased [261, 551], 1t Temains consistent with the greatest number of
observations that thirst in diabetes msipidus, as under other conditions,
is most elosely assoctated with a relative rather than an absolute dehy-
dration This relative dehydration is not produced by polyuria, per se,
but by hydruria, that is, by the faihure to eliminate sodium and chlorl'de
Loss of water with little salt tends to raise

in proportion to water. t
; tions and induce thirst unless this effect

plasma electrolyte concentra
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The antidinretic substance found in the urine of rats and dogs under
conditions presumably calling for release of pituitary cntidiuretic sub-
stance 13 thought by Arnold{49], Walker[1104], and Ham and
Landis[479] not to origi ily from the postpituitary. Not
only has antidiuretic material been obtamed from the urine of hypophy-
sectomized animals but that materal apparently differs from pituitary
substance in lacking the chloruretic property While commereial pitui-
trin passes through cellophane and 13 not concentrated by ultracentri-
fuge, the antidiuretic matersal in nrine does not pass through cellophane
and is concentrated by ultracentrifage Ralli et al [881], however, find
that the chloruretic actiity of commercial pitressin 13 lost by dualysis
although the antidinretic potency remams Thus they argue that non-
chloruretie, antidinretic material may be of pitwitary origin  Har-
ris[491] believes that dehydration causes excretion of two substances,
pituitary and extrapituitary, because direct electrical stimulation of the
neurohypophysis 1 unanesthetized rabbits causes exeretion of less
material which does not lose activity on dialysis than does dehydration,
in which latter case the material loses some antiiuretie activity on
dialysis  Species differences, admittedly, may enter this pacture.

A number of constderations bring into question the desirability of
regarding water conservation as & primary pituttary function. First,
sinee pituitarectomized cats and rats[1104] and dogs(964] respond to
water ingestion by diuresis, and to water deprivation by oligurir, some
mechanism other than postpititary appears to regulate urinary water
output. Even where a homalurie flow 1 dogs 1s maintained by constant
mtravenous infusion of antidiuretic hormone, water diuresis bas been
observed to follow water loading{965}. White et al [364, 1125, 1128,
1131] do not confirm the theoretreal requisite of the hypovasopressinernia
hypothesis that in diabetes instmdus the latent period*® of water
duoresic be reduced  Indeed, there may be no clear cut water diuvess
n this disease and patients may retan loaded water for at least 8
hours, suggesting some aceessory mechanism at work Where decreased
lag of elimination of water behind absorption of a second drink of
water (ingested while a water load from a first drink persists or while
unine flow is well above normal) eould be taken as evidence of a lack
of vasopressin 1 normal subjects, no such decreased lag 15 found[1125)

* The ““latent period”” of diarems in terms of the Verney hypotheus{G05] repre-
sents a peried between Intake of waler and anset of sugmentation of utine fow,
#upposed to depend primarily on the time required for preformed vasopreasin to drop
Below its effective antidiaretie leve in the blood (in turn a consequence of destruetion
*nd exerction of the hormone following cessation of it scerstion). A latent period is
Trewnt whether water is taken orally or parenterslly,
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an increase in osmotic pressure of the body fluids of less than 2 per
cent. U.rea in solution does not elicit the antidruretic action presumably
because it exerts little effective osmotic pressure. Dextrose, being some-
what permeable, does not produce ostotic stimulation so well as sodmum
chloride (Fig. 48). Solutions effective by internal cavotid artery are
neffective by vein (small quantities)

Antidiuretic hormone is released from the pitnitary by two agents,
emotional stress (§98, 1018) and rnised osmotic pressure of body
flmds  The latter is conceived to stimulate cytons of the supraoptic
and possibly of the paraventricular nuclei whose axons pass down the
stalk to the pars nervosa (Fig, 46). Verney speculates that certain
vesicles within the fleld of the supraoptic nuclens might be adapted
for the osmoreceptive function Accordingly, the far-reaching effects
of such stimulation would follow from the properties of a colony of
membranes whose aggregate surface area is only of the order of 1
square mlhmeter[1098]  Along these lines a water conservation
“‘reflex'’ has been postulated to consist of osmoreceptors attached to
afferent cells, an adjustor-efferen o e
hypophyseal nerve cells, and the
tors Raised osmotic pressure of
osmoreceptors and result reflexly in the release of antidiuretic hormone
Presumably ‘“normal’’ osmotic pressures exert a tonic mfluence toward
the steady release of hormone, while low osmotic pressures are accom-
panied by reduction of hormone secretion

The ‘‘water conservation’’ aspect of postpitnitary control of urme
flow has been developed by Gilman and Goodman({431]. Ingram, Ladd,
and Benbow[562], and others[215, 368, 466, 987] Rats, either dehy-
drated or given hypertome sodium chloride orally, show an increased
nrinary excretion of material which resembles pituitary antidwuretie
prineiple. It tends not to appear in the urine of hypophysectomized
ammals or of annnals i water diuresis In support of the water con-
servation function of the pars nervosa are the findings of Simon{987],
Hickey, Hare, and Hare[543], and Chambers[214] indicating that dehy-
dration or salt adtimstration 1n rats leads to a decrease in the anti-
diuretie and oxytocie content or potency in the pituitary glands of these
animals Subeutaneous implantations of DCA pellets in rats produces
increased finid mtake and increased urimary output of antidiuretic
factor In normal rats drinking saline also produces these effeets Tt
is observed that output of antidiuretie factor in the urine is propor-
tronal to mereased flnid intake no matter by which of these means
produced[990]  Some d osmatic pressure of body fluids, how-
ever, may also be common to these inereased fluid intakes
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Howevez:, Klisecki et al (604, 605] state they have observed not only
th(? earlier onset called for but an inereased delay with dehydrated
animals as well. White and Findley[1128] point out that a latent pertod
1s not pecuhar to the exeretion of water alone but is found with the
e{ctetion of chloride and glucose  Since it is found with these and not
with no-threshold substances such as creatinine, 1t is suggested that the
latent period for water exeretion 15 nonspeeific and is simply character-
1stic of threshold substances Some lyuretic and specific drureties have
a latent persod for aetion also  One may inguire what the nonpituitary
fraction of the latent period for a water diuresis might be, a matter
not properly answered by tests 1 diabetes insipidus alone.

Second, Fee[357, 338] has observed typical water diuresis in decere-
brate and decorticate dogs when morphine and nonvolatile anesthetics
were avoided Newton and Smirk[818] further attest that in decere-
brate cats with total hypophysectomy a natural control of water diuresis
is present; there is the usual latent period, and a normal diuresis curve
They conclude that the pitwitary gland and that part of the brai
above the t luding the hypothal: are not indi bl
parts of the mechanism controlllng water diuresis Although Fisher,
Ingram, and Ranson[370] have attempted to mollify tke force of these
experiments by intimating that unknown quantities of antidiuretic
hormone might have been released during operation and could act in -
place of the hypophyseal structure, Pickford[854] grants that anti-
dmretic hormone alone 1s not to be considered the only factor limiting
urine flow Further clarification is obviously desirable

Third, is any single mechamsm of renal water regulation sufficent
to care for the body economy? Tt is well known that the body readily
permits itself extensive absolute dehydration or hydration so long 2s
regulation of the concentrations of electrolytes in body fluids can be
maintamned (§65, 76) How much of the complex of salt-water balance
is controllable by an antidwretic hormone alone! When a prolonged
infusion above the LIC is stopped, the lyuresis outlasts the dmress
(§8.9) This is not likely to reflect pituitary intermediation beginning
at the time of cessation of fld mput,

Even if hypertonic salt soluttons elicit the release of hormene in
some proportion to theyr hypertomerty, that does not account for the
fact that the output of water per umt load of solution varies complexly
(not m proportion) with the tomeity[1170, 1173]. Per umt load, very
dilute solutions of sodium chloride bring about high urine flows; 501'.1‘
tions somewhat more and somewhat less concentrated than isotonfc
bring about small urine flows; and solutions increasingly bypertom.c
bring about increasing urine flows (Fig. 29). The idea that there is
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vate the severity of diabetes insipidus, conservation of body water 1
still effected by eompensatory adjustment of intake.

Lipsehitz and Stokey[672] found that rats fed ecuretic (dehydrating)
doses of sodinm ehloride excreted urinary antidiuretic hormone while
rats receiving other ecuretic diuretics like melamine excreted only
insigmficant amounts of entidiuretic hormone in the urine. Dehydra-
tion by melamine, which is accompanied by considerable loss of salt,
is meffective in h ia; repeated melamine diuresis on
two suceessive days leads to a greater defieit of water than salt (relative
and absolute dehydration) and thirst. Thirsting animals exerete mod-
erate amounts of the antidiuretic hormeone. Thus again, water conserva-
tion, per se, is not the erucial element 1n postpituitary secretion Rather
does 1t seem to be osmotic stimulation.

