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INTRODUCTION

AT the beginning of the present century the practice of internal
medicine was largely an empiric art. Few specific drugs were avail-
able; therapy was largely supportive and symptomatic. Digitalis or
squill, xanthines or potassium chloride, and fluid restriction coupled
with purganon by calomel constituted the elements of the treat-
ment of dropsy. Today the physician has at his disposal far more
effective methods for managing the edemarous patient than he had
half a century ago. He has purified digitalis glycosides for the
treatment of myocardial decompensation; he has salt free prepared
foods and cation exchange resins as means of limiting sodium in-
take, and he has a variety of potent diuretic drugs to facilitate the
elimination of edema. However, of even more significance, he has

or should have at his d a fuller und ding of renal
physiology, a more complete knuwledge of the patho—physlalogy
of edema, and a berter appreciation of the possibl h of

diuretic action than had his counterpart of 5 0 years ago.

‘The average practitioner, even the undergraduate medical
student, lacks the time to read the voluminous literature on renal
physiology, on fluid and electrolyte metabolism, and on the mech-
anisms of diuretic drug action, much less to digest and assimilate
it. As a consequence, he tends to practice somewhat empirically.
No matter how good the therapeutic result may be, he misses the
excitement and intellectual satisfaction which comes from rational
therapy, rationally applied.

Parr 1 of this monograph has been written to provide a back-
ground of basic information concerning the distribution of water
and electrolytes within the body, the mechanisms of regulation of
volume and composition of the body fluids, and the abnormalities
of funcrion which result in the formation of edema. Because a
number of excellent books on volume and composition of the body
fluids have appeared recently, these subjects are treared briefly
and only to the extent necessary to provide 2 basis for discussion
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of regulatory mechanisms, their derang in edema, and the
modes of action of diuretics. In contrast, renal mechanisms of
regulation of the salt and water content of the body are much more
intensively treated, for a number of revolutionary new concepts
have been developed in recent years which are as yer unfamiliar
to the majority of students and practitioners of medicine. The
author has attempted to integrate these views and to develop 2
logical and understandable description both of normal function
and of the abnormalities of function which result in the formation
of edema.

Part Il of this monograph begins with a functional classification
of diurerics and continues with a di ion of the hanism of
action of each in sequence. While greatest emphasis is accorded
those agents which are at present clinically most useful, some
attention is directed to those which may prove to be harbingers of
the diuretics of the future as well as to those which have contri-
buted uniquely to an understanding of function in the past. Part
Il concludes with a brief discussion of certain general complica-
tions of druretic therapy.

This monograph is neither an exhaustive review of the literature
nor an empiric guide to therapy. It tells a story in the somewhat
one sided way the author sees it; it may therefore irritate the
expert. In spots it is difficolt reading, for as knowledge expands,
concepts become more involved; it will appeal to some as overly
academic, It is hoped that it will help the student, whether prac-
titioner or undergradute, to understand the problem of and to gain
a working knowledge of the physiologic basis of diuretic therapy.
Tt will entirely satisfy no one, least of all the author, for the story
is incomplete.

Because this monograph has been written for the student rather
than for the investigator, citations have been restricted to a selected
few articles, frequently reviews, From these sources, a more
extensive bibliography may be developed by those who wish to
delve more deeply into any aspect of the subject. To assist the
more casual reader, a brief summary has been provided at the end
of each chapter.
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Part 1

Volume, Composition and Mechanisms
of Homeostasis of Body Fluids;
Abnormalities in Edema






Chapter 1

BODY WATER COMPARTMENTS

Total Body Water. The water content of the normal human
body varies between 45 and 70 per cent of body weight, The
Iarger figure applies to the infant, the smaller to the obese adult.
A range of 50 to 60 per cent would include most normal adults.
Since adipose tissue and bone contain relatively listle water while
muscle contains over 70 per cent, it 1s obvious that leanness and
hyposthenic habitus favor high, and obesity and sthenic habitus
favor low total body water content. Body water can be considered
as being distributed among three compartments: an estracellular,
an Hular and a tr Hular compartment (see Fig. 1).

VOLUME OF COMPARTMENTS

The Extracellular Compartment may be subdivided into a vas-
cular or plasma compartment of == 4 per cent and an interstitial
compartment of = 16 per cent of body weight* Lymph is gen-
erally included in interstitial fluid, there being no means of dis-
tinguishing the two moieties, and probably represents 2 to 3 per
cent of the body weight. Fluid in the plasma compartment circu-
lates xapidly through vascular channels, while that in the interstitial
compartment diffuses more slowly through tissue interstices Claude
Bernard more than 2 century ago pointed out that interstitial fluid
constitutes the true environment of the body, in that it bathes all
tissue cells, supplies their nutriments, and removes their wastes.
Exchanges between plasma and interstitial fluid occur with great
rapidity across the single layered endothelium of the capillary wall.
Because the volume of interstitial fluid is normally small in com-

‘Some mantain thar tissue 2 third subdivision of the extra-
cellular compartment one with which chloride tons freely exchange, but one
from which cerramn other solutes are excluded. For the purpose of our discussion,
the sumpler definition of the extracellulsr comparement, given above, is adequate.

3
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of body weight in the fasting state; according to Edelman, the
lower value is more nearly correct in man.

METHODS EMPLOYED IN ESTIMATING VOLUMES OF
BODY FLUID COMPARTMENTS

Total body water, plasma volume, and extracellular fluid volume
in man are measured directly, although with variable precision, by
dilution techniques. Interstitial fluid volume may be calculated as
the difference between total extracellular volume and plasma
volume. Intracellular fluid volume may be similarly calculated as
the difference between total body water and the sum of trans-
cellular and extracellular volumes. The two calculated volumes,
namely interstitial and intracellular, are subject to the sum of the
errors and uncertainties of the component measurements. Trans-
cellular fluid volume is subject only to an educated guess.

Total Body Water. Of the several body fluid compartments of
man, total body water can be measured with greatest precision.
Two isotopes of water, D,0 (deuterium oxide) and T,O (tritium
oxide), when administered parenterally or per os, distribute uni-
formly throughout all fluid compartments of the body according
to their water content. When given intravenously, these isotopes
diffuse rapidly across capillary walls, cell membranes and all
epithelial barriers to reach 90 per cenr of equilibrium with body
water within 30 minutes and virtally complete equilibrium within
2 to 3 hours. Even in edematous patients, distribution is relatively
rapid.

One can caleulate the volume of distribution of D,O or T,O,
ie., t!m total volume of bedy water, according to the following
equation:

Volume of Distribution = (Quantity Admumistered — Quantity Excreted) X 100
Concentration 1n Plagma Warer (per cent)
This equation is a general one, and depending on the properties of
the substance introduced into the body, can be vsed to measure
total body water, plasma volume, or extracellular fluid volume.
As an example of its use in measuring total body water, let us inject
100 ml. of D, ss isotonic saline intravenously inte 2 normal man
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parison with that of cells, it introduces little delay in the diffusion
of materials between plasma and cells,

The Intracelludar Compartment is neither a single nor a homo-
genous compartment, but represents, in the aggregate, the sum of
the fluid contents of all the cells of the body. Since liver cells, fat
cells, and muscle cells vary greatly in water content and in chem-
ical composition, one must Jook somewhat askance at a simplified
representation of this compartment such as that shown in Figure 1.
Intracellular water amounts on an average to 30 to 35 per cent of
body weight.

TOTAL BODY WATER
{5010 60 % of Body Weight}
Cellutar Water tnterstifial Water

Fig t

The Transcellular Compartment includes several discontinuous
moieties of differing compositions, including the digestive secre~
tions, the cerebrospinal and intraoccular fluids, and synovial,
pleural and peritoneal fluids. The common factor which justifies
the designation of a transcellular compartment is the facr thar each
portion of fluid, although extracellular, is separated from the blood
plasma not only by the endothelium of the capillary wall but also
by a continuous layer of epithelial cells. In varying degree this cell
fayer modifies the composition of transcellular fluid with respect
to that of extracellular fluid. Normally the volume of the trans-
cellular compartment is relatively small, the only subdivision
hnvmg quantitative significance being that of the digestive secre-
tions. These latter have been variously estimated as 1 to 6 per cent
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various organs. Radioiodinated plasma albumin injected intra-
venously distributes exactly as does Evans blue, for both are de-
pendant on the volume of distribution of the plasma proteins, A
choice between the two methods depends solely on technical
preference.

Plasma volume may also be estimated from measurements of
whole blood volume and hematocrit. Whole blood volume can be
measured as the volume of distribution of red cells labelled with
radioactive chromium-51. Red cells certainly are better retained
within the vascular tree than are plasma proteins, yet their seques-
tration within the spleen is a possible source of error. Another and
more significant error inherent in the red cell distribution method
derives from the fact that the hematocrit of blood in the terminal
vascular bed of most organs is distinctly less than that in the blood
contained in arteries and veins supplying them, Hence hematocrits
and volumes of red cell distribution based on venous or arterial
blood samples underestimate plasma volume. While the two
methods do not agree precisely, either the volume of distribution
of labelled protein or of labelled red cells provides useful informa-
tion concerning plasma volume,

Extracellular Fluid Volume. For studies on edema and the
action of diuretics a precise measure of extracellular fluid volume
is most to be desired. Unfortunately, the vatious methods currentdy
in use give widely divergent values, ranging from 16 to 30 per cent
of body weight in normal man. The ideal substance to measure
extracellular fluid volume should have the following properties:

(1) It should diffuse rapidly and readily from the vascular bed
throughout the interstitial fluid spaces of all tissues and reach equil-
ibrium concentrations in all moieties of extracellular water within
a reasonable period of time.

(2) Tt should be absolutely and completely excluded from cells.

(3) It should not bind to plasma proteins or be adsorbed on
collagen fibers or on bone crystal surfaces.

(4) Its rate of excretion should be low in comparison with the
rate ar which it distributes in the extracellular phase.

(5) It should be completely inert in the body; ie., not metab-
olized and non-toxic.
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weighing 90 Kg. After an equilibratien period of two hours, 2
blood sample is drawn and the plasma separated and analyzed. The
D.0* concentration is found to be 0.200 volumes per cent of the
plasma water (0.2 ml of D,O per 100 ml. of plasma water).
During a two hour equilibration petiod, urinary, respiratory, and
cutaneous losses have been found to average 0.4 per cent of the
administered dose. Substituting in the equation given above:
Volome of Distnbution = {100 — 04) X 100 = 49,800 ml. or 49.8 liters

G200

Since our subject weighed 90 Kg., body water constitutes 49.8
50
X 100 = 5§5.3 per cent of bady weight. Although the techniques
for quantifying D,0 and T,O are remarkably precise, with errors
of == 1.0 per cent, the overall accuracy of the measurement of total
body water is appreciably less. Thus deuterium exchanges with
certain labile hydrogen atoms of proteins and carbohydrates, the
net effect of which is to increase the apparent volume of distribu-
tion of D,0 by one to three per cent of body weight above its true
value. Although the measurement of toral body water by the
isotope dilution method is relatively precise, the possible error is a
liter or more. Accordingly, changes in body water over short
peciods of time can be estimated more precisely from changes in

body weight than from changes in volume of D,O distribution.
Plasma Volume may be estimated by measuring the volume of
distribution of materials which are Jargely rerained within the vas-
cular comparrment when they are injected intravenously. The dye
Evans blue binds firmly to the plasma proteins, hence is retained
within the vascular system to whatever extent the proteins are
rerained. Lymph from muscle contains a small amount of protein,
whereas that from the liver is rich in protein. Accordingly, Evans
blue is found in low concentration in muscle lymph and in much
higher concentration mn liver lymph, The volume of distribution
of the dye, calculated by means of the equarion given for total
body water, somewhat overestimates plasma volume, for it is im-
possible o measvre the amount of dye present in the lymph of

0,0 when mixed with body water becomes lasgely DHQ. It simplifies the ealeu-
fation of volume of distnbution and introduces no error to consider it as DO
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d

d disease, composition as well as volume may be altered.
Early or in mild disease, edema collects in dependent parts of the
body. Later it becomes generalized, Two kilograms, or about 5 Ib.
of excess interstitial fluid js the least that can be recognized with
certainty by the “pitting” which occurs on pressure over the tibia.
In its most severe form represented by anasarca and/or massive
ascites, edema fluid may collect to the extent of 50 b, or more.
Strictly speaking, ascites represents an expansion of the peritoneal
moiety of transcellular fluid. The composition of ascitic fluid is
not essentially different from that of edema fluid except for its high
protein content. It is no doubt a transudate of intrahepatic and
portal capillaries, modified to some extent by the peritoneal
epithelium. Relative isolation from lymphatic and vascular channels
tnakes its mobilizarion more difficult. However, for the purposes of
our discussion, ascitic fluid and edema fluid may be considered
together as biochemical and functional equivalents.