It 18 not primarily to impugn the water conservation hypothesis that
this discussion has been brought to bear. We are aware of the support
wheeh 1s given it from the evolutionary viewpomt (the development of
the mammal, of its ““need’” for conserving water, of Henle’s loop,*
and the elaboration of the antidiuretic prineiple(516] in these species).
Yet it is well to recognize that the idea of water conservatwn 15 a
simplification by ellipsis and difficult to verify. Conservation of water
by vasopressin is phy Iy less without colligated con-
servation of salt and the conjunective action at least of other hormonal
agents to regulate relative hydration and dehydration. If intake of
water is stopped dehydration will follow, in part a result of urmary
water loss, whether vasopressin is present or not. The essential difference
is that the rate of development of dehydration is more rapid in the Jatter
case. It 1s incontrovertible that the neurohypophys:s regulates the rate
of water exchange—but ean we equate this fact to water conservationt

THE ANTERIOR PITUITARY

1011 Crowe, Cushing, and Homans[257] first recognized a diuretic
or polyuric funmction of the anterior mituitary or adenohypophysis,
following experiments m which 1t was transplanted into hypophys‘ec-
tomized dogs Teel[1050] showed that antertor lobe extracts had diu-
retic potency, although a weak antidruretic effect 15 mentioned by Motz-
feldt[794] The anterior lobe, extracts of which inerease renal blood
flow and diodrast Tm[511] apparently exerts a trophwe influence on
the kidney. White et al.[1135] have found that growth hormene of
the anterior pituitary, admimistered for 9 to 12 days in dogs, doubles
paraaminohippurate and almest doubles jonlin clearance. It also

*No longer conmdered essental to active water reabsorption[1124].
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the same time After any operation involving loss of the anterior pitu-
tary the dmretic response to water was diminished and was not restored
by thyroid administration or that of anterior pituitary and cortieal
extract. Diuretic response to salme tended to be greater than that
to water Polyuria might follow any of these operations even in the
absence of the anterior lobe, but only after section of the supraoptic
tracts was it of fairly long duration,

Thus the action of the anterior pituitary is not settled. Peters[842]
observes that it may be necessary to determine how far the reputed
effect of the anterior lobe derives from 1ts ability to overcome cachexia
Gaebler[394] states the primary effect of anterior pituitary to be on
water metabolism and storage, and secondarily on diuresis. And
Smuth(989] cautions against thinking of the anterior pituitary as pro-
widing a dwretie principle 1 view of the widespread participation of
this endoerme gland in the regulation of other glandular and metabolic
funetions and of the wncertainty of the effects of these extraets upon
salt and water equlibria  We cannot certainly state that the anterior
pituitary ‘‘participates m & posttive rather than permissive manner
in ordinary diuresis and in diabetes insipidus, or that 1t acts in opposi-
tion to the antidiuretic prineiple of the posterior portion of the gland "

Tae TAYROID

1012. Eppinger[845] discovered that the administration of thyroid
had diuretic and ecuretic effects in man and was able to remove certzin
types of repal and cardiac edema Thyroid will induce diuresis in
normal dogs[301] and 1n rabbits which have been starved and deprived
of water(390]. It may also bring on chloruresis{347]. Panecreatectomy
abolishes thyroid diurests in otherwise normal animals[301] as does

dmimstration of pitwitrin or ergotamine[$47]. Lumumal and light

hloretone nareosts 1n rabbrts inhibit thyroxin diuresis while paraldehyde
pd deep chloretone marcoss augment it In cats[877] there is no
gnificant diuretic effect of thyroid feeding although some oligolyuresis

[ chloride is evidenced Rats excrete large volumes of urine low in

hloride m hyperthyroidism[108]

Tt is believed that the el m bolie rate p d by thyrord

r thyroxin is not responsible for the diuretic effect[131]. Dix, Rogt.rﬁ,

nd Barnes{301] found elevated rates m pancreatectomized dogs whx.clx

o not respond to thyroid admmistration with draresis White, Hein-

scker, and Robinson[1133], Findley[363], and Bruhn[181, 182] L‘UI:-

rm this in finding that & dose of dini 1 or dinitroph
ich inereases metabolic rate much as thyroid, is not diuretic nor does
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this procedure. They believe the effect of thyroidectomy in relieving
these diabetic polyurias is proportional to the residual amount of vaso-
pressin-forming tissze.

.

Toe AveEvan CORTEX

1014 Adrengl-Renal Insufficiency. Marshall and Davis[722] were
the first to show that extirpation of the adrenal glands led to a type
of renal i iency in eats ch: ized by an i of urea
excretion  They noted no dfference m the handling of salt by the
kidneys Baumann and Kurland[85], Marine and Baumann[715}, and
Zwemer[1189] called attention to the fact that after adrenalectomy
there was & fall in the plasma eoncentration of sodinm and of chloride,
and that the ultimately fatal effects of this operation eould be palhiated
by admunistration of sodium salts and water, with prolongation of life.
Loch and others[681, 684] indtcated that 1 addition to characteristic
decreases in sodium and chlonde levels there was an nerease 1n serum
potassium concentration, and they drew attention to the fact that these
changes in adrenalectomy were similar to those found in Addisen’s
disrase.

Cortical insufSeiency affects the excretion of sodiam and chloride by
the kidneys, apparently lowering the tubular reabsorption of these ions
and their thresholds of retention Sodmm may be excreted in appre-
ciable quantities in the urine of the dog at plasma levels as low as 106
mEq /1. {where normal s ca 145}, chloride at levels a3 low 21 85 mEq /1.
{where normal is ca. 108) [496]. In the opossum and marmot adrenalec.
tomy leads to increase in serum sodmm and chloride values over normal
preopennve vulne«a. that 13, the opposite of dog and cat There is a

urinary of salt[83]

In the adrenalectomized dog there are reduced ereatimine and urea
elearances These appear to result chiefly from loss of sodum ehloride,
replacement of which restores renal function almost, but not quite, to
normal{492]. Cortical extract restores normal function In adrenal.
ectomized dogs whose renal function is maintaned in good eondition on
# high sodium.dow potassium intake, the MUC for chloride has been
reported to fall to 199 mEq 1 compared to 306 mEq /1 1n normal dogs
under comparable conditions The ability of the kadneys to concen-
trate, as measured by specifie gravity tests, 1s similarly redaced in the
adrenalectomized dog although the abah{y to dalute the unine, at least
m\h mpv‘c! to chlondl-, is almost a{616] Ne

]! 1 changes referable to cortieal i iency ere detectable 1n
the kidney [423]
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1 rats with full fledged hyperthyroidism there is an increased diuretie
response to water and a marked resistance to water intoxication Tn
these apimals there is less chloride loss than usual in water dmrests
and the protective action of thyroid against water intoxication is thought
to be based on salt retention, possibly in part through the imereased
adrenal cortieal activity in hyperthyrordism. Brull[166] further dem-
onstrated that the diuretic effect of thyroxin is due at least in part to
direet renal action Kidneys orginating from thyroxinized dogs, when
transplanted simultaneously with control ludneys to a donor, were
found to secrete more rapidly and to give larger responses to saline
infusions and to hypophysectomy than eontrols

In hypothyroidism diuresis and water intoxication following water
load behave as in normal anmals

1013. Endocring Interrelabons with Thyrod. Gaunt{408] and
others[412] find thet the protective effect of hyperthyroidism against
water i ication is largely abolished by adrenalectomy, but the intense
cortical stimulation by thyroxm probably does not aceount for all of
the effects on water metabolism Diuresis in hyperthyroid-adrenalecto-
myzed rats 1s much hke that m untreated adrenalectomized animals,
‘Water is absorbed from the intestine more rapidly in the former case
though less rapidly than in npormals.

Thyroid is synergistic with anterior piturttary in producmng drure-
#is[1183, 863, 1133, §1011]. Buasott:{113] originally supposed that the
thyroid gland constituted a necessary intermediary for the dmretic
action of extract of anterior hypophysis because he found that the
diuretic effect of such extract was missing in thyroidectomized dogs
However, the thyroid normally exerts no diuretic action

In cats and dogs thyroid adnnnistration increases the severity of dia-
betes insipidus[369] as does thyroxin or anterior pituttary extract(lsl
877] Thyrotdectomy may relieve the disease or make it more responsive
to pitressin but Is not more therapeutically effective than a low salt
diet{363]. Mahoney and Sheehan[706], by occluding the prtuitary
stalk of dogs with a silver elip, showed that the subsequent polyuria
and polydipsia could Likewise be abolished by total thyroi y and
restored by thyroid gland administration, whereas total thyroidectomy
alone had mo effect on daily fluid intake and output White, Hein-
becker, and Robinson[1133] found that the transient polyunas of
hypophyseetomy are usually i tely abolished b
while the high and permanent polyurias of complete hypophysectomy,
including pars tuberslis and median eminence, may be nnaffected by

~
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this procedure. They believe the effect of thyroidectomy mn relieving
these diabetic polyurias is proportional to the residual amount of vaso-
pressin-forming tissue.

.

TrE AvreNan CORTEX

1014. Adrenal-Renal Insuffierency. Marshall and Davis[722] were
the first to show that extrrpation of the adrenal glandq led to a type
of renal i i cats ch ized by an of urea
excretion They noted no difference in the handling of salt by the
kidneys Baumann and Kurland[85], Marme and Baumann{715], and
Zwemer[1189] called attention to the fact that after adrenalectomy
there was a fall in the plasma concentration of sodium and of chloride,
and that the nltimately fatal effects of this operation could be palhated
by administration of sodium salts and water, with prolongation of hfe.
Loeb and others[681, 684) indicated that 1 addition to characteristie
decreases in sodinm and chloride levels there was an ncrease in sernm
potasstam concentration, and they drew attention to the fact that these
changes in adrenalectomy were smlar to those found in Addison’s
disease

Cortical insuffictency affects the excretion of sodium and chloride by
the kidneys, apparently lowering the tubular reabsorption of these ions
and their thresholds of retention Sodium may be excreted i appre-
cizble quantities in the urime of the dog at plasma levels as low as 106
mEq /1 (where normal 1s ea 145), chloride at levels as low as 85 mEq./1.
(where normal is ca 108) [496]. In the opossum and marmot adrenalec-
tomy leads to merease 1n serum sodiam and ehloride values over normal
preoperative values, that is, the opposite of dog and eat 'There is a
eorrespondingly subnormal urinary exeretion of salt[983].

In the adrenalectomized dog there are reduced creattmine and urea
elearances These appear to result chiefly from loss of sodium chloride,
replacement of which restores renal funetion almost, but not quite, to
normal{492]. Cortical extract vestores normal fumction In adremal-
ectomized dogs whose renal function is maintained in good condition on
a high sodium-low potassium intake, the MUC for chloride has been
reported to fall to 199 mEq /1 compared to 306 mEq./1 in normal dogs
under comparable conditions The ability of the kidneys to concen-
trate, ag measured by specific gravity tests, is simlarly reduced in the
adrenalectorzed dog although the ability to dilute the urine, at least
with respect to chloride, iz almost {616] No signi

histological changes referable to cortical insufficiency are detectable in
the kudney [423]
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in rats with full fledged hyperthyroidism there 1s an ereased diuretic
response to water and a marked resistance to water intoxication, In
these animals there is less chloride loss than usual m water diuresis
and the protective action of thyroid against water intoxication is thought
to be based on salt retention, possibly in part through the imcreased
adrenal cortical activity in hyperthyroidism Brull[156] farther dem-
onstrated that the diuretic effect of thyroxin is due at least in part to
direct renal action Kidneys origiating from thyroxinized dogs, when
transplanted simultaneously with control kidneys to a domor, were
found to seerete more rapidly and to give larger responses to saline
infusions and to hypophyseetomy than controls

In bypothyroidism diuresis and water intoxication following water
load behave as 1 normal ammals

1018 Endocrine Interrelations with Thyroid. Gaunt[408] and
others [412] find that the protective effect of hyperthyroidism agamnst
water it ion 1s largely abolished by adrenal , but the intense
cortical stimulation by thyroxin probably does not account for all of
the effects on water metabolism Diuresis in hyperthyroid-adrenalecto-
mized rats is much like that m untreated adrenalectomized animals.
‘Water is absorbed from the intestine more rapidly in the former case
though less rapidly than m normals

Thyroid is synergistic with anterior pituitary in producing diure-
sis[113, 363, 1133, §1011] Biasott1[113] originally supposed that the
thyroid gland constituted a necessary intermediary for the dmretic
action of extract of antersor hypophysis becaunse he found that the
diuretic effect of such extract was missing in thyroidectomized dogs
However, the thyroid normally exerts no diuretic action

In catg and dogs thyroid administration increases the severity of dia-
betes insipidus[369] as does thyroxin or anterior pituitary extract[lfil,
877]. Thyroidectomy may releve the disease or make it more responsive
to pitressin but 15 not more therapeutically effective than a Jow salt
diet[363] Mahoney and Shechan{706], by occluding the pituitary
stalk of dogs with a silver clip, showed that the subsequent polyuria
and polydipsia could hikewise be abolished by total thyroid and
restored by thyroid gland admmistration, whereas fotal thyroidectomy
alone had mo effect on daily finid mntake and ontput White, Hemn-
becker, and Robinson[1133] found that the transient polyurias of
hypophysectomy are usually diately abolished by t!
while the high and p t polyurias of
meluding pars tuberahs and median eminence, may be unaﬁected by
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this proceduve. They beheve the effect of thyroidectomy in relieving
these disbetie polyurias is proportional to the residusl amount of vaso-
pressin-forming tissue.

.

Tar Avrenal CORTEX

1014, Adrenal-Renal Insufficiency. Marshall and Davis{722] were
the first to show that extirpation of the adrenal glands led to a type
of renal in cats ed by an mmapsirment of urea
excretign  They moted no difference o the handling of salt by the
kidneys. Baumann and Knrland{85], Marne and Baumann{715], and
Zwemer[1189] called atfention to the fact that after adrenalectomy
there was a fail in the plasma concentration of soflium and of chloride,
8nd that the ultimately Iatal efiects of this operation could be pallisted
by administration of sodwm salts and water, with prolongation of life.
Toeh a0d others[681, 684] mdicated that 1n additon to characteristic
decrezucs mn sodivm and ehloride evels there was sn meresse in serum

cony ion, and they drew to the fact that these
changes in adrenalectomy were simtlat to those found in Addmon’s
disease

Cortiesl msufficiency affects the exeretion of sodium and chloride by
the kidneys, apparently lowering the tubular resbsorption of these ions
2nd therr thresholds of retention. Sodium may be exereted wn appre-
cinble quantities in the urine of the dog at plasma levels as low as 106
wEq /1 (where normai 13 ¢ca 143} ; chiloride at levels &s low as 85 mEq /1
(where normal s ca 108)1496). In the opossum snd marmot adrenalec-
torny leads to increase in sernm sodom and chloride values over normal
preopcrame vahm, that is, the opposite of dog and cat. There ia a

1 urinary jon of salt[083]

In the adrmn!enmmzed dog there are reduced creatimne and urea
clearances ‘These appear to result chiefly from loss of sodam chlomde,
replacement of whieh restores renal funetion almost, tut not quite, to
normai{492] Cortical extract restores mormal function In adrenal-
ectomized dogs whose renal function is maintained in good condition on
2 high sodim-low potassiom ntake, the MUC for elhlorde has been
repacted ta fall to 190 mEqg /1 compared to 306 mEq /1 1n normal dogs
under eompersble condihons  The ability of the dneys to concen-
trate, as roeasured by spearfic gravity tests, is sinularly reduced in the
adrenalectomized dog although the ability to dilute the urine, at least
with respeet to chloride, i3 alra0st wmimpaired{616] No sigmificant
kistologieal changes referable to cortical insufficiency are detectable in
the kodney {423}
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C ly in ad 1 ized animals there is, in addition to a
loss of plasma sodium and chloride, a compensatory inerease in potas-
smum which may leave the osmotie pressurs of the plasma almost
unchanged[506]. Usually, however, there 18 a decrease in the osmotic
pressure of the plasma which results in a shift of water from extra-
cellular to intracellular spaces. For this reason and also because fluid
enters the red cells, increasing their volume relative to the plasma
volume[416, 428], there tends to be hemoconcentration There is also
an increased plasma speeific gravity, a fall in blood pressure, and a
sensitivity to hemorrhage The kidneys exerete more chloride and
sodium than normally (since these are relatively concentrated in the
urine even at somewhat elevated urine flows, there is a tendency to
isosthenuria) and there 15, conversely, a reduced capacity to concentrate
potasstum. Either polyuria, homaluria, or oliguria can obtain[93, 415,
492, 982] but there is little water dinresis in response to water load
and sodium lyuresis in response to sodium load is diminished[913].
Birnte et al.[124] find in the serum of normal rats a labile antidiuretic
and chloruretic substance which increases after adremalectomy but is
not found in the blood of hypoph ized rats. This sub may
in part account for the failure of water diuresis after adrenalectomy

MeCanee[742] compares experimentally induced salt deficiency
(Table XXIV) and Addison’s disease. These eonditions are similar in
1oss of weight, poor water diuresis[59, 552], and low serum sodium and
chlorade. They differ in that hitle change is found in sernm potassium
in salt deficiency, but then this 13 mot a necessary accompaniment of
Addison’s disease A normal blood pressure in salt deficiency is con-
trasted with a low pressure mn Addison’s disease Other conditions
which may simulate adrenal insufficiency in regard to water diuresis
include certain cardiae, liver, and renal diseases, and pantothenic acid
and riboflavin deficiencres{411].

The renal aberrations brought on by cortical insuffieiency, s in Addi-
son’s disease, have been utilized n testing for the presence of this
condetion It is not always posstble to distinguish cortieal insufficiency
from normaley on the basis of differences in serum levels of sodmm,
potassium, or chloride because these values are not necessarily altered
sigmficantly in the change from one state to the other. If 2 patient
suspected of Addison’s disease is deprived of salt, however, the serum
values of socium and chloride tend to be lower than mormal Also
whereas non-Addisonian urine, formed during salt deprivation, tends
to show extremely low U/A ratws for these ions, in Addison’s disease
concentration ratios tend to be elose to umtty [270, 271]). .

A less dangerous test for cortical insufficiency as m Addison’s
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disease than proveking exaggerated changes in serum electrolytes is
found in the procedutes of Robinson, Power, and Kepler[911]. Based
an the fact that in cortica) insufficiency the kudneys do mot respond
to a water load with the usual diuresis, a standard water load is estab-
lished by dnnking 20 ce /ky. If any single hourly volume of urine
following morning drinking 15 greater than the volume of the night
uripe, the test is negative, that 1s, the water drmresss is sufficent to
role out cortieal insufficiency I the hourly volume is less than the
night volume, the test 1s tentatively positive m that Addison’s discase
may or may not be present Further testing 1s based on the fact
that the diseased state tends to be accompamed by a relatively lowered
concentration ratio for wueea, a relatively raised concentratwn ratio for
chloride, and & relatively dimimshed water dwaresis  Arbitrarily the
product

hourly volume of day urine
volume of mght urine

should be greater than 30 (urme concentrations are for mght sample)
in patients with no cortical insufficiency When the product 18 less than
25, Addison's disease 15 probably present 1f certain few, possibly mis-
taken conditions are ruled vut, for example, nephritis, diabetes insipidus,
some dehydration Since in Addison’s disease and in adrenalectomized
ammals there 1s wnpaired renal funetion{387, 492, 2047 tests to reveal
nephritis 1 these condmons Tonst be chosen eritieally.