Disturbances of Function in Edema, Tissue functions are dis-
turbed by edema in no less than two ways. First, an excess of
interstitial fluid, rendering tissues boggy and turgid, interferes
mechanically with their functions. For example, digestive dis-
turbances, which are commonly associated with edema, are pre-
sumably due in part to altered gut motility. The most common
complaints of edematous patients are related to swelling of the
ankles, protuberance of the abdomen, and gain in weight, all of
which have their adverse mechanical as well as cosmetic implica-
ons, Second, an excess of interstitial fluid constitutes a stagnant
pool interposed between circulating blood plasma and tissue cells.
Diffusion distances are increased and, as a consequence, the con-
centrations of nutriments are lower and of wastes higher within
and immediately surrounding cells. Because the environment is less
favorable, cell function may be disturbed. Pulmonary edema con-
stitutes a special threat in that it reduces lung compliance, interferes
with ventilation of the alveoli, and serves as a barrier to exchange
of gases between alveolar spaces and blood.
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(6} It should be readily determinable in low concentration in
plasma with a high depree of precision. Needless to say, no such
substance is known at the present time. However, were one to
exist, its volume of distribution, calculated from the general equa-
tion given for total body water, would give a precise measure of
extracellular volume.

It is the author’s opinion that radiosulfur-35 as sulfate fon
exhibirs more of the ideal characteristics outlined above than any
other of the several substances proposed, In nephrectomized dogs
where one can eliminate the disturbing element of renal excretion,
Swan et al. have shown that radiosulfate, and thiosulf;
are distributed in equal volumes, averaging shout 22 per cent of
body weight. In the presence of normal renal function, rapid
excretion of both mannita! and thiosulfate render measurements of
extracellular volume by direct dilution methods suspect. Radio-
sulfate is much more slowly excreted and less rapidly metabolized
than thiosuifate and mannirol, hence preferable for measurement of
extracellular volume.

It is possible to avoid the complication of high rate of excretion
of mannirol, thiosulfate, and other substances whose volumes of
distribution have been proposed as measures of extracellular fluid
in the following way. The substance is infused intravenously at
a constant rate until contancy of plasma concentration is achieved
and until diffusion equilibrium berween plasma and interstitial fluid
is atrained. Two to six hours or more may be required, Ar this time
a blood sample is drawn and the concentration of the substance in
plasma water is determined. The bladder is emptied and the in-
fusion stopped. All urine is collected until the excretion of the sub-
stance in question is complete, The total quantty excreted, divided
by the concentration m plasma water at the time the infusion was
stopped, gives the apparent volume of distribution. The method is
faborious, time consuming and subject 1o errors which render it no
more accurate than the simpler radiosulfate method.

Changes in Interstitial Volume in Edema. Edema represents an
abnormal accumulation of interstitial fluid. In its maore common
form, the ionic composition and osmotic pressure of this fluid are
essentially normal, only volume is increased. However, in more




Chapter 1
IONIC COMPOSITION OF BODY FLUIDS

IN discussing the composmcn of thc body fluids, it is necessary
to utilize the terminology of ch quivalents,® familiar enough
to recent graduates of medicine, but perhaps suﬁicxenrly unfamiliar
to the more mature to justify brief explanation. When the concen-
tration of each ionic constituent of a complex solution like inter-
stitial fluid is expressed in mxIlJ'equivalems (mEq ) per liter, the sum
of the concentranons of all the posmvc jons (cations) such as
sodium, p 1 and mag exactly equals the
sum of the concentrations of all the negative ions (anions) such as
chloride, bicarbonate, sulfate, phosphate and protein. Balance in
terms of equivalents is obligatory, for solutions must be electricallly
neutral; each positive ionic charge must be balanced by a negative
ionic charge. Balance in terms of weights per unit volume (milli-
gram per cent) is impossible to achieve.

Definition of Chemical Equivalents, A millequivalent (mEq.)
is 1/1000th of an equivalent. Ion rations in body fluids,
when expressed in mEq., are whole numbers, hence are more con-
venient to handle than if expressed in equivalents. One mulligram

*On 2 tmip to Scotland some years ago, my wife and 1 stopped at  small hotel in
the highlands, Leaving early, I anticipated the usual delay 1 toting up the bill
for bar, dinner, bed and breakfast, Instead, the desk clerk, after a few preliminary
serarches, promptly quoted to the exact penny the figure I had laborously worked
out earbier that mormung On inquiry 3s to the method employed, he stated that 1t
was really guire smple “I convert pounds and shillings to dollars, 2dd up the bill
mn dollars and reconvert to pounds and shullings.” Treating chemical composttion
m‘ any terms other than that of equnvzlcms mvolves a system of conversions,

and ly more formidable than those required
by the Scotush currency
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SUMMARY

Water constitutes some 50 to 60 per cent of the weight of the
normal human body. This water is distributed among 2 plasma
compartment (4 per cent), an interstidal compartment (16 per
cent), a transcellular compartment (1 to 6 per cent), and 2 cellular
compartment {30 to 35 per cent) of body weight. Edema repre-
sents primarily an abnormal expansion of volume of interstitial
fluid; composition may be entirely normal. Edema interferes me-
chanically with tissue functions and hinders exchange of nurriments
and wastes between blood and tissue cells. In the lung, edema
reduces pulmonary compliance, interferes with alveolar ventilation
and restricts diffusion of gases between blood and alvealar spaces.
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stitial fluid and plasma are real, it is apparent from Table I that they
are not large. As a first approximation, they can be neglected and
interstitial fluid can be assumed to have the ionic structure of
plasma.

TONIC CONSTITUTION OF INTRACELLULAR FLUID

Owing to several difficulties, knowledge of the jonic composition
of intracellular fluid is far less exact than is that of extracellular
fluid. Ir is impossible to analyze cell contents directly. Tissues muse
be analyzed and cell composition calculated from total minus
extracellular jonic tragons. Since the volume of the extra-
cellular phase of tissues cannot be determined with any degree of
certainty, both intracellular volume and composition can only be
approximated, Furthermore, the various tissues of the body differ
in their protein, lipid and water contents and no doubt in thewr
ionic constitutions as well. One cannot, therefore, describe a
general chemical structure of mntracellular fluid appheable to all
cells, Finally, one cannot determine the physical state within the
living cell of some of the electrolytes, whether bound or free,
whether ionized or un-ionized.

Certain features which are characteristic of intracellular fluids
and which serve to disnguish them from extracellular fluids are
evident 1n the observations on skeletal muscle summarized in Table
1. The major intracellular cations are potassium and magnesium.
Relatively little sodium, the major extracellular canion, exists in

TABLE II
Tonic StrucToRe oF Muscie

mEq /L. HO
Na 10
K 160
Mg 35
a 2
Protem 55
PO, (organic) 140
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TABLE 1
lTonie Structure or Prasma and INtersroag From
Plasma Interstitial
Plasma Water Fluid
(mEqusL.2) (mEq (L*) (mEq 1L watert)
Nz 142 151 144
K 4 43 40
Ca 5 54 25
Mg 3 32 &)
ZCation 154 1639 1520
s 103 wor u4
HCO, 27 87 30
PO, 2 21 20
§0: 1 Lt 10
Organc Acid S 53 50
Protein 16 17 00
ZAnions 154 1639 1520

*Average vatues

fRough approxumations, caleulated
present in somewhar greater concentrations to take their place. (b)
The sum of all cations must equal the sum of all anions both in
interstitial fluid and in plasma, (¢) The osmotic pressure (depend-
ent on numbers of solute pardicles) of mrersticial fluid must equal
that of plasma, except for the shght colloid osmotic (oncotic) force
due to the presence of protemns in plasma, This oncotic force is
balanced by a hydrostatic force, the capillary bload pressure. As is
evident from Table 1, the diffusible (non-protein) anions of inter-
stitial fluid are slightly more concentrared than are those of plasma
water. In contrast the diffusible cations are slightly less con-
centrated than are those of plasma water. Calcium and magnesium
are iderably lower in ration in interstitial fluid because
they are in parr bound to proteins of the plasma, hence are non
diffusible. Although the differences in ionic composition of inter-
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stitial fluid and plasma are real, it is apparent from Table I that they
are not large. As a first approximation, they can be neglected and
interstitial fluid can be assumed to have the jonic structure of
plasma,

IONIC CONSTITUTION OF INTRACELLULAR FLUID

Owing to several difficulties, knowledge of the ionic composition
of intracellular fluid is far less exact than is that of extracellular
fluid. Tt is impossible to analyze cell contents directly. Tissues must
be analyzed and cell composition calculated from total minus
extracellular ionic concentrations. Since the volume of the extra-
cellular phase of tissues cannot be determined with any degree of
certainty, both intracellular volume and composition can only be
approximated. Furthermore, the various tissues of the body differ
in their protein, lipid and water contents and no doubt in their
1onic constitutions as well. One cannot, therefore, describe a
general chemical structure of intracellular fluid applicable ro all
cells. Finally, one cannot determine the physical state within the
living cell of some of the electrolyres, whether bound or free,
whether jonized or un-ionized.

Certain features which are characterstic of intracellular fluids
and which serve to distinguish them from extracellular fluids are
evident 1n the observations on skeletal muscle sumnmarized in Table
IL The major intracellular cations are potassium and magnesiurms.
Relatively little sodium, the major extracellular cation, exists in

TABLE II
ot Structure oF MuscLe
mEq /L H.0
Na 10
K 160
Mg 35
a 2
Protem 55
POs (organic) 140
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TABLE {
Tontc Structure or Prasma anp Intesstmat From
Plasma Interstitial
Plasms Water Flusd
{mEquL.*) {mEq/L") {mEq/Lavarert)
Na 192 151 144
K 4 43 40
Ca 5 54 25
Mg 3 32 15
ZCation 154 68 1520
a 103 1097 114
HCO, 27 8.7 30
PO, 2 P23 20
50, 1 K1 10
Organic Acid s 53 50
Protein 16 17 0g
ZAnions 154 1639 1320

*Average values

tRough approximations, ealenlated
present in somewhat greater concentrations to take their place. (b)
The som of all cations must equal the sum of all anions both in
interstitial fluid and in plasma. (¢} The osmotic pressure (depend-
ent on numbers of solute particles) of interstitial fluid must equal
that of plasma, except for the slight colloid osmotic (oncotic) force
due to the presence of proteins m plasma, This oncatic force is
balanced by 2 hydrostatic force, the capillary blood pressure. As is
evident from Table 1, the diffusible (non-protein) anions of inter-
stitial fluid are slightly more concentrated than are those of plasinz
water. In contrast the diffusible cations are slightly less con-
centrated than are those of plasma water. Calcium and magnesiom
are iderably lower in ration in interstitial flunid because
they are in part bound to proteins of the plasma, hence are non
diffusible. Aithough the differences in jonic composition of inter-
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stingl fluid and plasma are real, it is apparent from Table I that the
are not large. As a first approximation, they can be neglected ar
interstitial fluid can be assumed to have the fonic structure ¢
plasma.

IONIC CONSTITUTION OF INTRACELLULAR FLUID

Owing to several difficulties, knowledge of the ionic compositic
of jntracellular flwid is far less exact than is that of extraceliul
fluid. Tt is impossible to analyze cell contents directly. Tissues mu
be amlyzed and cell composition calculated from toral min
extracellular ionic concentrations. Since the volume of the extr
cellnlar phase of tissues cannot be determined with any degree
certainty, both intracellular volume and composition can only
approximated. Furthermore, the various tissues of the body diff
in their protein, lipid and water contents and no doubt 1 the
ionic constitunons as well. One cannot, therefore, describe
general chemical structure of intracellular fluid applicable to
cells. Finally, one cannot determine the physical state within t
living cell of some of the electrolytes, whether bound or fiv
whether ionized or un-onized.

Certain features which are charactensstic of incracellulsr fui
and which serve to distinguish them from extracellular fluids ;
evident in the observations on skeletal muscle summarized in Tat
I The major intracellular cations are potassium and magnesia
Relatively little sodium, the major extracellular cation, exists

TABLE I
Toxie Smrucrure oF Musar

mEqg /L. H:O
Na 10
X 230
Mg 35
a 2
Proten 55
PO, (orgamc) 140
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TABLE 1
Iomc Srrucrure or Prassa axp Inteasroviar FLom
Plasma Interstiial
Plasma Water Fluid
(mEq./L2) {mEq.L*) (mEq.sLavatert)
Na 142 151 144
K 4 43 40
Ca 5 54 25
Mg 3 32 13
=Cation 154 1619 1520
a 103 097 14
HCO, 27 87 30
PO, 2 2.1 20
50 1 12 10
Organic Acid ] 53 50
Protein 8 17 2]
ZAnions —l; 1639 1520

*Averags valuer
1Rouxh xpproxumations, calcufated

present in somewhat greater concentrations to take their place. (b)
The sum of all cations must equal the sum of all anjons both in
interstitial fluid and in plasma. (c) The osmotic pressure (depend-
ent on numbers of solute particles) of interstitial fluid must equal
that of plasma, excep for the slight colloid osmotic (oncotic) force
due to the presence of proteins in plasma. This oncotie force is
balanced by a hydrostatic force, the capillary blood pressure, Asis
evident from Table 1, the diffusible (non-protem) anions of intes-
stitial fluid are slightly more concentrated than are those of plasma
water, In contrast the diffusible cations are slightly less con-
centrated than are those of plasma water. Calcium and magnesium
are considerably lower in ion in i itial Auid becanse
they are in parc bound to proteins of the plasma, hence are non
diffusible. Although the differences in jonic composition of inter-
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stitial fluid and plasma are real, it is apparent from Table I that they
are pot large. As a first approximation, they can be neglected and
interstitial fluid can be asumed 1o have the ionic strucrure of
plasma.

IONIC CONSTITUTION OF INTRACELLULAR FLUID

Oring to several difficulties, knowledge of the ionic composition
of intracellular fluid is far less exact than is that of extracellular
fluid. It s impossible to analyze cell contents directly. Tissues must
bz analyzed and cell composition calculated from toral minus
extracellular jonic concentrations. Since the volume of the extra-
cellular phase of tissues cannot be determined with any degree of
certainty, both intracellular volume and composition can only be
approximartd. Forthermore, the varous tissues of the body differ
in their protein, lipid and water contents and no doubt in their
jomic constitutions a8 well. One cannot, therefore, describe 2
general chemical structore of intracellular fluid applicable to all
cells. Finally, one cannot determine the physical state within the
Iiving cell of some of the electrolytes, whether bound or free,
whether lonized or un-ionized.

Cernain festures which are characteristic of intracellular fluids
and which serve to disdnguish them from extracellular fluids are
evident in the observations on skeletal muscle summarized in Table
L. The majar intracellular cations are potassium and magnesium.
Relatively lirtle sodmm, the major extracellular cation, esists in

TABLE 1I
Toxc Smeecreee oF Muscie

mEq/L. HO
Na 10
1S 190
Mg 35
a 2
Prorein 55
PO, (organic) 140
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TABLE I
Tonc StRucTURE OF PLasMA AND InTERSTIIAL FLum
Plasma Interstitial
Plasna Water Fluid
{mEq.iL.*) (mEq.L.*) {mEq./Lavatert)
Nz 142 151 144
K 4 43 40
Ca 5 54 25
Mg 3 32 15
ZCation 154 1639 1520
a 103 1097 14
HCO, 27 287 30
PO, 2 21 20
50, 1 1.1 10
Organic Acid [ 53 50
Protein 16 17 00
ZAnions 154 1639 1520

*Average values
Rough approumations, ealeulated

present in somewhat greater concentrations to take their place. (b)
The sum of all cations must equal the sum of all anions both in
interstitial fluid and in plasma. (c) The osmotic pressure (depend-
ent on numbers of solute particles) of mterstitial fluid must equal
that of plasma, except for the slight colloid osmotic (oncotic) force
due to the presence of proteins in plasma. This oncotic force is
balanced by a hydrostatic force, the capillary blood pressure. As is
evident from Table I, the diffusible (non-protein) anions of inter-
stitial fluid are slightly more concentrated than are those of plasma
water, In contrast the diffusible cations are slightly less con-
centrated than are those of plasma water. Calcium and magnesium
are considerably lower in concentration in interstitial fluid because
they are in part bound to proteins of the plasma, hence are non
diffusible. Although the differences in jonic composition of inter-
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reactivate the cell pumps and restore normal cellular and plasma
concentrations,

Figure 3 A and B illustrate the general concepts of Glynn, Shaw,
Hodgkin, Keynes and others of the ion pump of erythrocytes,
muscle cells and nerve cells. The passive movements of sodium and
potassium into and out of cells are shown by the straight arrows to
cither side of Figure 3A. The passive diffusion of sodium into
the cell (sodium influx, heavy arrow) exceeds the passive diffusion
out of cell (sodium efflux) for it occurs downhill along a large
concentration gradient. In contrast, passive efflux of potassium
exceeds passive influx for the concentration gradient is the reverse
of that for sodium. Were passive influx of sodium and passive
efffux of potassium to continue unopposed, concentrations of the
two ion species inside and outside the cell would equalize. The
carved arrows connected by a circle represent the active fluxes
which oppose the attainmenc of diffusion equilibrium, Sodium is
pumped out of the cell, potassium is pumped into the cell, and the
two processes seerm to be linked, Bur lirtle 15 known of the ener-
getics of this coupled transport system, other than the fact that it
utilizes phosphate bond energy.

KK i+ + *
\ P4 Ne om.a& /Na
K 4 . N(a"' " Inside KI /Evgqy\ \Nu’

Fig 3. Mechanisms of transport of sodum and potassum across cell membranes.

:A. Suaight arrows, passive diffusion of 10ns. Curved arrows, active transport of

ions, B. Hypothericsl coupled carner mechanism which might actively transport

potassum into cells and eject sodwm from cells (From I M Glynn. J Physiol,
1342278, 1956))

Cell membranes i general are polarized. negauve mside, positive
ourside, ’and this polarization seems in many mstances to be related
to the difference in potassium concentration on the two sides of the
membrane. The potential difference (P.D.) across many manmi-
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muscle cells. The major intracellular anions are organic phosphates
(adenosine mono-, di-, and triphosphates, glycerophosphate, crea-
tine phosphate) and proteins. Relatively little chloride, the major
extracellular anion, exisits in muscle cells.” Although muscle has
been used to illustrate the marked differences in composition which
distinguish intracellular from extracellular fluids, other cell types
exhibit differences which are qualitatively similar.

The total osmolal concentration of intracellular fluid is thought
to be essentially the same as that of extracellular fluid.* However,
this fact cannot be derived from the data given in Tables I and I,
for the osmotic activity of the polyvalent ions, magnesium, organic
phosphates and protein, is unknown, It is even impossible to bal-
ance total cations against total anions for the concentrations of 2
number of components are uncertain. However, exact jonic balance
must exist.

Maintenance of Differences in Ionic Composition. The marked
differences in the concentrations of sodium, potassium, and chlo-
ride between cell contents and their surrounding fluid environment
do not derive from any absolute ionic impermeability of cell mem-
branes. The radioisotopes of these ions, introduced into extra-
cellular fluid, exchange more or less rapidly with their non-radio-
active counterparts within cells. One is forced to conclude that the
tendency of sodium ions to diffuse into cells and of potassium ions
to diffuse out along their concentration gradients must be counter-
acted by the active outward pumping of sodium jons with or
without the active inward pumping of porassium ions, It is prab-
able that transport of both ions is active.

These jon pumps are metabolically activated. Cold and certain
metabolic inhibitors inactivate the pumps. The most familiar
example of the changes in cell composition which occur when the
jon pumps fail is the loss of red blood cell potassium to plasma and
the entry of plasma sodium mto red blood cells when bank blood
is stored in the cold. Rewarming the blood and adding glucose
iCerain cells contzin more chloride than muscle, e ., gastric mucosa, hidney,
skm, testis, ovary and red blood cells.

*The view of Robinson, Opie and others that cells are hypertonic to their sur-
roundings has not been generally accepted.
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limiting value, the system will operate in counter clockwise direc-
tion, pumping sodium out of and potassium into the cell,

The distribution of chloride (low inside the muscle cell, high
outside) is that predicted by the Gibbs-Donnan rule and is analog-
ous to the distribution already described between plasma and inter-
stitial fluid. The difference in chloride concentration across the cell
membrane is, however, far greater than that across the capillary
membrane, for the anions of the intracellular fluid are largely non-
diffusible, whereas those of plasma, except for protein, are largely
diffusible. The concentration of chloride within the cell must be
low to satisfy the requirements that total anions must equal total
cations and that total osmolal concentration of intraceliular fluid
must equal that of interstitial fluid. If the potassium content of cells
is increased acutely as it is by the infusion of potassium salts, their
chloride content increases. Conversely those cells in which the
chloride concentration is normally high (gastric mucosa, gonad,
etc.) must exhibit lower intracellular concentrations of non-diffus-
ible anions.