Under certamn a d jon of sodium and
chloride in sweat is 15 to 60 wEq /1. Cmm[ZSG] finds that desoxycor-
t and ad hie hormone eause these levels to fall

Untreated patients with Addison’s disease show sweat concentrations
of 75 to 115 mEq/l for these 1ons. These findings have been sug-
tested as & basis for assaying the actinty of the desoxy-like cortieo-
sterods  Of sinpular mierest is Yhe fact that these hormones act with
much the same effect on such diserete structures as the sweat glands
and the renal tnbules, to the same metabolic end, namely, altering
the eleetrolyte concentration of the plasma Leaf and Couter{651]
Propose that pormal conservation of body sodium by variation in Tenal
excretion 18 actually the result of inereased cortieal activity in response
1o low sodiam mtake, and vice versa

Thate et al {1068] haye dewsed o test for sdrensl eortanal inayff.
tency hased ou the differang responmse in this eondition 8s compared
with that of the normal, following s single dose (25 mg ) of punfied
Pituitary adrenocorticotrophic hormome. In mormal men there is
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a decrease 1n circulating eosinophils and a rise in urie acid excretion
relative to that of ereatinine. In insufficiency the normal response fails
to occur. This test appears primarily to measure adrenal cortical
reserve of hormones regulating the metabolism of carbohydrate, fat,
and protein

10.15. Effects of Excess of Adrenal Cortical Hormones. In normal
subjects intravenous injections of cortical hormone over a brief perrod
result in a decreased renal excretion of sodium, chloride, and water[1061,
1064]. Caleum, magnesium, and mtrogen are not affected If admin-
istration of desoxycorticosterone esters is in sufficient quantity and
continued for longer pertods, there is positive water balance with marked
edema, hypoproternemia, and cardiac insufficiency [280, 861, 627]. Even
1 patients with Addison’s disease, excessive hormone therapy is poten-
tially as dangerous as mn normal ndividuals. Withdrawal of hormone
1s accompanied by sodium lyuresis, potassium antilyuresis, and loss of
weight. In dogs under excessive (toxic) dosage with DCA, serum
sodium and chloride rise, serum potassium falls, and attacks of paralysis
oceur which can be alleviated by mtravenous or oral potassium chloride.

When DCA is first admimstered to a normal animal there is a
temporary period of retention of water as well as sodium and chloride
After several weeks of hormone administration, excretion and intake of
water 1s augmented. A daily urme volume in dogs in excess of 2500
ce is common and 4000 cc has been exceeded. This condition was
called by Loeb and others[627, 878] a kind of ‘‘diabetes insipidus,’’
superfictally on account of the polydipsia and polyuria The disturbanee
in water balance gradually disappears and normal weight returns(683].
Thirst is considered the “‘primary’’ feature of this syndrome, first
because pitmtrm is relatively ineffective agamnst the polyura, and
second, becanse fluid restriction does not lead rapidly to dehydration
as in true diabetes mnsipidus  However, the polydipsia may be secondary
to the relative dehydration of high plasma sodmm coneentration which
latter is induced in part by altered kidney activity. Thus the polyuria
following polydipsia[1047] could still be regarded as a “‘primary’”
venal feature. The matter of primacy is much as complicated here as
for diabetes msipidus (§108).

Excessive admimstration of DCA ean lead to edema in anmals[682]
and in man However, m normal men on daly DCA injections the
increase 1n body weight and plasma volume is enhanced 1n some propor-

tion to the quantity of salt 1n the diet[227]. In young rats maintained
on 1sotome salme, the immediate effect of DCA is a rise in fluid intake.
This is followed by a regresston of mtake values toward control
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levels[459].* Excess of cortical extract differs in 1ts effect on plasma
volume from excess of DCA[1047]). Whereas the former will restore
the low plasma volume of the adrenalectomized animal or the Addi-
sonian patient to normal, it will not rase it above normal. DCA,
however, will raise plasma volume above normal in these inmstances as
well as in normal human subjects.

Apparently not all cortical steroids acting on salt-water metabolism
have similar effects In rats, cortical extract enhances urine flow in
the presence of either a positive or negative water load DCA will act
duwretically also except when water 13 1 defieit[830]. Thorn, Engel,

and Lewis(1065] found that I7-hydroxycor and 11-dehyd:
17-hydroxycorticosterone lead to negative sodium and chloride balances
1n the normal dog, as opposed to desoxyeor and cor

whose admumstration produces positive balances  Langley and
Clarke[644] showed that exposure of rats to hugh altitude (20,000 feet)
brings on adrenal hypertrophy within 2 days This can be prevented
by adminstration of cortical extract The fact that normal dogs at
high altstude showed a lyuresis of sodium, chlortde, and potassium and
that this lyuresis of sodmm and chloride did not oceur after adrenal-
ectomy, led these workers to favor the view of Thorn, Engel, and Lews
that certain fractions of the cortex cause increased excretion of sodrum,
in contrast to those causing retention It 15 suggested that under anoxie
stimulation, certamn components of whole extract are secreted mdepend-
ently of others (§826).

1016. Endocrine Interrelations with the Adrenal Cortex An antag-
onism between the antidwuretic pitwitary and the dimretic adrenal cortical
hormones was postulated by Silvette and Britton[247, 984}, Winter and
Ingram([563, 1155], and others{913]. In the rat ev:dence of an antago-
nism is seen following removal of both pitwitary and adrenal glands

h there 1s no d. polyuna and polydipsia as 13 the
case with hypophysectomy alone In removal of either or both glands
there is an imtial reduction 1 urinary chlomde concentration, and
postpituitary extract restores this concentration to normal; adrenal
cortreal harmone does not restore the concentration except in adrenal-
ectomized rats 1In a few days urimary concentration returns to normal
The diate effect of hypophy 1 is for by
the release of the kiduey from the antidiuretic hormone whereupon the
more slowly metabolzed cortical hormone continues to act

* The alterations 1n flwd exchange, ete following subcutaneous mplantation of
DCA pellets are veduced to mwor values when pellety are xmplanted ntrasplencally.
Tn the rat, DCA 1s appavently ¢*detoxfied’” 1 the bver
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a m cireulating eosinopbils and a rise in urie acid excretion
relative to that of creatinme. In insuffciency the normal response fails
to occur. This test appears primarily to measure adrenal cortical
reserve of hormones regulating the metabolism of carbohydrate, fat,
and protein.

1015 Effects of Excess of Adrenal Cortical Hormones. In pormal
subjects intravenous injections of cortical hormone over a brref period
result in a decreased renal excretion of sodium, chloride, and water[1061,
1064). Calcinm, magnesium, and mtrogen are not affected. If admin-
1stration of desoxycorticosterone esters is in sufficient gquantity and
continued for longer periods, there is positive water balance with marked
edema, hypoproternemia, and eardiac insufficiency [280, 361, 627]. Even
in patients with Addison’s disease, escessive hormone therapy is poten-
tially as dangerous as in normal individuals. Withdrawal of hormone
is accompamed by sodium lyuresis, potassium antilyuresis, and loss of
weight. In dogs under excessive (toxic) dosage with DCA, serum
sodinm and ehloride rise, serum potassium falls, and attacks of paralys:s
oceur which can be alleviated by intravenous or oral potassium chloride

When DCA is first admimstered to a normal animal there is 2
temporary period of retention of water as well as sodium and chlonde,
After several weelks of hormone administration, excretion and intake of
water is angmented A daily urme volume in dogs in excess of 2500
ce is common and 4000 cc has been exceeded This condition was
called by Loeb and others[627, 878] a kind of “‘diabetes insipidus,”
superfieially on account of the polydipsia and polyuria The disturbance
1 water balance gradually disappears and normal weight returns[683)
Thurst 1s considered the *““primary’’ feature of this syndrome, frst
because prtuitrn is relatively 1neffective agaipst the polyuria, and
second, because fluid restricton does not lead rapidly to dehydration
as in true diabetes insiprdus, However, the polydipsia may be secondary
to the relative dehydration of ligh plasma sodium concentration whick
latter is 1nduced in part by altered kidney activity. Thus the polyuria
followmng polydipsta[1047] could still be regarded as a ¢ primary”’
renal feature. The matter of primacy is much as complicated here 23
for dizbetes insiprdus (§10 8).

Excessive administration of DCA can lead to edema in ammals[682)
and in man However, m normal men on daily DCA injections the
increase in body weight and plasma volume is enhanced in some propor-
tion to the quantity of salt in the diet[227]. In young rats maintaned
on isotonie saline, the immediate effect of DCA is a rise in fluid intake.
This is followed by a regression of intake values toward control
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Jevels[459],* Excess of cortical extract differs in its effect on plasma
volume from excess of DCA{1047] Whereas the former will restore
the low plasma volume of the adrenalectomized animal or the Addi-
sonian patient to normal, it will not raise 1t above mormal DCA,
however, will raise plasma volume above normal 1n these instances as
well as 1o normal human subjects

Apparently not alt cortical steroids acting on salt-water metabohsm
have sumilar effects In rats, cortical estract epbances urine flow
the presence of either a positive or negative water load DCA will act
dwretically also except when water 19 n defiat{830] Thorn, Engel,
and Lew1s[1065] found that 17-hydroxycorticosterone and 11-dehydro-
17-hydroxyeorticosterone lead to negative sodium and chloride balances
1n the normal dog, as opposed to desoxycorticosterone and eorticosterone
whose admmmstration produces posibive balances  Langley and
Clarke{614] showed that esposure of rats to high altitude (20,000 feet)
brings on adrenal hypertrophy within 2 days. This can be prevented
by admimstration of cortical extract. The fact that normal dogs at
high altitude showed a lyuresis of sodium, chloride, and potassium and
that this lyureus of sodmm and chloride did not occur after adrenal-
ectomy, led these workers to favor the view of Thorn, Engel, and Lewis
that certain fractions of the cortex cause mereased excretion of sodium,
n contrast to those causing retention It 15 suggested that under anoxie
stimulation, certan ecomponents of whole extract are secreted independ.
ently of others (§826)

1016 Endocrine Interrelations wnth the Adrenal Cortex An antag-
onism between the antidwretic piturtary and the diuretic adrenal eortical
hormones was postulated by Silvette and Bratton[247, 984], Winter and
Tngram{563, 1155], and others{813] In the rat evidence of an antage.
nism 1s seen following removal of both pitwitary and adrenal glands
whereupon there 15 no 1mmediate polyuria and polydipsia as s the
ease with hypophysectomy alone In removal of either or both glands
there is an mitial reduetion 1n urinary chloride concentration, and
postpitwitary extract restores this concentration to normal; adrenal
cortical hormane does not restore the concentration except mn adrenal.
ectomized rats In a few days urnary concentration returns to normal
The effect of hypop a 5 d for by
the release of the kidney from the antidiuretic hormone whereupon the
mare slowly metabolized cortical hormone continues to act

* The alterations m Bmd ¢schange, ete followmg subentaneous implantation of
TCA peliets are reduced to mmor values when pellets are smplanted ntrasplemcally,
Ta the rat, DCA 15 apparently *‘detovified’” 1 the lver
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a decrease in errculating eosinophils and a rise m uric acid exeretion
relative to that of creatinine. In insufficiency the normal response fails
to oceur. This test appears primarily to measure adrenal cortical
reserve of hormones regulating the metabolism of carbohydrate, fat,
and protein.