Little is known concerning the bicarbonate ion content of
muscle and most tissue cells, largely because of uncertainty in par-
titioning the carbon dioxide which can be extracted from them
among the several forms in which it is known to exist: dissolved
carbon dioxide and carbenic acid, carbamino bound carbon dioxide,
and bicarbonate ion. Nearly all would accept the thesis that cells are
freely permeable to dissolved carbon dioxide. If true, the concen-
tration of dissolved carbon dioxide and of carbomic acid will be
essentially the same in cell water and in the water of blood plasma
and interstitial fluid, namely 1.2 to 1.4 mEq. per liter. Opinion
varies as to the relative proportion of the remamder of the carbon
dioxide (6 to 10 mEq. per liter) present as bicarbonate jon and in
carbamino combination, If present largely in carbamino combi-
nauon, bicarbonate fon concentration and cell pH will be Jow. If

present largely i the form of bicarbonate, cell pH will approach
neutrality. If cell bicarbonate concentration and pH are low
(~pH 6), it is possible that the cell membrane is relatively per-
meable to bicarbonate jon and that low internal bicarbonate con-
centration is an expression of a Donnan jon distribution similar to
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malian cell membranes can be shown to vary with the concentra-
tion of potassium in the interstitial fluid in the following manner:
Ecellular
P.D (milivolts) = 61 X log %ﬁﬁs’:m-]aﬁ

The P.D. can be considered as a potassum diffusion potential, the
origin of which is explained in the following manner. The cell
membrane is absolutely impermeable to the large polyvalent pro-
tein and organic phosphate anions of the cell contents. The cell is
effectively, although not actually impermeable to sodium by virtue
of the operation of membrane pumps which continuously eject the
sodium which diffuses in. In essence the cell membrane can be
considered to be relatively permeable only to potassium ions and
pethaps to chloride jons. Positively charged potassium jons tc'nd
to diffuse out of the cell, downhill along theit concentrauon
gradient. They are restrained by the increasing negative charge left
within the cell. A state is reached at which the outward diffusion of
potassil driven by ration difference, is just balanced by
increasing cellular negativity, restraining further diffusion. This
state is described by the equation given above. If cellular concen-
tration of potassium were ten times interstitial concentration, the
P.D. would be 61 mv. (log 10 = 1). If cellular and interstitizl
concentrations were equal, the P.D. would be 0.0 mv. (log 1=20)-
Values of P.D. for most mammalian cells vary from 60 to 90 mv.,
corresponding to a ratio of cellular/interstitial potassium concen-
tration of 10/1 to 30/1.

Figure 3B illustrates a hypothetical cyclical carrier system ad-
vanced to explain the active coupled jon fluxes in red cells, muscle
and nerve, It is postulated that K+ and Na+ cross the cell mem-
brane in combination with the carriers X and Y; X is K+ specific;
Y is Na* specific. The complexes KX and NaY are presumed to
be freely diffusible within the substance of the membrane and in
equilibruim with K+ and X and with Na* and Y, respectively, at
the inner and outer surfaces of the membrane. At the inner surface
of the membrane, X is converted to Y by the expenditure of phos-
phate bond energy. So long as energy is supplied, and so long as
the concentrations of Na* inside and of K+ outside are above some
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limiting value, the system will operate in counter clockwise direc-
tion, pumping sodium out of and porassium into the cell.

The distribution of chloride (low inside the muscle cell, high
outside) is that predicred by the Gibbs-Donnan rule and is analog-
ous to the distshution already described between plasma and inter-
stitial fluid, The difference in chloride concentration across the celf
merabrane is, hawever, far greater than that scross the capillary
membrane, for the anions of the intraceffalar fluid are fargely non-
diffusible, whereas those of plasma, except for protein, are largely
diffusible. The concentration of chioride within the cell must be
low 1o sarisfy the requirements that rom} anions must equal toral
cations and that roral osmolal ration of intracellalar fluid
must egual that of interstitial fluid, If the potassium content of cells
is increased acutely as it is by the infusion of porassium salts, their
chloride content increases, Conversely those cells in which the
chloride concentration is aormally high (gastric mucosa, gonad,
etc.) must exhibit lower intracellul rations of diffus-
ible anions.

Little is knawn concerning the bicatbonate ion cantent of
muscle and most tissue cells, largely because of uncertainty in par-
titioning the carbon dioxide which can be extracted from them
among the several forms in which it is known to exist: dissolved
catbon dioxide and carhonie acid, carhbamino bound carbon dioxide,
and bicarbanate ion, Nearly all would accept the thesis that cells are
freely permeable to dissolved carbon dioxide, If true, the concen-
rration of dissolved carbon dioxide and of carbonic acid will be
essentially the same in cell water and in the water of blood plasma
and interstitial flnid, namely 1.2 to 1.4 mEq. per brer, Opinion
varies as to the relative proportian of the remainder of the carbon
diaxide (6 to 10 mllq per lirer) present as bicarbonate jon and in
carbamine combination. If present Jargely in carbamino combi-
nation, bicarhonate fon concentranon and cell pH will be fow. If
present largely in the form of bicarbonate, celt pH will approach
neurrality. 1f cell bicarbonate concemtration and pH are low

{~pH 4}, it is possible that the cell membrane is relatively per-
mesble 1o bicarbonate ion 2nd that low internal bicarbonate con-
centration is an expression of  Donnan ion distribution similar to
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malian cell membranes can be shown to vary with the concentra-
tion of porassium in the interstitial fluid in the following manner:
Ecellular,
PD (millivolts) = 61 X log {ngﬁl%m

“The P.ID. can be considered as a potasstum diffusion potentia, the
origin of which is explained in the following manner. The cell
membrane is absolutely impermeable to the large polyvalent pro-
tein and organic phosphate anions of the cell contents. The cell is
effectively, although not actually impermeable to sodium by virtue
of the operation of membrane pumps which continuously eject the
sodium which diffuses in. In essence the cell membrane can be
considered to be relatively permeable only to potassium ions and
perhaps to chloride jons. Positively charged potassium jons tend
to diffuse out of the cell, downhill along theit concentration
gradient. They are restrained by the increasing negative charge left
within the cell. A state is reached ar which the outward diffusion of
potassium, driven by concentration difference, is just balanced by
increasing cellular negativity, restraining further diffusion. This
state is described by the equation given above. If cellular concen~
tration of potassium were ten times interstitial concentration, the
P.D. would be 61 mv. (log 10 = 1), If cellular and inrerstitial
concentrations were equal, the P.D. would be 0.0 mv. (Jog 1 =0).
Values of P.D. for most mammalian cells vary from 60 to 90 mv.,
corresponding to a ratio of cellular/interstitial potassium concen-
tration of 10/1 to 30/1.

Figure 3B illustrates a hypothetical cyclical carrier system ad-
vanced to explain the active coupled jon fluxes in red cells, muscle
and nerve. It is postulated that K+ and Na+ cross the cell mem-
brane in combination with the carriers X and Y; X is K+ specific;
Y is Na* specific. The complexes KX and NaY are presumed to
be freely diffusible within the substance of the membrane and in
equilibruim with K+ and X and with Na* and Y, respectively, at
the inner and outer surfaces of the membrane. At the inner surface
of the membrane, X is converted to Y by the expenditure of phos-
phate bond energy. So long as energy is supplied, and so long a3
the concentrations of Na+ inside and of K* outside are above some
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limiting value, the system will operate in counter clockwise direc-
tion, pumping sodium out of and potassium into the cell.

The distribution of chloride (low inside the muscle cell, high
outside) is that predicted by the Gibbs-Donnan rule and is analog-
ous to the distribution already described between plasma and inter-
stitia} fluid. The difference in chloride concentration across the cell
membrane is, however, far greater than that across the capillary
membrane, for the anions of the intracellular fluid are largely non-
diffusible, whereas those of plasma, except for protein, are largely
diffusible. The concentration of chloride within the cell must be
low to satisfy the requirements thar total anions must equal total
cations and that total osmolal ration of intracellalar fuid
must equal that of interstitial fluid. If the potassium content of cells
is increased acutely 2s it is by the infusion of potassium salts, their
chloride content increases. Conversely those cells in which the
chleride concentraton is normally high (gastric mucosa, gonad,
etc.) must exhibit Jower intracellular concentrations of non-diffus-
ible anions.

Litde is known concerning the bicarbonate jon content of
muscle and most tissue cells, largely because of uncertainty in par-
tittoning the carbon dioxide which can be extracted from them
among the several forms in which ir is known to exist: dissolved
carbon dioxide and carbonic acid, carbamino bound carbon dioxide,
and bicarbonate ion, Nearly all would accept the thesis that cells are
freely permeable to dissolved carbon dioxide. If true, the concen-
tration of dissolved carbon dioxide and of carbonic acid will be
essentially the same in cell water and in the water of blood plasma
and interstital fluid, namely 1.2 to 14 mEq. per liter. Opinion
varies as to the relative proportion of the remainder of the carbon
dioxide (6 to 10 mEq. per liter) present as bicarbonate ion and in
carbamino combination. If present largely in carbamino combi-
nation, bicarbonate jon concentration and cell pH will be low, If
present largely in the form of bicarbonate, cell pH will approach
neutrality. If cell bicarbonate concentration and pH are low

(~pH 6), it is possible that the cell membrane is relatively per-
meable to bicarbonate ion and that low internal bicarbonate con-
centration is an expression of a Donnan ion distribution similar to
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that for chloride. If cell bicarbonate concentration and pH are
relatvely high (~pH 7), it is possible that the cell membrane is
considerably less permeable to bicarbonate than to chloride fon or
that there is some active mechanism which regulates cell pH.

OSMOTIC PRESSURE AND DISTRIBUTION OF WATER

Osmotic forces are of such importance in determining the distri-
bution of water among the several fluid compartments of the body
that it is important to have a clear appreciation of their mode of
operation,

‘When a solution and pure solvent are separated by a semiperme-
able membrane, the solvent passes into the solution by a process
known as osmosis. The osmotic pressure is that hydrostatic pressure
which must be applied to the solution to prevent this inward
migration of solvent (see Fig. 4). Cell membranes in general are
more or less permeable to water but effectively impermeable to
many crystalloidal solutes such as sodium, chloride and bicarbo-
nate, hence may be classified as basically semipermeable. By effec-
tive impermeability is meant extrusion of a substance from 2 cell 2
rapidly as it enters under electrical and chemical forces.

‘When red blood cells are placed in distilled water, water enters
by osmosis and the cells swell and hemolyze. If the cells are placed
in 0.9 per cenr saline, they wndergo no change in volume, The
osmolal concentration of the saline exactly equals that of the cell
contents, i.e., the rwo are isosmotic. Since no osmotic swelling or
shrinkage occurs, the saline is said to be isotonic,

A 1.8 per cent solution of urea has the same osmolal concentration
as a 0.9 per cent solution of sodium chloride, ie., the solutions are
isosmotic, However, when red cells are placed in 1.8 per cent urea,
they swell and hemolyze exactly as they do in distilled water.
Obviously, the two solutions do not have physiologically equiva-
lent osmotic pressures. Although isosmotic, they are not isotonic.
The reason for this minor dilemma is the following. Red cell mem-
branes, like most other cell membranes, are nearly as permeable to
urea as they are to water. Therefore urea exerts no osmotic effect
when separated from cell contents by membranes permeable to it.
A solution of urea is physiologically equivalent to distilled water,

Capillaries are relatively permeable not only to water but also
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to the major crystalloids of the blood plasma. In fact they restrict
only the diffusion of colloidal proteins and lipids. Hence only
transient and minor osmotic forces are developed across capillary
walls when solutions of higher or lower osmolal concentrations are
introduced nto the circulation.

An osmotic pressure is a virtual pressure rather than a real pres-
sure. It exists only when solution and solvent or two solutions of
differing osmolal concentrations are separated by a membrane
permeable to solvent but not to solute. It is commonly stated that
a concentrated solution has a higher osmotic pressure than a dilute
solution. This statement is ambiguous for two reasons. First, as
noted above, the osmotic pressure is that hydrostatic pressure
which must be 2pplied to a solution to prevent inward migration
of solvent across a semipermeable membrane. No hydrostatic pres-
sure exists in either solvent or solution in isolation. Second, the
force involved 1s dependent on diffusion of solvent, not per se on
the presence of solute except insofar as it determines the concen-
tration of solvent in 2 solution.

SOLVENT SOLUTION

Fig 4, Kinenc formulaton of osmotic pressure m terms of
bidirectional diffusion of solvent across a membrane smpermeable
to solute.