1035. Effects of Excess of Adrenal Cortical Hormones. In normal
subjects wtravenous injectrons of cortical hormone over a brief period
result in a decreased renal excretion of sodium, chloride, and water{1061,
1064]. Calerum, magnesium, and nttrogen are pot affected If admin-
1stration of desoxycorticosterone esters 15 in sufficient quantity and
continued for longer periods, there is positive water balance with marked
edema, hypoprotememia, and cardiac insufficiency [280, 361, 627]. Even
in patients mith Addison’s disease, excessive hormone therapy is poten-
tially as dangerous s in normal individuals, Withdrawal of hormone
is accompanied by sodium lyuresis, potassium aptilyurests, and Joss of
weight  In dogs under exeessive (tosic) dosage with DCA, serum
sodram and chloride mse, sernm potasstum falls, and attacks of paralysis
oceur which can be alleviated by ntravenous or oral potassium chloride.

When DCA 1s first administered to & normal animal there is 2
temporary period of retention of water as well as sodrum and chloride
After several weeks of hormone admmistration, excretion and intale of
water is augmented A daily urine volume in dogs in ex¢ess of 2500
ec. is common and 4000 cc has been exceeded. This condition was
called by Loeb and others{627, 878] a kind of ‘‘diabetes insipidus,”
superficially on acconnt of the polydipsia and polyuria The disturbanee
in water balance gradually disappears and normal wetght returns{683]
Thirst is considered the “‘primary’’ feature of this syndrome, first
hecause pituitrin is relatively ineffective agamnst the polyuria, and
second, beeause flmd restriction does mot lead rapidly to dehydration
as in true drabetes msiprdus  However, the polydipsia may be secondary
to the relative dehydration of high plasma sodwum concentration which
tatter is jndnced m part by altered kidney activity. Thus the polyans
following polydipsia[1047] could still be regarded as a “primary”
renal feature. The matter of primacy is much as complicated here as
for diabetes insipidus (§108).

Excessive administration of DCA ean lead to edema in animals[882)
and in men However, in normal men on daily DCA jnjections the
inerease in body weight and plasma volume is enhanced in some propor-
tion to the quantity of salt m the diet[227] In young rats maintained
on isotonie salne, the immediate effeet of DCA is a rise in fluid intake

is followed by a regression of intake values toward control
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levels[459].* Excess of cortical extract differs in its effect on plasma
volume from excess of DOA[1047]. Whereas the former will restore
the low plasma volume of the adrenalectormzed anmimal or the Addi-
ronian patient to normal, 3t will not raise it above normal DCA,
however, will raise plasma volume abave normal i these instances as
well as 1 normal human subjects.

Apparently not all cortical steroids acting on salt-water metabolism
have simlar effects In rats, cortical extract enhances umne flow in
the presence of either a positive or negative water load DCA will act
duuretieally also except when water is 1 defiert{830] Thorn, Engel,

and Lewis{1065] found that 17-hydroxycor and 11-dehyd:
17-hydroxycorticosterone lead to negative sodum and chlonide balances
1n the normal dog, as opposed to desoxycor and cor

whose admimstration produces positive balances  Langley and
Clarke[644] showed that exposure of rats to high altitude (20,000 feet)
brings on adrenal hypertrophy within 2 days This can be prevented
by admmstration of cortical extract. The fact that normal dogs at
high altitude showed a lyuresis of sodium, chloride, and potassium and
that this lyuresis of sodmum and ehloride did not oceur after adrenal-
ectomy, led these workers to favor the view of Thorn, Engel, and Lews
that certain fractions of the cortex cause nereased excretion of sodm,
in contrast to those causing retention It 1s suggested that under anozie
stimulation, certain components of whole extract are seereted 1ndepend-
ently of others (§826)

1016 Endocrine Interrelations with the Adrenal Corter An antag-
onism between the antidiuretic pitmtary and the diuretic adrenal cortieal
hormones was postulated by Silvette and Britton{247, 984}, Winter and
Ingram(563, 1155], and others[913] In the rat evidence of an antago-
nism 15 seen Iollowing removal of both pitwitary and adrenal glands
whereupon there 15 no immediate polyuria and polydipsia as 15 the
case with hypophysectomy alone. In removal of either or both glands
there is an imtial reduetion in urinary chlomde concentration, and
postpituitary extract restores this concentration te normal; adrenal
corhieal hormone does not restore the comcentration escept in adrenal-
ectomzed rats. In a few days urinary concentration returns to normal
The diate effect of hypop & 1 for by
the release of the kidney from the antidiuretic hormone ‘whereupon the
more slowly metabolized cortical hormone eontinues to act

* The alterations m flud exchange, ete following subcutaneous mplantation of
DG4, pellets axe roduced to munor values when pellets are mmplanted mtrasplemeally
1a the rat, DCA 1s spparently *detouified’? 1n the Liver
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a deerease in circulating eosinophils and a rise in urie acid excretion
relative to that of creatinine. In insufficiency the normal response fails
to occur. This test appears primanly to measure adrenal cortical
reserve of h regulating the bol of ecarbohydrate, fat,
and protein

1015, Effects of Excess of Adrenal Corfical Hormones., In normal
subjeets intravenous myections of cortical hormone over a brief period
result in a decreased renal excretion of sodium, chloride, and water([1061,
1064). Caleium, magnesinm, and nitrogen are not affected. If admin-
istration of desoxycorticosterome esters is in suffieient quantity and
continued for longer periods, there 1s positive water balance with marked
edema, hypoproteinemis, and eardiac insufficiency [280, 361, 627). Lven
in patients with Addison’s disease, excessive hormone therapy is poten-
tially as dangerous as in normal individuals. Withdrawal of hormone
1s accompanied by sodium lyuresis, potassium antilyuresis, and loss of
weight. In dogs under excessive (toxic) dosage with DCA, serum
sodium and chloride rise, serum potassium falls, and attacks of paralysis
oceur which can be alleviated by intravenous or oral potassium chloride.

When DCA 1s first adnumstered to & normal animal there is a
temporary period of retention of water as well as sodium and chlonde
After several weeks of hormone admimstration, excretion and intake of
water is augmented. A daily urine volume in dogs in excess of 2500
ce is common and 4000 cc. has been excceded. This condition was
called by Loeb and others[627, 878} a kind of ‘‘diabetes insipidus,”
superficially on account of the polydipsia and polyuria. The disturbance
in water balance gradually disappears and normal weight returns[683].
Thirst is considered the ‘‘primary’’ feature of this syndrome, first
because pitnitrin is relatively meffective against the polyuria, a&nd
second, because fluid restretion does not lead rapidly to dehydration
as in true dinbetes insipidus However, the polydipsta may be secondary
to the relative dehydration of high plasma sodium coneentration which
Jatter is mndneed in part by altered lndney activity. Thus the polyuriz
following polydipsia[1047] could still be regarded as a “‘primary”
renal feature The matter of primaey is much as complicated here as
for diabetes insipidus (§108).

Excessive administration of DCA can lead to edema in ammals[682]
and m man However, in normal men on daily DCA injections the
nerease m body weight and plasma volume is enhanced in some propor-
tion to the quantity of salt in the diet[227]. In young rats maintained
on isotome saline, the immediate effect of DCA is a rise in fluid intake.
This is followed by a regression of intake values toward control
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1017. Water Balance and Cortical Hormones In adrenalectomized
dogs the amount of flmd lost as urine above the total flmd intake is
inadequate to account for the dehydration and associated changes of
insufficiency. A much greater loss over mtake oceurs during recovery
following injections of cortical hormones A mormal dog deprived of
food and water can lose more flurd and maintain good condition than
can the ad 1l d dog The ad: \! d animal may pat
out more or less urine than normal but since 1t mvariably takes m less
food and water, the ratio of fluid output to total flud intake is always
greater, giving negative water balance{1046] When replacement hor-
mone 1s given to an adrenalectomized dog, blood volume and pressure
rise and the dog elmminates far more flmid 1n the urme 1n relation to
the total ntake than during insufficiency. A large source of this fluid
is provided by the tissues which had previonsly taken 1t up osmotically,
on that account cansing a partial water lack 1 other compartments

Tt 1s not superfluous to emphasize again that mtake and output, at
least of water and salt, must always be considered togetker i evaluating
the sigmficance of a polyuria or an oliguma for the water balance.
Thus, with excessive admumstration of cortical hormone, despite an
augmented urine flow, there can be a positive water balance or emure-
s18{361, 627] In cortcal insufficiency, even 1f urime output is decreased,
there can be a megative water balance or ecuresis Polyuria may be
present 1 rats followmng adrenalectomy but s degree 1s to & large
extent dependent on the dietary salt intake[93]

After adrena.lectomy ammals show not only dimmaution in water

duresis but v’ to water an
measure of which, m rats, s tbe fall in body temperature{409, 410].
Although there 15 a delay 1 the 1 absorption of

water 1n these animals, and a decreased emptying time of the stomach,
these are only minor causes of failure 1 the exeretion of admmstered
water[973] The greatest portion of the admimstered water 1s retained
m the body after absorption due to farlure of renal ehmumation Corti-
cal extracts, conversely, have a protective action aganst the onset of
water intoxication consistent[352, 1045], but not necessarily associated,
with their salt retaming properties[412]