One can formulate a kinetic picture of osmotic pressure in terms
of the molecular motions of the solvent on the two sides of a cell
membrane as illustrated in Figure 4. On the pure solvent side (or
side of more dilute solution), water molecules in their unordered
agitation strike against the membrane, and since it is permeable to
water, some pass through. The same thing happens on the solution
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side of the membrane with this difference; the water is somewhat
diluted by the presence of the solute, so that its effective concen-
tration, chemical potential, or escaping tendency is reduced. As 2
consequence, fewer water molecules per second pass from solution
to solvent than in the reverse direction. The result is that there is a
net flow of water from solvent to solution. The osmotic pressure is
that hydrostatic pressure which must be applied to the solution to
raise its chemical potential or escaping tendency to equal that of
the pure solvent.

It is an unfailing source of surprise to the student when he is re-
minded of the osmotic forces developed when blood plasma, inter-
stitial fluid, and cell contents are separated by semipermeable mem-
branes from the pure solvent, water. These forces are of the order
of magnitude of 6.7 atmospheres or 5,000 mm. Hg. His surprise is
no doubt based on his greater familiarity with the more modest
hydrostatic pressures which exist in the vascular system. The
equality of osmolal concentrations of extracellular, transcellular
and intracellular fluids results directly from the rapid distribution
of water through capillary walls and cell membranes among all
body fluid compartments, driven by what are potentally forces of
great magnitude, The water distributes so that it has the same
escaping tendency or chemical potential in each compartment.

The osmotic force which develops across a semipermeable mem-
brane separating pure solvent from solution is dependent on the
number of particles of solute per unit volume of solution. One
gram molecular weight of glucose, namely 180 gm., containing
6.06 X 10° particles, is termed 1.0 osmol. One osmol of glucose
dissolved in 22.4 Iiters of water depresses the chemical potential
of the water by 1.0 atmosphere; 1.¢., a hydrostatic pressure of this
magnitude must be applied to raise the chemical potential of the
water in the solution to equal that of pure water. Or conversely
1.0 osmol of glucose in 1.0 Liter of water depresses its chemical
potential by the equivalent of 22.4 atmospheres. The similarity
berween the osmotic effect of a solute in solution and the pressure
it would exert if it were a gas confined in the same volume is
evident. In general the laws of osmotic pressure are similar to the
gas laws. One gram molecular weight of sodium chloride, namely

ya N -,
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58.5 gm., containing 6.06 X 10 molecules, dissociates into twice
the number of ions in solution. Therefore 1.0 mol of sodium
chloride exerts an osmotic effect equivalent to 2.0 osmols.” Calcium
chloride, CaCl,, dissociates into three particles; hence one gram
molecular weight (111 gm.) exerts an osmotic effect of roughly 3.0
osmols.

“The concentrations of the osmotically active components of the
body fluids are commonly expressed in milliosmols (mOsm.) per
liter or per Kg. of water; 1.0 mOsm. equalling 1/1000 osmol. One
mOsm, of any solute, consisting of 6.06 X 10% particles dissolved
in a liter of water exerts an osmotic effect equivalent to 17 mm.
Hg. The osmotic activity of an electrolyte solution is dependent
solely on numbers of particles, not on their charge. Accordingly,
1.0 mOsm. of univalent jons, Na, K, Cl, HCO, consists of the same
number of particles as 1.0 mOsm. of divalent ions, Ca, Mg, SO,
One mOsm. of univalent ions is 1.0 mEq,; 1.0 mOsm. of divalent
ions is 2.0 mEq. Plasma, the transcellular fluids, intersutial fluid
and cellular fluids have osmolal concentrations of roughly 300
mOsm per liter of water. Therefore the osmotic effect of the
solutes contained in these fluids is equivalent to 17 X 300 = 5100
mm. Hg. Between 90 and 95 per cent of the osmotic activity of
the solutes of plasma and interstitial fluid may be assigned to
sodium, chlonde and bicarbonate ions, Other fons and organic
compounds such as glucose, amino acids and urea account for the
remaining 5 to 10 per cent.

COLLOID OSMOTIC PRESSURE AND DISTRIBUTION
OF FLUID

The plasma proteins are substances of very high molecular
weight' albumin, 69,000, globulins, 90,000 to over 1,000,000.
Therefore, even though they are present in plasma in high concen-
tration, 60 to 70 gm. per liter, they exert only small osmotic effects,
equivalent on an average to a pressure of 28 mm. Hg. When one
compares this protein or colloid osmotic effect with the total crys-

*Actually less, for the acuvity of 3 sodmm chloride solution of finrte concentra-
ton is not 1.0, 1e,, the sodium and chlorde 1ons interact and behave as though
there were slightly less than two jons per molecule.
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talloidal osmotic effect of 5100 mm. Hg, it scems rather insig-
nificant. However, it has a physiological significance out of all
proportion to jts quantitative magnitude, As was pointed out above,
the capillary walls are permeable not only to water, but also to all
those crystalloidal solutes which account for the major fraction of
the osmotic effect of the plasma and interstitial flnid. Accordingly,
the crystalloids exert no osmotic effect across the capillary wall.
In contrast the capillaries are relatively impermeable to protein and
the protein concentration of lymph from most organs other than
the liver is low. As a consequence, the plasma proteins exert nearly
their full osmotic effect across the capillary membrane and oppose
the filtration of fluid from capillary lumen to tissue interstices
under the head of hydrostatic pressure which exists in the terminal
vascular bed. Because albumin is the most abundant of the plasma
proteins and has the lowest molecular weight, it exerts the major
fraction of the colloid osmotic effect.

TOTAL BODY STORES OF IONS

Sodium. The total body sodium of a normal adult male averages
60 mEq. per Kg. of body weight, A 70 Kg. man, therefore, con~
tains in all 4200 mEq., or nearly 100 gm., of sodium. Bone, which
constitutes only 15 per cent of body weight, contains from 40 to
45 per cent of the total sodium store, namely 1800 mEq. Of the
2400 mEq. of non-bone sodium, between 2000 and 2200 mEq, are
present 1n the extracellular fluid. In round figures, SO per cent of
body sodium is extracellular, 40 per cent is associated with bone and
10 per cent is intracellular.

A more useful breakdown of sodium stores is into exchangeable
and non-exchangeable moieties. Exchangeable sodium, measured by
dilution of the radioactive isotopes Na** or Na*, amounts to 42
mEq. per Kg. of body weight. This fraction includes all of extra-
cellular sodium, all of intracellular sodium and somewhar less than
half of bone sodium. The non-exchangeable fraction, amounting to
18.0 mEq. per Kg. of body weight, is largely associated with bone.
Exchangeable sodium is of interest in that it is in diffusion equi-
librium with plasma sodium, If sodium is lost from blood plasma
into urine or into feces (diarrhea), that of the labile exchangeable
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reservoir is available to reduce the fall in concentration when body
water is restored. If sodium is rerained in the body, as it is in
developing edema, it is distributed into this labile exchangeable
reservoir. The fon content of this reservoir can be measured in man
by the technique of isotope dilution. While scarcely a bedside pro-
cedure, it is possible to employ this method to quantify precisely
the extent of sodium retention or depletion (sce below for method).
Non-exchangeable sodivm probably represents that adsorbed on the
surfaces of the apatite crystals of bone, more specifically onto sur-
faces which are buried in the bone structure and completely isolat-
ed from blood plasma and interstitial fluid.

Potassium. The total body potassium of a normal adult male
averages 45 mEq. per Kg. of body weight. A 70 Kg. man, there-
fore contains in all 3150 mEq. or about 120 gm. of potassium. This
potassinm is almost entirely intracellular, only 60 mEq. or about 2
per cent is distnibuted in the extracellular fluid. Essentially all of
body potassium is labile and exchangeable. As is evident from
‘Table 1, the concentration of potassium in blood plasma and inter-
stitial fluid is low, some 4 mEq. per liter. Unfortunately, the plasma
concentration of potassium is 2 very poor indicator of tissue potas-
sium stores. In acute renal failure the discharge of a very small
proportion of the large store of intracellular potassium will cause
the extracellular concentration to rise to dangerous and possibly
lethal levels of 8 to 10 mEq. per liter. On the other hand, in diabetic
acidosis with normal renal function, a significant fraction of
cellular potassium may be discharged into the extracellular fluid
and excreted in the urme with little disturbance in plasma concen-
tration, In chronic potassium depletion produced by prolonged
vomiting or diarthea, or by intensive dwretic therapy, sodium
may replace an appreciable fraction of the potassium within cells.
Plasma potassium is low under these circumstances, but rarely
lower than 2 mEq. per liter. In contrast the infusion of glucose
causes the transfer into cells of some 30 mEyq. of potassium, which
though it increases the total intracellular stores insignificantly,
causes a sharp fall in plasma concentration.

All diuretics, some more than others, promote the excretion of
potassiam. If dietary intake is adequate, little concern need be felt
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about the possibility of potassium depletion. However, it should
be a matter of concern if intake is inadequate and/or diuretic
therapy is strenuous and prolonged. Although it is possible to
measure total body stores of potassium by isotope dilution, in
clinical practice it 1s rarely feasible. One must usually resort to 2
therapeutic test of the response to potassium administration in
those instances in which potassum depletion is suspected.

Cbhloride. The total body chloride of a normal adult male aver-
ages 33 mEq. per Kg. of body weight. A 70 Kg. man, therefore,
contains 1n all 2310 mEq. or about 82 gms. of chloride. The major
part of this chlonide (about 70 per cent) is distributed in the plasma
and intersttial fluid. It can therefore be considered as being
primanly an extracellular ion, but not, as has so frequently been
claimed, an exclusively extracellular one. The 30 per cent of the
chloride beyond the confines of the extracellular compartment is in
part intracellular and in part localized in connective tissue. Of all
cells, the erythrocyte contains the most chloride. Cells of the testis,
ovary, gastric mucosa and skin contain lesser amounts. That present
in skin may well be localized mainly in the connective tissue of
the dermis. In fact collagenous fibers, wherever located, seem to be
relatively rich in chloride. This has led to the description of 2
separate extracellular phase termed the connective tissue compart-
ment. A reasonable view is that chloride ions are adsorbed on
collagen fibers much as sodium ions are adsorbed on the apatite
crystals of bone. This chloride 1s on the surface of the fibers, and
is exchangeable.

Bicarbonate. The bicarbonate ion is unique among the electro-
lytes of the body fluids. It has no permanence as an jon species. Its
existence is fleeting and is merely a step in the transfer of metabolic
carbon dioxide from tissues to lungs. In fact one can best look upon
bicarbonate as an amon which represents the excess of cations such
as sodium, p Icium and i over fixed anions
such as chloride, phosphate, sulfate and protein. Since carbon
dioxide and water are ubiquitous within the body and since cationic
charges must be exactly neutralized by anionic charges, any cation
excess (imposed by the liberation of alkali within the body) is
immediately balanced by the hydration of carben dioxide to form
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bicarbonare jons. Conversely any anion excess (imposed by the
liberation of acid within the body) is immediately balanced by the
dehydration of bicarbonate to form carbon dioxide and water.

The total body content of bicarbonate averages 10 to 12 mEq.
per Kg. Abour half of the toral is distributed in the extracellular
compartment, the remainder in tissues. The CO, in bone is largely
in the form of carbonate, bound in the lattice, occluded, and
largely non-exchangeable, Presumably all bicarbonate of cells is
exchangeable. It is obvious that the concentration of bicarbonate
in cells is only a fraction of that in extracellular fluid, for about
one third of the total body store is distributed through two thirds
of total body water. However, cell concentrations vary in different
tissues and are known with no certainey.

MEASUREMENT OF BODY STORES OF IONS

‘The total ionic content of the human body has been measured
in only a few instances by complete dissolution of the cadaver and
analysis of aliquots of the resulting solution. A method more appro-
priate to the study of normal subjects and of the alterations pro-
duced by disease is the isotope dilution method for measuring the
exchangeable jon content of the body. The exchangeable ion
content is less than the total ion content by the quantities of jons
occluded in the erystal lattice of the bone and in minor degree,
separated from plasma by the relatively impermeable blood-brain
barrier.

The method for determining the exchangeable ion content of the
body may be illustrated for sodium. Radioactive sodium-22 or 24
distributes throughout the body exactly as does non-radicactive
sodium, except for the two reservoirs of occluded sodium noted
above. If one mijects some 20 to 40 microcuries of radiosodium
intravenously, allows 24 hours for it to equilibrate with sodium
stores of the body, withdraws 2 blood sample and analyzes the
plasma for both radiosodium (in terms of counts per min. per ml.)
and non-radiosodium (in terms of mEq. per ml.), it is possible to
calculate the exchangeable sodium content of the body according
to the following equation:
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Exchangeable Na = counts/min. given — counts/min. excreted
{mEq) coants/mi./ml. plasma
mEq, Na/ml. plasma

Al urine formed during the 24 hour equilibration period is col-
lected and an aliquot is counted to determine the quantity of radio-
sodium excreted. The numerator of the equation given above is the
quantity of radiosodium present in the body at the time of drawing
the blood sample. The denominator is the specific activity of
sodium in plasma, i.e., counts/min./mEq. of sodium,

If 45,000,000 counts per min. are given as radiosodium and if
5,000,000 counts per min. are excreted in 24 hrs., there remain in the
body 40,000,000 counts per min. The plasma radioactivity at this
time might be 2000 counts per min. per ml. and the sodium content
might be 0.140 mEq. per ml. (140 mEq. per liter). Substituting in
the equation above gives:

Exchangeable Na = 45,000,000 ~ 5,000,000 = 40,000,000 =~ 2,800 mEq.
(mEq.) 2000/0.140 14,285
If the individual weighs 70 Kg., total exchangeable sodium amounts
to 40 mEq. per Kg. of body weight. This method has been utilized
to determine the exchangeable sodium, potassium, chloride and
bicarbonate ion contents of the bady.

SUMMARY

Sodium is the major cation and chloride and bicarbonate are the
major anions of plasma and interstitial fluid. These jons represent
some 90 to 95 per cent of the osmotically active components of
extracellular fluid. The capillary endothelium is relatively perme-
able to cations and to anions other than protein. Ions and water,
therefore, distribute rapidly between plasma and interstitial fAuid.
Total osmolal concentrations and compositions of the two phases
are nearly equal, differing slightly because of the presence of non-
diffusible protein anions in plasma.

Potassium and magnesium are the major cations and protein and
organic phosphate complexes are the major anions of intracellular
fluid. Cell membranes are effectively impermeable to both anjons
and cations. Impermeability to protein nnq organic phosphate
complexes is absolute. Impermeability to sodium and potassium js
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relative and dependent on the continuous operation of ion pumps
which extrude sodium from the cell and concentrate potassium
within the cell.

Since water diffuses rapidly across cell membranes, the osmolality
of intracellular fluid is essentially the same as that of extracellular
fluid. Sodium diffuses into cells but is pumped out to maintain the
intracellular concentration low. Potassium diffuses out of cells but
is ped in to maintain intracellular concentration high. Cellular
sodium and potassium ions therefore exchange readily with their
extracellular counterparts. A part of body sodium is adsorbed on
the crystal lattice of bone, buried deeply in its structure, and there-
fore non-exchangeable. Essentially all of body potassium is ex-
changeable.
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Exchangeable Na = counts/min. given — counts/min, excreted
(mEq.) counts/mun./mi, plasma
mEq. Na/mi, plasma

All urine formed during the 24 hour equilibration period is col-
fected and an aliquot is counted to determine the quantity of radio-
sodium excreted. The numerator of the equation given above is the
quantity of radiosodium present in the body at the time of drawing
the blood sample. The denominator is the specific activity of
sodsum in plasma, i.e., counts/min./mEq. of sodium,

If 45,000,000 counts per min. are given as radiosodium and if
5,000,000 counts per min, are excreted in 24 hirs,, there remain in the
body 40,600,000 counts per min. The plasma radioactivity at this
time might be 2000 counts per min. per ml. and the sodium content
might be 0.140 mEq. per ml. (340 mEq. per liter). Substiruting in
the equation above gives:

Exchangeable Na = 45,000,000 ~ 5,000,000 = 40,000,000 = 2,800 mEq.
(mEq.) 70067045 14,185
If the individual weighs 70 Kg., rotal exchangeable sodium
to 40 mEq, per Kg. of body weight. This method has been utilized
to determine the exchangeable sodium, potassium, chloride and
ticarbonate jon contents of the body.

SUMMARY

Sodium is the major cation and chloride and bicarbonate are the
major anions of plasma and interstivial fluid. These fons represent
some 90 to 95 per cent of the osmotically active components of
extracellular fluid. The capillary endotheliom is relatively perme-
able to cations and to anions other than protein. Ions and water,
therefore, distribute rapidly between plasma and interstitial fluid.
Total osmolal rations and positions of the two phases
are nearly equal, differing slightly because of the presence of non-
diffusible protein anions in plasma.

Potassium and magnesiom are the major cations and protein and
organic phosphate complexes are the major anions of intracellular
flaid. Cell membranes are effectively impermeable to both anions
and cations. Impermeability to protein 2nd organic phosphate

lexes is absol p bility to sodium and potassium is
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VASCULAR, INTERSTITIAL FLUID EXCHANGES; EDEMA n

plasma is 6 to 7 per cent, whereas that in intersritial fluid is 1 per
cent or less. Since the capillary endothelium is more or less
impermeable to proteins, they exert a colloid osmotic (oncotic)
effect equivalent to a pressure of 25 mm. Hp, 25 mm. Hg so
oriented a5 to resist filtration from the vascular compartment, Since
the capillary endothelium is permeable to crystalloidal solutes, they
exert o osmotic effects on fluid distribution across the vessel wall.

A third force, the tissue turgor pressure, which amounts to 2 to
5 or more mm. Hg., can also be considered as one resisting the out-
ward fileration of fluid. The sum of these forces is equivalent to a2
net outward or filtration pressure of 10 to 15 mm. Hg.

Energy is expended 1n driving blood through the capillaries, for
length is far greater in relation to diameter than is shown in the
diagram, Therefore, hydrostatic pressure drops to some 10 to 15
mm, Hg, at the venular end. The oncotic effect and the tissue
turgor pressure, both of which resist fileration, are essentially the
same at the two ends of the capillary. Therefore, at the venular
end the sum of these forces is equivalent to 2 net inward or absorb-
ing pressure of 10 to 15 mm. Hg. According to the Starling
hypothesis, outward filtration of fluid ar the artenolar end and
reabsorption at the venular end of the capillary causes a slow circu-
lation of fiuid through the tissue interstices as llustrated in Figure
5.

Diffusion vs. Filtration and Reabsorption in Tissue Nutrition,
The view that tissue nutrition is largely dependent on this circula~
tion of interstirial fluid is one which is commonly held, It is com-
pletely erroneous, It is evident from the work of Landis, Pappen-
heimer and others that the outward filtration of fluid ac the arter-
folar end of the capillary and the inward flow at the venular end
are in reality quite small. Pappenheimer has calculared that pressure
differences of the order of those shown in Figure 5 would cause the
filtration and reabsorption of only 0.003 m). of flvid per min. across
all of the capillanes contained in 100 gm. of tissue in the human
forearm, ie., 2 total volume of only 40 ml. in 24 hr, It is evident
from these estimates that the transport of substances to and from
tissues would be extremely slow and entirely madequate to serve
their metabolic needs, if the mechanism of transport were Jimited
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VASCULAR AND INTERSTITIAL FLUID
EXCHANGES; EDEMA

The Starling Hypothesis. The factors and forces determining
the distribution of fluid between vascular and interstitial compart-
ments were first clearly outlined by Starling in 1896, The elements
of his thesis are represented in highly schematic form in Figure 5.
There exists within the arteriolar end of the capillary a hydro-
static pressure of 40 to 45 mm. Hg. This pressure is less than aortic
pressure, due to the dissipation of energy in overcoming resistance
to flow in small arteries and arterioles. It represents the residual
force available to drive the blood onward through capillaries,

FACTORS DETERMINING FLUID MOVEMENT
ACROSS
CAPILLARY ENDOTHELIUM

Arteriole Vanule
1 45 mm Hg== Intra=copiliary Bload Pressure~—15 mmHg f

25m m. Hg = Collold Osmotic Pressure—— 25mmHg
l l Smm Hg — Tissue Turgor Pressure ~5 mmHg l

CEa e e/

! T
15mmHg 1Smm Hg
NetFiitering NetAbsorbing

Pressura Pressure
Fluld Movemant
Fig. 5.

venules, and veins to the heart. It is akso in part available to drive
fluid ourward through the porous endothelial walls of the Capxl.
laries into the interstitial spaces. However, the entire force is not
available for this Jater purpose, for the concentration of proteins in

30
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veins. True capillaties arise from and rejoin the preferential chan-
nels. Smooth muscle fibers at the points of origin of true capillaries
serve as sphincters to control the perfusion of the capillary loops.
When the sphincters relax, brisk perfusion of the loops occurs.
‘When the sphincters contract, flow through the loops ceases.

17 Poeferentiay

Poccapillady
sphncter

Fig. 6. Organization of the terminal vascular bed. (From B. W, Zweifach: T¥.
3rd. Jonab Macy, Jr Conference om Factors Regulasng Blood Pressure. 1949.)

Rhythmic contraction and relaxation of precapillary spincters is
observed under normal conditions and is rermed vasomotion. Fre-
quency of vasomotion and relative duration of constrictor and
dilator phases together determine the minute volume of blood
which perfuses a tissue and are dependent on actwvity of vasomotor
nerves, metabohtes formed in the tissues, and hormones carried
in the blood stream. Zweifach has shown that during active blood
perfusion, fluid filters out into the interstitium, not only at the
arteriolar end but throughout the entire length of the capillary
loop. During the constrictor phase, perfusion ceases, pressure drops
and fluid recurns to the capillary lumen throughout its length. Thus
prolongation of the constrictor phase favors reabsorption of fluid,
prolongation of the dilator phase favors filtration of fluid,
Lymphatic Drainage of Interstitial Fluid. The lymphatic sys-
tem consists of a meshwork of delicate lymph capillaries ramifying
through the tissue interstices. These capillaries begin in the peri-
phery as blind endothelial tubes which progressively coalesce in
their central course to form thicker walled lymphatic channels.
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to bulk flow through the filtering and absorbing regions of the
capillaries.

Diffusion of water and solutes in both directions across the
capillary wall occurs at phenomenally high rates in comparision
with the rates of transport of these substances by bulk filtration
and reabsorption. Pappenheimer has calculated that the plasma
contained in the capillaries of the human forearm exchanges its
water with that of the surrounding interstitial fluid some 300 times
per min. The sodium chloride, urea, and glucose of capillary
plasma are exchanged 120, 100, and 40 times per min., respectively,
with that of interstitial fluid. These rates of course describe ex-
change, not net transfer. However, if 2 tissue utilizes glucose and
lowers concentration slightly in the interstitial fluid, net diffusion
of glucose from plasma to tissue will occur. Similarly, any metab-
olite produced in the tissue will diffuse in the opposite direction
when the concentration in interstitial fluid increases slightly above
that in plasma.