Tae AprENAL Mepurra

1018 Actions of Epwmephrine. Admmstration of epinephrine to
frog, cat, rabbit, and dog can give rise exther to a dwwetic or to an
antidhuretie effect, small doses apparently favoring the former and
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Further evidence of antagonism is seen in that there is no consistent
or marked decrease in the sodim or chloride concentration of serum
after adrenalectomy 1r cats with diabetes insipidus, as there is in nor-
mals; and adrenalectomy m cats with diabetes insipidus results in & rapd
dechne i water exchange. The fluid intake falls more than the urine
output and negative water balance 1s set up[563]. Even if the urine
output terminally exceeds the normal, there is a suppresston of fluid
intake The oecurrence of diabetes msipidus with adrenalectomy reduces
survival time but the total loss of water m negative water balance is
not suffictent m 1tself to cause death Withholding fluid from otherwise
normal diabetic cats causes greater total loss of water without fatality.
Perhaps in double gland deficiency of this type the added loss of fluid
from the extracellular to the intracellular space contributes to the
morhdity

A series of other studices attests to the existenice of some antagonism
between postpituitary and adrenal cortex[124, 171, 246, 575, 797, 957,
1019, 1156, 1158]. After adrenalectomy there 15 an inereased sensitivity
to the antidiuretic action of prtressin, Under the influence of DCA
administration rats drink more water and urine flow is increased while
urmary chloride 1s reduced in concentration and amount. The reverse
is true after postpitwtary imjection The diuretic effect of DCA is
more pronounced in the hypophysectomized rat than in the normal.
Normal dogs receiving DCA develop what resembles a very mild diabetes
insipidus only partially comtrolled by pitressin (larger doses being
required to reduce water exchange than in normal dogs) and aggravated
by 1nereased mtake of nitrogen and salt. The speafic gravity of the
urime 18 low as n a hyposthenuria There may be an emuresis despite
the polyuria, because of excessive polydipsia. Large doses of post-
pituitary extract admimistered to dogs twiee daily for one to two weeks
do not affect water intake and urinary output much but urinary sodum
and chloride eoncentrations increase greatly and sernm levels fall
Excess of pituitary extract has been reported to cause negative salt
balanee[760, 977} It is as 1f postpitmitary excess resembled adrenal
insufficiency in the reverse of the way that excess of cortical hormone
r les postpi y i (dhabetes insipidus)[171]. .How-
ever, the extended hypothesis that the polyuria of diabetes insipidus 15
due to the unrestrained activity of the adremal cortex is stil
unproved[1156] . R

Cortical hormone may act synergistieally with anterior pituitary m
restormg diabetes idus 1n hypoph, ized animals[575]).
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become exphicable in terms of increa‘sed sympathetic activity inhbiting
m varying degrees the secretion of the pars nervosa The relative roles
of epmephrine and the renal nerves in the rapid inhilition were not
elucidated  Verney[1098] has ruled out increased bloed pressure in
the earotid simus following epinephrine as a factor, favoring a specific
interference 1m the chain of chemical reactions mitiated in the nervous
system by the faradie stimulus and ending 1n the release of vasopressin,

Medullectomy (demedullation of the adremals) m rats, which gives
mise to no symptoms of cortical deficrency, may or may not result in
dimimshed water dmresis[413, 1031), Where abnormally low urinary
excretion after a single test dose of water is found, the normal
response is restored by epinephrine In normal rats epinephrine greatly
augments the polyuria of steady state, foreed water 1ntake, and partly
counteracts the antidioretic effects of mitressin It enhances the excre-
tion of chlorides m both normal and medullectormzed rats and does
not prevent water intoxication although 1t can supplement the action
of DCA m restoring water diresis to adrenalectomized rats Gaunt,
Liling, and Cordsen[413] do not believe that epinephrine plays any
important role in ordinary water diuresss, the effects of overdoses in
normal animals not being considered physiological

In narcotized dogs, epinephrme has been found to imerease lymph
flow while decreasing urine tlow, so that 1n some nstances Iymph flows
were the larger[937)]

OtacrR HoRyONES

1019  The Lwver Hepatodiuretin The liver has been thought to
act on renal water excretion 1n at least two ways Molitor and Pick{[781]
suggested that it acts first to store incoming water of the body and
then to release 1t gradually to the blood, accounting for some of
the delay in the onset of water dinresis followmng a dose of water
Second, 1t has been supposed to Iiberate a dmretic hormome or one
which prevents the formation of edema Water dwreus after water
load was found by these workers to begin 1n about 20 to 30 miutes
in dogs with an Eck fistula* The dresis curve rose more steeply
and a water Joad was removed faster than in the normal dog whose
latent period for dinrests was longer (50 to 60 mmutes)

With an Eck fistula m dogs there is usually a lasting increase
m voluntary water intake and output{255] wp to 800 per cent although

* The Eck fistula allows portal blood to flow Qurectly mto the vena cava and exclades

3t from the Lver whose blood supply then becomes wholly arterzl and probably
reduced to one quarter or one third of the normal combined portal and artenial fow
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larger doscs the latter[251, 268, 893-901, 1069, 1163]. In man the
inhibitron of urine flow is inconstant[68]. These effects are correlated
with the observation and belief that small doses of epinephrine tend
to constrict the efferent glomerular vessels producing a rise in intra-
glomerular pressure, while larger doses bring about constriction of
afferent glomerular arterioles as well as efferent; both reduce renal
blood flow. In man[68, 1002], doses which reduce renal blood flow
may not greatly alter the inulin clearance so that the filtration fraction
is increased Where epinephrine induces diuresis, Toth[1070] suggests
the glomerulus is necessary for the effect. Intravemous injections in
the puffer (Spheriodes maculatus), which possesses glomerular kidneys,
result in polyuria. In the toadfish (Opsenus faw), which possesses
aglomerular kidneys, there 1s no sigmficant drures:s

The demonstration of the dual nature of adrenal medullary hormone
by Goldenberg et al.[441] ig of interest mn regard to the variable
response of the lndney to this hormone. In addition to epmephrine,
a primanly vasodilator material whose effect in elevating blood pres-
sure 1s largely cardiae, the adrenal gland secretes perhaps 18 per cent
nor-epmephrine (nor-adrenahne, arterencl), a primarily vasoconstrictor
material. In man hrine blocks the rictor action of
nor-epiephrine when given 1n equal doses

0'Connor and Verney[821] studied the effect of increased actrvity
of the sympathetic system in the inhibition of water diuresis by emo-
tional stress 1n normal dogs (§9.8). In testing the effect of emotional
stress (produced by 30 to 60 seconds of subeutaneous faradic stimula-
tion) during water diuresis, they found two types of inhbition: a
rapid one which was abohshed by ¢“denervation’ (section of the
splanchnies and denervation of the kidneys and adrenals); and 2 slow
one due to release of antidwretic substance from the posterior lobe of
the pituitary. After ‘“denervation’’ all tests showed slow inhibition
which, however, could be prevented by the njection of epephrine
just before application of the faradic stimulus Epmephrine did not
diminish the inhibition caused by imjected postpitmitary extract. It
was therefore concluded that after the injection of epmephrine there
was a failure to release the prtmtary antidiuretic substance rather
than a failure of this substance to act on the kidney. Removal flf
the pitwitary gland abolished the slow inhbition and left the rg{nf
one, the latter being thought due to riction in that it
the effect following eompression of a renal artery. After botl:z rgm'o.val
of the pituitary and denervation, the two eomponents of 3nh\b}tmn
practically disappeared. The irregular appesrance of .slow intubition
during emotional stress in dogs with intact sympathetic systems may
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Testosterone, excess of which readily brings on kidney hypertrophy
resembling that caused by large doses of vitamm A[121], has no influ-
ence on diuresis[957). In the dog it decreases the remal exeretion of
sodium and chloride, along with progesterone, estrone, and alpha-

Tasre XXV
Influence of hormones or glandular extracts, taken ome st & tuve, on urme flow.
+ =mereases; =10 change; ~ = decreases See text for detals and quahfica-
tions
Tormons or Related Humor Quantity | Urime Flow
Vasopressin, pressor o antidwretic Large escess s
prineiple of posterior pitmitary, Small escess —
prresn Defiat +
Oxytoetn, oxytone privesple of pos Exeess +
terior prtwitary, pitoen
Antenior ptwtary Escess s
Thyreid, thyroxin. Excess +
Defiat [
Adrenal cortseal extract, desoxy- Excess +
corticosterone Defiait -0+
Epivephrme Large excess -
Small excess +
Defiest [
Testosterone, progesterone, estrone, Fxcess 0
alpha estradiol
Tasulin Excess +—
Defiart +
Wepatodretm Exeess +
Defiet -
Ferntin Excess -~

estradiol [1063], and decreases the urinary excretion of mitrogen and
Potassium{1121]. In this 1t dffers, so far as potassium 13 concerned,
from cortical bormone[597] In the rat testosterone 18 said to increase
water and chloride exeretion[634] or to have no sizmficant effect on
these[609]. Crystalline sex hormones have been observed to cause
reduced urinary output when sodium output is reduced[1067] for an
initial period of 3 days, after which there was a rebound and mereased
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in the ninth postoperative month it ean fall to 200 per cent  Chloroform
poisoning hay effects simlar to those of the Eck fistula, but a dummy
Eck operation, splanchnic section, or bile duct lization is without effect
The i d water 3i is lated with greater dilution of
plasma ehloride after water 15 taken. This has been comsidered sec-
ondary to the duninution of the water storage activity of the liver
whereupon there 1s prompt elmination of water and a reappearance
of thirst

Heller and Smirk[521] deny the effectiveness of the *‘water storage’”
function of the liver since following alimentary absorption of water which
is well in advance of drresis, the rate of urine formation is not pro-
portional to the then existing degree of hydration m muscle, Iiver,
and blood. The degree of hver storage is constdered by them to be
msufficient to concern the delay in diwuresis which follows administra-
tion of water. Amnother argument against the water storage function
1s the faet that the latent pertod of water diuresis is not markedly
different for oral and intravenous water (5 per cent glucose). The
latter might be expected to show the Eck-type latent perrod The
Verney postpituitary hypothesis seems better, 1f not completely, to
aceount for the latent period of water diuresis (§8.37, 1010).