High rares of exchange and adequate net transfer across capillary
walls between blood plasma and tissues depend on the very short
path over which diffusion takes place, not on extreme porosity of
the cndothelial membrane. According to Pappenheimer, the indi-
vidual pores of muscle capillaries through which diffusion eccurs
have apparent diameters of 65 A(1 & = 1/19,000,000 mm.}, and 3
population density of 10° per em®. However, pore orfices make up
only 0.1 per cent of the endothelial surface, 99.9 per cent of the
surface is impermeable to water and solutes. Rapid diffusion de-
pends on the fact that the pores are only 600 A in length (thickness
of the capillary endotheliom).

Role of Vasomotion in Filiration and Reabsorption of Inter-
stitial Fluid, The concept of filtration of fluid at the arteriolar
end of a capillary and of reabsorption ar the venular end, as ilfus-
trated in Figuore 5, is no doubt a gross over-simphfication. Zweifach
has shown that the functional organization of the terminal vascular
bed can be more adequately described in terms of the diagram
shown in Figure 6. Arterioles and metarterioles lose their envest-
ments of smooth muscle, continue directly as endothefial faops
rermed preferential channels, and ultimately become venules and
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hold the capillary open against 2 minute hydrostatic pressure grad-
ient across the capillary wall. On the other hand, pinocytosis (cell
drinking of fluid) and phagocytosis observed in a variety of cells
in tissue culture, might account for transfer of fluid and particulate
matter into the lumen of the lymph capillaries. Suffice to say thar,
although the forces at play are unknown, interstitial fluid enters
terminal lymphatics and progresses centrally to be discharged into
the superior caval venous reservoir. Centripetal flow is assisted by
muscular activity in the extremities, by abdominal tone, and by the
suction pump of the thoracic bellows, and 15 directed by a seties
of valves scattered along the lymphatic channels. Pulsatile Iymph
hearts, especially promi in amphibia, are absent in mammals.

Rate of Lymph Flow. The flow of lymph under normal condi-
tions and especially at rest 1s quite small i the mammal, The flow
in man, measured in individuals with fistulae of the thoracic duct,
varies from 1 to 2 ml. per min. Judging from results on dogs, well
over half of rotal lymph flow is derived from the Liver and gut.
It is clear that if any appreciable volume of fluid is filtered through
capillary loops during the dilator phase of vasomotion, it must be
rather completely reabsorbed into the same or other laops during
the constrictor phase. Obviously the lymphatic system is relatively
unimportant for the removal of fluid from tissues of mammals.
However, continued leakage of protein and reabsorption of protein
free fluid would soon build up the colloid concentration of inter-
stitial fluid to levels which would interfere with the normal oncotic
effects operating to retain fluid in the vascular system.

FACTORS FAVORING EXPANSION OF INTERSTITIAL
FLUID VOLUME

Prolongation of the Dilator Phase of Vasomotion at the ex-
pense of the constrictor phase leads to the collection of excessive
amounts of intesstitial fluid in the tissues, for as pointed out by
Zweifach, fluid filters through the walls of actively perfused capil-
laries along their entire length, not solely at their arteriolar ends
as postulated by Starling. Hyperemia is characterized by pro-
longation of the dilator phase of vasomotion relative to the con-
strictor phase. Therefore hyperemia, whether its cause be inflam-
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Channels from the lower extremities combine in the abdomen with
those from the viscera to form the cisterna chyli, a multilocular
plexus of vessels in the celiac region. Lymph from the cisterna
chyli flows into the thoracic duct, a well defined vessel lying to the
left of the midline posteriorly, 1o enter the venous system at the
junction of the left subclavian and jugular veins. Lymph from the
left head and neck, from the left upper extremity, and from
thoracic structures on the left flows into the thoracic duct before
it enters the venous system. A similar but less extensive system
draining the right thorax, right upper extremity and right side of
the head and neck drains into the right subclavian vein, Scattered
along the smaller tributaries are lymph glands which subserve the
several functions of mechanical removel of particulate marter,
formation of lymphocytes and production of antibodies.

As has been pointed out previously, the protein concentration of
lymph derived from skin and muscle is jow, that from gut s inter-
mediate, and that from liver is high. Differences in concentration
are obviously an expression of differences in permeability of the
capillaries of these several regions to protein. The concentration
of protemn is always higher in plasma than in interstitial fluid. Short
of active secretion, there is no way to return protein to the vascular
compartment other than by a system of drainage canals. A major
function of the lymphatic system appears to be the return of
protein from the interstitial to the vascular compartment.

The thin walled endothelial tubes making up the terminal rami-
fications of the lymphatic system are evidently much more perme-
able to proteins, colloidal dyes and even particulate marter than
are the blood capillaries, for these materials are readily picked up
and removed from the interstitial spaces by the lymphatics. The
nature of the forces which operate to cause the entry of colloid-
containing fluid and especially particulate matter into the lymph
channels is unknown. One finds it difficult to explain such entry
entirely on the basis of hydrostatic (tissue rurgor) pressure, for
such a pressure would be exerted equally inside and ourside the
lymph capillary in a fluid filled system. However, the endorhefial
walls of the lymph capillaries are attached to neighboring tissae
cells and collagen fibers by fine protoplasmic strands. Perhaps these



VASCULAR, INTERSTITIAL FLUID EXCHANGES; EDEMA 37

Increase in Capillary Permeability with loss of protein into
tissue interstices reduces the differential oncotic effects which
ordinarily restrain fluid in the vascular compartment; ie., the
protein concentration of the interstitial fluid approaches that of the
plasma. A number of factors account for the relative imperme-
ability of normal capillaries. Protein (possibly fibrinogen, adsorbed
in a mono-molecular film on the inner surface of the capillary,
leak-proofs it. The endothelials cells are locked together in a
tongue and groove arrangement and the chinks are filled with
calelum proteinate cement impermeable to colloids. The endothelial
cells themselves possess tone or turgesence which enables them to
withstand the hydrostatic force distending the capillary. If tone is
reduced, or conversely if compliance is increased, the capillary
loses its normal impermeability to protein. Physical damage by
heat or ultraviolet light, capillary poisons, increased acidity of
bloed, anoxia, lack of calcium, and the liberation of proteolytic
enzymes and histamine in damaged tissues all increase capillary
permeability to protein and thus increase transudation of fluid.

Increased Tissue Distensibility, i. e., loss of tissue elasticity in
the aged or in those who have suffered weight loss favors expan-
sion of extracellular fluid volume. Stretching of subcutaneous
tissues during a previous episode of edema predisposes to subse-
quent bouts. Laxness of connective tissue around the eyes favors
the development of suborbital and periorbital edema. Tissue turgor
is one of the forces in the Starling hypothesis which resists ourward
filtration in actively perfused capillaries and which favors reab-
sorption 1n those mimmally perfused.

(o ion of Lymphatic Drainage of a degree sufficient to
produce mamifest and persistent edema is almost always the result
of long standing chronic or repeated acute inflammatory processes.
Lymph edema is of a brawny type, characterized by marked con-
nective tissue proliferation and by the collection of proteinaceous
fluid in the ussue interstices. It is seen in classical form in elephan-
tiasis due to filarial infestation. In lesser degree it is seen following
repeated attacks of erysipelas. Lymphatics have a very great
capacity for regeneration and only repeated insults result in per-
manent lymphatic blockage and lymph edema,
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mation, the local injection of histamine or the local application of
heat, is accompanied by a local increase in formation of interstitial
fluid, Three of the cardinal signs of inflammation, rubor (redness)
and calor (heat}, both related o increased blood flow, and turgor
(increased interstitial fluid volume and pressure) are causally
related.

Increase in Intracapillary Hydrostatic Pressure increases the net
filtering force which causes transudation of fluid into tissues. Arter-
iolar dilation results in an increase in filtration pressure, Less of the
potental energy imparted by the beat of the heart is dissipated in
overcoming frictional resi to flow in the arterioles; more is
available to filter finid through capillary walls. An increase in
filtration pressure likewise results from an increase in venous pres-
sure. If venous outflow is obstructed, pressure rises in the capillary
bed and transudation of fluid increases. The rise in venous pres-
sure may be local, affecting a single extremity, eg., thrombo-
phiebitis of the femoral vein, or it may be general and affect all
capillary beds, e.g., chronic congestive hearr failure. However, in
congestive failure edema first collects in dependent parts of the
body in which, as a result of graviry, the intracapillary hydrostatic
pressure is greatest.

Reduction in Concentration of Serwm Proteins reduces the col-
loid osmotic effect which aperates to hold fluid within the vascular
compartment. In the classical interpretation of Statling, low serum
protein concentration favors excessive filtration at the arteriofar
end of the capillary and reduced reabsorption at the venular end.
According to Zweifach, it favors excessive filtration in actively
perfused capillaries and reduced reabsorption in those which are
not perfused. Low serum protein concentration is characteristic of
severe protein starvation, chronic liver disease with cirrhosis and
the nephrotic syndrome. In the latter condition, low serum proteins
result from the massive Joss of albumin in the urine, The normal
2+ 1 ratio of albumin/globulin in the serum is reduced and even
reversed. Since the oncotic effect of the serum proteins is largely
dependent on the albumin concentration, it suffers a larger decre-
ment in the nephrotic syndrome than might be anticipated from
the degree of reduction in total protein concentration.
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left of Table IIL In failure of the heart as a pump, cardiac output
decreases and the heart fails to empty itself. As a consequence,
central venous filling pressure rises and the increase in pressure is
reflected back into peripheral veins, venules and capillaries. In-
creased transudation of fluid through capillary walls leads to the
collection of edema and to reduction in effective circulating plasma
volume. The kidneys retain salt and water in isotonic proportions
and fluid is diverted to the periphery., Some have inferred that
passive venous congestion and stagnant anoxia of the kidneys in
congestive hearr failure reduce their capacity to excrete salt and
water. However, the major emphasis has been on mereased capil-
lary transudation and prerenal diversion of flujd.

The Edemas of Nephrosis, Cirrbosis and Nepbritis were carly
explained along similar lines. In the nephrotic syndrome, massive
loss of albumin in the urine was thought to lead to hypoprotein-
emia, reduced plasma oncotic pressure, increased transudation,
edema and prerenal diversion of fluid in causal sequence. The
edemas of severe protein starvation and of cirrhosis were likewise
considered to be due ar least in part to hypoproteinemia. However,
in cirrhosis the factor of increased portal pressure was recognized
as of major significance. In nephritis, emphasis was placed on a
vasculitis affecting not only the termimnal vascular bed of the kid-
neys but that of other viscera and of systemic structures as well.
This vasculitis, increasing capillary permeability to protein, resulted
in a reduction in the oncotic effect which holds fimd within the
vascular compartment. Again the significant sequence was increased
transudation, edema and prerenal diversion of fluid.

MODERN CONCEPTS OF THE PATHOGENESIS OF EDEMA

Present concepts of the pathogenesis of edema differ from those
Just presented more 1n emphasis than substance. The major differ-
ences relate to the role of the kidneys in the retention of salt and
water and to the sequence of events leading to the formation of
edema.

Role of the Kidneys in the Pathogenesis of Edema, The con-
cept that prerenal diversion of fluid into tissue interstices accounts
for renal retention 15 2 semantic simplification without justification
of fact. In even the most severely edematous patient, the amount
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EARLY CONCEPTS OF THE PATHOGENESIS OF EDEMA

For the first four decades of this century the view was com-
monly held that generalized edema, whatever its cause, could be
more or less completely explained in terms of Starling’s hypothesis.
It was maincained that one or more of the forces favoring capil-
lary transudation, namely increased hydrostatic pressure, reduced
plasma onconc pressure or increased capillary permesbility is
primarily increased in edematous patients, Salt and water are re-
rained in the body because that which is absorbed by the gut is
diverted into the tissues as edema, little is presented the kidneys
for excretion. A necessary corrolary of increased transudation and
prerenal diversion of flnid as primary causes of edema is refative
anhydremia and oligemia, By no means are these universal findings.