The status of “‘liver hormones”” affecting renal function s not clear.
Glaubach and Molitor[439] noted that liver extracts scting subcutane-
ously or mtr ly may be draretic or diuretic The diuretie
factor or ““hormone,”’ hepatodiuretin, has been di: d by Pick[849,
850] and Oettel[825] and 1s said to be chloruretic, asuretic, and
ecuretic (§817)  Antidwmretiec matersal in liver estraet has been
found by Theobald and White[1056], Ham and Landis{479], and Baez,
Mazur, and Shorr[56] The latter 1dentify their material as ferritin,

Liver function supposedly car be impaired other than ip its ‘‘water
storage’” function, namely, m 1ts hormone-producing function ~Shay,
Kolm, and Fels[971] found that rats on a high fat diet retam more
from a given guantity of water than do normally fed animals, a fact
whieh might be explained by hiver dysfunetion brought on by the high
fat diet. In hepatic disease, there 1s diminished water diuresis (§9 16)

1020 Insulin, Sex Hormones, and Others. Insulin excess has vart-
ausly been reported as drmretic or antidiuretic in some norma¥ hu.mﬂfl
subjects[208, 613], or antidiuretic m dogs[1098], The anudmr?tlc
effect is said to be of the pituitary type, the fall in urine flow being
accompanted by & rise n the concentration of urinary chloride Tnsulin

deficit 15 ecuretic and lyuretic[51].



Appendix

List or Many Sympors anp Foraruras Usep SysresaTICALLY IN TEXT

A: 1], ion of a subst: 1n plasma or blood; speeifi
cally concentration 1n renal arterial plasma or blood

a- rate of plasma or blood flow i renal artery

Ag: threshold con (of

B: body weight (grams).

b- volume of distrabution

¢ clearance {(=ulU/4)

er+ creatinine

DT.: specific granty (relative density), the ratio of the weight of any
volume of flmd at T° C to the weight of an equal volume of
water at 4° C

DCA- desoxycorticosterone acetate

e: base of natural logarithms (=2 731828)

g+ glomerular filtration rate

gl: glucose

: concentration of a substanee in intake fluid

i. rate of flud intake as by imtravenous mfusion or drink

m  nulm,

L: load of a substance, absolute excess with respect to normal body
content

LC: ‘‘leakage’” or mimmal concentration of & substance 1n the urine

LIC  lmiting isorrheic concentration,

LIQ- hmting isorrheic guantity

In* patural logarthm,

MIC, mimmal isorrhele coneentration

MIQ: mimmal isorrhele gnantity

MUC: maximum uripary concentration.

NLIC: ing 1sorrhele 10m

NLIQ: nonlmting 1sorrheic quantity

PAH: parsaminohippurate

PSP:  phenolsulfonphthalem, phenol red

Qx. quantity of water required to Testore 1sotomierty of body flmds

Q,: quantity of water required to restore body fluid concentration
{effectave, osmolal) to that at the thirst threshold.

R. concentration of a substance 1 plasma or blood of the renal vein

*1 rate of plasma or blood flow in renal vemn
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sodium excretion The female sex eycle is associated with premenstrual
emuresis and menstrual ecuresis[lOG"] Theelin is toxzic to adrenalecto.
mized rats and d a d is[415].

The effects of sex hormones, of parathyroid[753, §720], or of the
putative hormones of the liver and intestinal mucosa[38, 39, 249, 250]
are at present too ill defired to weave into any pattern of urinary
function. Though specific effects of these have been suggested, as on
““water metabolism,”’ on ‘‘sodium excretion,’” or or ‘‘potassium reten-
tion,’! we may be fairly certain that they are neither pure nor simple
Physiologists have yet to elarify these, to discover the significance of
species and sex differences, and to Integrate the disarrayed ‘‘facts’
which now clog the literature.
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T: rate of tubular reabsorption (or secretion).

t: time,

Tm: maximum rate of tubular reabsorption (or s'ecretion).

U: concentration of a substance in urine

w: rate of urine flow.

«l7- rate of urinary excretion of & substance.

U/A: concentration ratio.

V,: extracellular volume

Vi: intracellular volume,

W: osmotic work; total body water.

w: rate of extrarenal (or insensible) water loss.

z; a given substance.

y: a given substance.

y: velocity constant of excretion (min); rate of exeretion of a sub-
stanee per minute per umt load (=ul/L).

A: freezing point depression in degrees C.

AF- change 1n free energy.

7+ thirst threshold expressed as relative cellular water deficit.
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Carmamde, 62
Cellular dehydration hypotheus, 116, 117,
119-121, 125-129
Chemical potential, 14
Chlonde excretion, distortion, 25
postpatwtary, 265, 266, 217
water duwrests, 203
Chylurza, 33, 35, 36
Clearance, concept, 39-70
defimtion, 41, 66
equation, 40
glomerular, 50, 92
tubular, 92
variability of m renal function, 66, 67
of various substances, 44, 48. See also
articular substances
veloczty constants, 102, 144
volume of distribution, 68, 69, 102, 144
Cold, effeets, 236
Cold duresis, 935, 236
Colloid diress, 115, 226, 227
Competitive reabsorption and secretion,
60-62

Conecentration 1mdex, 46

Concentration ratio, defimtion, 36
for osmotic pressure, 5, 165
table, 44
unme flow, 45

Coneentration test, 85, 86, 88-92

Creatinine, clearance, 46, 61, 93
reabsorption of, 61

Crash syndrome, 256

Cryoscopy, 73, 78, 79

DEAD space, 70-72
Decapsulation, 98
Decay See Law of decay
Dehydration, 116-134
absolute, 1, 116-124, 129-132
smigns, 117, 118
relative, 117-120, 122-124
cortical hormones, 288
diabetes jusipidus, 272
role of salme and water, 132
seale diagram, 122

Delay time, 70-72
Dengreation durests, 254
Diabetes nsipidus, 268-274
adrenalectomy, 289
anterior lobe, 268
cortical hormones, 288
primacy of polyuma or polydipsa,
269-273

teats, 273
thirst mechamems, 165, 272
thyroid, 284
Dufferential permeability, 77
Dilution test, 88-90
Diodrast clearance See Renal blood flow
Dastortzon, 25, 26, 103, 104, 110, 111, 170
chloride, 25
glueose and manmitol, 26
plasma volume, 26
nres, 25, 26
Duuresis, 189-246
nretics
age, 237-239
bioassay, 195, 196
areulation, 198
elassificatron, 196, 197
collod, 226, 227
conditioned reflex, 233
enitena, 194, 195
definition, 192, 193
duet, 205, 206
dilution, 143, 206, 243
ecuretie, 194
endogenous, 194
evogenous, 194
hydremua hypothesis, 249244
Dhyperventilation, 229
hypnotic, 233
hypopatressinemza hypothests, 245, 246
1sorrhese, 208-211
of wsotome sodwm eblonde, 27, 152,
153, 177
of 1sotome soduum sulfate, 177
of sotonic solutions, 177
Iyuretac, 78, 162, 206-218
defimtion, 209
noneeuretie, 194
osmotre, 206-213, 216
oxygen, 169
posthemorrhagie, 22
postpitmtary hypotbesis, 245, 246

Bee partieular dr-
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Duuresis—Continued
puneture, 229
of Tunger's solution, 217
solute excretion, 203, 204
termisology, 193, 194
theoty, 242-246
threshold gap hypotheus, 244
tabule, 206

Duuretie actinty, 194-196

Dnaretien, 189-246
o aglomersior kidney, 214
anestheties, 228
anhduretic, 856, 257
diptals, 227, 228
extrarenal setion, £39-241
beary metal, 219
ormonal, 229, 2
wortheic, 78, ‘:ns-"u
muscellancqas, 228, 220
potentiation, 195, 224
vemal actuon, 229-241
Temn, 228
synergiam and awtagomsm, 195, 221-

veime, 228

See also Diurems; particular dwretics
Domnant 100 hypothess, 23, 24, 171, 172
Drnking, preeimitation, 163-165

Ecurea, 30, 31, 194, 220, 221
Edema, antidiuretic tactor, 30, 31, 228
bearbonate, 24, 171
bromide, 24
cardine, 11, 166169
eellular bypoxia, 169
chloride, 23, 24, 172
elassification, 29
clearanca analys, 167-163
defiition, 23
fugacity, 20
genershzed, 11
Glomerular filtration, 168, 169, 227
hypoproteinenue, 12, 170
sonle combinatians, 24
Perversion of volume Tegulation, 13
plasma protein, 12
Ppressure imbalance, 28, 29
Tenal Blood flow, 167, 188, 227
renal tactor, 30, 31, 227, 228
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FEdewa——Continued
rena) regulation, 170
nalt restriction, 166, 167
self-hated, 11, 29
rodium, 23, 24, 168-171
unlimted, 11, 29
Yeuouy pressure, 12, 170, 223
volume 1mbalsnee, 28, 20
sotrhere theory, 166, 167
Effective \ntake toneentration, 166
Effective 1emal blood flow, Ses Remal
tlood flow
Effraction, 9
E index, 51
Electrolyte transfer, 112-114
Electronephrogram, 73
Electroneutrality, preiple, 175, 178
Emotional antidwress, 253
Emures:s, 30, 31
Endocnnes 1 shnary funetion,
Epimephrine, action, 201-203
Fquations of thirst, 127
Equlibration, 1, 8
duagram, 7
Eseaping tendency, 14
Ea bydrouna, 193
Excretion, tubular
ular)
Ezeretion rates, velative, table, 171
Extracellulr volume, 102-110
effect of fuids, 19
See also Plaswa volume, Volumo of
distribution
Extraction fraction, 42, 43, 62, 64, 65
negative, 65

261-296

See Beeretion (tu-

TACULTATIVE reabsorption, 190
write vofume, ¢
Fat 1n urine, 33, 36
Filtration, glomerular, 32-38, 38, 45-52
ealeulation, 45
estimation, 46-51, 93
of phenol ted, 38
of protesn, 33
rate, 33, 37
urmo flow, 3
Filtration fmmn, 6, 67
Flud transfer, among imterstitial com
partments, 10
factors, 6, 9
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Oligolyuria, 193
Ohguresis, 193, 194
Obguria, 193
Opsiuria, 260
Oswol, 107
Osmometer-transfer eell, 15-17
Osmometric analys:s of thirst, 125-129
Osmometrie equation, 105, 109, 128
Osmometric thirst diagram, 125-128
extended, 128
Osmoreceptors, 127, 275, 276, 279
Osmosis, 2nomalous, 9
Osmotie ceilings, 161-163
Osmotic eoefSeient, 107, 108
Osmotie defieit of plasma
salemia
Qsmotie daresss, 78  See also Dauress,
osmotie, Lyuretic dmresis
Osmotic pressure, and tonleity, 6-10
conversion eonstants, 108
Qsmote work, 36, 7377
dual concentration gradients, 76, 77
for ammonxa, 76
formulas, 74
MUC, 77
summation, 75-77
Oxidative water, 2, 7
Oxytoewn, 263. See also Pitmitary, pos
terior, oxytoeic principle

See Hypo

PARAAMINOHIPPURATE  dlearance
8ee Renal blood flow
Paradoxieal anduria, 182
Partition and combination of concentra-
tioms, 138
Pavaity, 175-178
Pemallin elearance, 61, 62
Perfect osmomster, 103, 105
failure of cell, 133, 134
Permeatior, 206
factors, 10
Phenol red, clearance, 48, 52
exeretion test, 92
nephrome partitioning of, 92
Phlorin, 46-19, 95
Phospbate excretion, 179, 204
Physiologieal, defimtion, 28
Pitressm, 262-267
Pitoemn, 264

INDEX

Pitmtary, anterior, 280-282
posterior, 261-280
aetion of estract, 261-263
antidwretie prinesple, 263-250
1mactivation of hormones, 264
oxytoeie prineiple, 251, 263, 264
pressor prmeiple, 263, 264
regulation of water output, 273-280
serum electrolyte, 266-268
solute exeretion, 265
stimulation, 263
water conservation, £76-280
Pitmtnn, 261-250
dwretie action, 261-263
Pitwtrn anemis, 267
Plasma, 2s a conductor of fluid, 10-22
ealexnm-protemn relation, 141
duwretic action, 226
effective psmotie pressure, 33
freezng pomt, 78, 79
refractive wdex, 117, 118
speaific gravity, 79, 80, 117
volume, effect of flufds, 107-109
osmotic changes, 103-110
Polydipsia, defimition, 127
paychiatrie, ¢
Polyura, 97, 193, 194, 236, 237,
also Diabetus insipidus
acceleratory, 232
Qecreased renal mass, 236, 237
Postsyacopa) ohguns, 251
Potaserum, alkalme tide, 181, 183
alkalosis, 183
dehydration, 134
dwresis, 216
excretion, 148
factors, 132-134, 183
secretion by rubules, 51
Potentsal water of food, 2
Prerenal deviation, 111113
Protewuna, 33-35, 236
Pseudosecretion of hydrogen o1, 38, 187
PSP test, 92
Payehogenic antiduzesis, 253

See

RAFFINOSE clearance, 46
Reabsorption (tubular), 32, 36-38, 57-81,
63

of acetone, 36
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Reabsorption (tubular)—Continned
of aleohol, 36
ealealations, 58
of chlonde, 36
competative, €0, 61
facultative, 190
of glucose, 57, 58
obligatory, 190
pasuive and active, 36, 37
of sodium, 36
of water, 37, 212
Eefractive ndex of plasma, 117, 118
Refractometrie coefficient for unmary sal
1ds, 82, 83
Relative retention, 148, 149
Renal artery, ocetusion of, 35, 36, 97, 200,
257

shunt, 43
Renal blood flow, 62, 6466

effective, 43, 62, 64, 67

factors affecting, 67

formulas, 64, 65

total, 64-66
Renal congruence, 170-174
Rena energy, 73
Renal function tests, 87-94

clearance, 93, 84

concentration dilution, 88-92

pitwtrin, 89

excretion, 92

Tetention, 87, 88
Renal wsuffiiency  Sce Isosthenuma,

Renal function tests
Renal mass, decreased, 86, 236, 237
Renal nerves, 249, 254~256, 258
Renal vew, oeclusion of, 57, 200, 258
Replacement, of 1ons and wolecules, 172-
174, 177, 118

prineiple, 177, 178

Retention eoncentration, desnition, 148

SALINE, ehmeal use, 160, 161
duureas, 27, 153, 215-217
oral and intravenovs sahse, 152
Salt depletion, 167, 230, 231
syndrome, 125
Salt Quress, 27, 78, 207, 208, 215, 216
Seltanpser sdotes, 117-125, 129
Quagram Wlustratmg, 182
table, 123
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Sehiemm regamen, 31, 166
Sea water dninkung, LIC, 157
MUC, 157
Seeretion (tubular), 87, 38, 57-63
caleulations, 58, 59
competitave, 60, 61
of phenol red, 38, 92
of water, 37, 39, 52
Secrotion theory, 5155
Suunt, 43, 57, 256
Ludwg, 233
reni) arteriovenous, 57, 62, 64
Bious alarm clock, 203
Southey tubes, 18
fugacity prnaiple, 18, 19
Space  See Volume of distribution
Specific gravity
of artifiial unne, 83, 84
See also Phama, Unna
Starlng hypathesis, 10, 12, 13
multicompartmental system, 13
Steady state, equations, 130, 131, 151-
153, 164, 165
theory, 130-132
Sucrose clearance, 46
Sucrose durtais, 161
Bugar diwresis, 207, 214
Surfert, 175-178

THIOL antidwrens, 232, 249-25%
Thurst, 116-121, 185-129, 288
cortienl hormeres, 289, 299, 291
Pitressin, 267
See also Dhabetes maprdus
Tharst reflex, 117, 120, 121, 127
Thirst threshold, 125-128
Thresholds, vortieal bormones, 124, 223
of appeatance, 136-141
effect, of CO: on biearbonate, 230
of excretion, 136-141
frachonation, 176
of 30ns of hike mgm, 172-174
mercunal diretics, 124, 223
pitoiton, 223
of retention, 136-143
a3 entical concentration, 159
uats, 141
of water, 141, 142




360

Oligolyyria, 193
Oliguresis, 193, 194
Ohguria, 193
Opsiuraa, 260
Ozmol, 107
Osmometer-trausfer cell, 15-17
Osmometric analysis of thirst, 195-199
Osmometrie equation, 105, 109, 128
Osmometric thirst diagram, 125-128
estended, 128
Osmoreceptors, 127, 275, 276, 279
smosis, anomalous, 9
Osmotie ceiings, 161-163
Osmotic coefficient, 107, 108
Osmotic defiat of plasma
salemra
Osmotie diaresss, 78, See also Diuress,
osmotic; Lyuretie durens
Osmotie pressure, and tomeity, 6-10
eouversion constants, 108
Osmotie work, 36, 73-77
dual concentration gradients, 76, 77
for ammonia,
formulas, 74
MUe, 77
summation, 75-77
Oxdatwve water, 2, 7
Oxytoin, 263 See also Prtwtary, pos
terior, ofytoue primeiple

8See Hypo

PARAAMINOHIPPURATE  clearance
8Bee Tenal blood fiow
Paradoxical andura, 182
Partition and eombmation of ¢oncentra-
tions, 138
Paveity, 175-178
Pemedhn clearance, 61, 62
Perfect osmometer, 103, 195
farlure of cell, 133, 134
Permeation, 206
factors, 10
Phenol red, clearance, 48, 92
excretion test, 92
nephrome partitiomng of, 92
Fhlonzmn, 46-19, 95
Phosphate exeretion, 179, 204
Physmologieal, defimition, 2§
Pitressin, 262-267
Fitoewn, 261

INDEX

Batuitary, anterior, 280~232
posterior, 261-280
action of estraet, 261-263
antrdinretie prineiple, 263-280
1mactivation of hormones, 264
oxytoete prineiple, 251, 263, 264
pressor prineiple, 263, 264
regulation of water cutput, 273-280
serum electrolyte, 266-268
solute excretion, 265
stunulation, 263
water conservation, 276-280
Pitmitnn, 261-280
dwretic action, 261~263
Pitmtrin anemua, 267
Flasma, as a eonductor of fuid, 10-23
ealeim-protemn relation, 141
diuretie action, 226
effective osmotie pressure, 33
freemng pout, 78, 79
refractive indes, 117, 118
speeafie grawity, 79, 80, 117
volume, effect of fluids, 107-109
osmotic changes, 103-110
Polydipsia, definition, 127
psyehiatric, 4
Polyuria, 97, 193, 194, 236, 237,
also Diabetus amsipidus
aceeleratory, 232
decreased renal mass, 236, 237
Postsyneopal oliguria, 251
Potassinm, alkalme tide, 181, 183
alkaloms, 183
dehydration, 134
duwrests, 216
excretion, 146
factors, 132-134, 183
seeretion by tubules, 51
Potential water of food, &
Prerenal deviation, 111-113
Proteinuriz, 33-35, 236
Pseadosecretion of hydrogen 100, 38, 187
PSP test, 92
Psychogeme antiduresis, 253

See

RAFFINOSE clearance, 46
Reabsorption. (tubular), 32, 36-38, 57-6L,
63

of acetone, 36


