Backward Failure of the Heart. The general features of the
pathogenesis of edema outlined above may be illustrated in terms
of the concept of backward failure of the heart, summarized on the

TABLE Il
Tre Patnoceness or Enema v Coveesrve Hearr Farure

EART FAILUKE

{INADEQUATE CARDIAC OUTPUT}

Forward Fallure

Backward Failure

Fallurs of Cireniation to

Ineufficient Emptying of the Heart
Provide for Metabolic Needs

Incrsased Yenous and Capillary Triggers Renal Vasoconstriction
‘Pressures and Aldostarans Secretion

Qverreabsorpiion of Salt sad

Inereased Transudation of Findds

Reduted Plasma Volume

Renaal Retention of Salt and Water
{ Pravenal Diversfon of Fluldl

Water from Filtrate

Increased Planma Volume

Incressed Vesous and Capillary
Prossures

Increased Transudation of
Fluid, Edema
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left of Table I1L. In failure of the heart as a pump, cardizc output
decreases and the heart fails to empty itself. As 2 consequence,
central venous filling pressure rises and the increase in pressure is
reflected back into peripheral veins, venules and capillaries. In-
creased transudation of fluid through capillary walls leads to the
collection of edema and to reduction in effective circulating plasma
volume. The kidneys retain salt and water in isotonic proportions
and fluid is diverted to the periphery. Some have inferred that
passive venous congestion and stagnant anoxia of the kidneys in
congestive heart failure reduce their capacity to excrete salt and
water. However, the major emphasis has been on increased capil-
lary transudatjon and prerenal diversion of fluid.

The Edemas of Nephrosis, Cirrhosis and Nepbhritis were eatly
explained along similar lines. In the nephrotic syndrome, massive
loss of albumin in the urine was thought to lead to hypoprotein-
emia, reduced plasma oncotic pressure, increased transudation,
edema and prerenal diversion of fluid in cavsal sequence. The
edemas of severe protein starvation and of cirrhosis were likewise
considered to be due at least in part to hypoproteinemia, However,
in cirrhosis the factor of increased portal pressure was recognized
as of major significance. In nephritis, emphasis was placed on a
vasculitis affecting not only the terminal vascular bed of the kid-
neys but that of other viscera and of systemic structures as well.
This vasculitis, increasing capillary permeability to protein, resulted
in a reduction in the oncotic effect which holds fluid within the
vascular compartment. Again the significant sequence was increased
transudation, edema and prerenal diversion of fluid.

MODERN CONCEPTS OF THE PATHOGENESIS OF EDEMA

Present concepts of the pathogenesis of edema differ from those
just presented more in emphasis than substance. The major differ-
ences relate to the role of the kidneys in the retention of salt and
water and to the sequence of events leading to the formation of
edema.

Role of the Kidneys in the Pathogenesis o f Edema. The con-
cept that prerenal diversion of fluid into tissue inrerstices accounts
for renal retention is a semantic simplification without justification
of fact. In even the most severely edematous patient, the amount
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of salt and water presented to the kidneys in the renal arterial
blood is many orders of magnitude greater than that which would
fave to be excreted to achieve fluid balance. The normaf individual
achieves fluid balance by excreting each day a fraction of one per
cent of the salt and water delivered into the renal tubules in the
glomerular filtrate. More than 99 per cent of the quantities filtered
is reabsorbed. Although the severely edematous patient may form
less glomerular filtrate each day, balance conld be achieved by the
excretion of a very few per cen of the filtered quantities, Instead
lietle salt and less than normal quantities of water are excreted
during the phase of accumulation of edema. It is evident that abso~
fute or refative over-reabsorption of salr and water from the
glomerular filtrate, not prerenal diversion, ulrimately accounts for
renal retention.

It is now apparent that two alterations in renal function in vary-
ing degree undetlie the fallure of edematous patients 1o excrete
sale and water. Certain patients have low rates of glomerular filtra-
tion. Less than normal quantities of sodium and water are delivered
into the renal tubules each day, yet tubular reabsorption continues
at nearly the usual rate. As a consequence, all is reaborbed; none
is excreced. Other edematous patients have normal rates of
glomerular filtration. Tubular reabsorption of salt and water is
enhanced, in fair part due to stimulation by excessive production
of adrenal salt retaining hormones; as a consequence, excretion is
reduced. These two factors, reduced filtration and hormonally
stimulated over-reabsorption, appear to be synergistic causes of
retention of salt and water in congestive heart failure, circhosts, the
nephrotic syndrome, acute nephritis, and eclampsia, and no doubt
are operative in other forms of generalized edema as well, How-
ever, the relative roles of these two factors differ from patient to
patient and from time to tme in a given patient, The narure of
these alterations in renal function will be considered in greater
detail in Chapter VL

1f renal retention of salt and water is of primary significance, one
would expect to observe plethora and hydremia in cdematons
patients; both are findings. A part of the retained fluid
Rlters our into the tissucs in accordance with the balance of forces
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outlined in Starling’s hypothesis. It is distributed first to sites of
highest hydrosratic pressure and lowest tissue turgor pressure. Rate
of lation is enhanced by hypoproteinemia and by increased
capillary permeability. While his successors placed major emphasis
on the balance of forces across capillary walls in explaining the
pathogenesis of edema, as long ago as 1896 Starling suggested the
possibility that diminished excretion of fluid by the kidneys could
result in hydremia and that hydremia might be the cause of in-
creased effective capillary filtration pressure and edema.

Forward Failure of the Heart, The general features of the path-
ogenesis of edema outlined above may be illustrated in terms of the
concept of forward failure of the heart, summarized on the right
of Table III. As a consequence either of intrinsic disease of the
heart, which reduces its work capacity, or of extrinsic demands,
which exceed its work tolerance, the cardiac output becomes inade-
quate to satisfy the metabolic demands of the body. Thus failure
may develop in the presence of reduced cardiac output (valvular
heart disease, acute or chronic myocarditis; arteriosclerotic heart
disease) or of increased cardiac outpur (thyrotoxicosis, beriberi,
severe anemia, massive arterio-venous fistula). One must postulate
that failure of the cwrculation to provide for metabolic needs
triggers mechanisms for salt and water conservation. These mechan-
isms include renal vasoconstriction, which reduces renal blood
flow and glomerular filtranon rate, and stimulaton of secretion of
adrenal steroids, which promote renal tubular reabsorption of salt.
Salt and water are retained in the vascular compartmens inducing
hydremia and plethora, Venous and effective capillary filtration
pressures rise, As a consequence of mcreased transudation, inter-
stitial fluid volume imcreases.

The weak element of the argument 15 that as yet no mechanism
has been satisfactorily described which senses adequacy of cardiac
output relative to metabolic demands and which translates that
information into the neural and hormonal control of tubular reab-
sorption of salt and water. However, the fact thar such a mecha-
nism has not been characterized does not deny its existence. In
favor of the hypothesis are the followmng facts. Starr has shown in
patients dying jn congestve failure that the adynamic filling pres-
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of salt and water presented to the kidneys in the renal artesial
blood is many orders of magnitude greater than that which would
have to be excreted to achieve fluid batance. The normal individual
achieves fluid balance by excreting each day a fraction of one per
cent of the salt and water delivered into the renal tubules in the
glomerular filtrate. More than 99 per cent of the quantities filtered
is reabsorbed. Although the severely edematous patient may form
less glomerular filtrate each day, balance could be achieved by the
excretion of a very few per cent of the filiered quantities. Instead
lirtle salr and less than normal quantties of water are excreted
during the phase of accumulation of edema, It is evident that abso-
lute or relative over-reabsorption of salt and water from the
glomerular filtrate, not prerenal diversion, ultimately accounts for
renal tetention.

It is now apparent that two alterations in renal function in vary-
ing degree underlie the failure of edematous patients to excrete
salt and water, Certain patients have low rates of glomerular filtra-
tion. Less than normal quantities of sodium and water are delivered
into the renal tabules each day, yet tubular reabsorption continues
at nearly the usual rate. As a consequence, all is reaborbed; none
is excreted. Other cdematous patients have normal rates of
glomerular filtraton. Tubular reabsorption of salt and water i
enhanced, in fair parr due to stimulation by excessive production
of adrenal salt retaining hormones; as a consequence, excretion is
reduced. These two factors, reduced filtration and hormonally
stimulated over-reabsorption, appear to be synergistic causes of
retention of salt and water in congestive heart failure, cirrhosis, the
nephrotic syndrome, acute nephritis, and eclampsia, and no doubr
are operative in other forms of generalized edema as well, How-
ever, the relanve roles of these rwo factors differ from patient to
patient and from time to time in a given patient, The nature of
these alterations in renal function will be considered jn greater
detail in Chapter VL

If renal setention of salt and water is of primary significance, one
would expect to observe plethora and hydremia in edematous
patients; both are commeon findings. A part of the retained finid
filters out into the tissues in accordance with the balance of forces
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prolongation of the dilator phase of vasomotion, by an increase in
capillary permeability, by a reduction in serum colloids, by in-
creased tissue distensibility and by obstruction of lymphatic drain-
age. Ultimately the extent of edema formation is determined by
the avidity with which the kidneys retain ingested salt and water.
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sure of the circulatory system is increased, i.e., the mean pressure
in the vascular bed after the heart has stopped beating is elevated,
This implies chat the circulatory system is overfilled during life.
Most studies on living patients utilizing dilution methods described
earfier, have shown that circulating blood volume is increased,
Furthermore, in patients developing edema, renal retention of salt
and water frequemtly precedes elevation of venous pressure.
Primacy of renal retention of fluid, stimulated by relative inade-
quacy of cardiac outpur, has the virtue of explaining edema in those
conditions 1 which high outpur failure exists, €.g., thyrotoxicosis,
beriberi, severe anemias and massive arteriovenous fistulae, as well
as in those with low output failure.

SUMMARY

Fluid is distributed between the vascular system and the inter-
stitial compartment in accordance with the balance of forces across
the capillary endothelium. The hydrostave pressure of the blood
within the capillaries is the force responsible for the ourward
filtration of fluid. This is balanced by the colloid esmotic effect of
the plasma proteins and by the rissue turgor pressure which rend 1o
hold fluid in the peripheral vascular bed. According to the classical
theory of Starling, fluid leaves the blood stream at the arteriolar
end of the capillaries, where high hydrostanc pressure favers out
ward filtration, and reenters at the venular end, where Jow hydro-
static pressure favors absorption. Zweifach has modified this con~
cept by showing that finid filters outward along the entire Iength
of the capillary during active perfusion of tissues with blood and
is absorbed along the entire length during the quiescent pericd.
Alternate perfusion and quiescence of circularion is bronghr about
by vasomotion of the terminal vascular bed. Relatively litde fluid
is rerurned 1o the vascular compartment by the lymphatics. How-
ever, the lymphatics play an important role in that they permit the
rerurn to the blood of the protein which leaks through the capillary
walls.

Transudation of fluid and formaton of edema is favored by an
inerease in capillary hydrostatic pressure due cither to arreriolar
dilation or to the obstruction of venous rerurn. It is favored by
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prolongation of the dilator phase of vasomotion, by an increase in
capillary permeability, by a reduction in serum colloids, by in-
creased tissue distensibility and by obstruction of lymphatic drsin~
age. Uldmately the extent of edema formation is determined by
the avidiry with which the kidneys retain ingested salt and warer.
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Chapter IV

MECHANISMS OF RENAL FILTRATION,
REABSORPTION, AND EXCRETION
OF IONS AND WATER

THE Lkidneys regulate the volume, osmolality, and jonic com-
position of the extracellular fluid. If water or any of the major
extracellular ions, sodium, chloride, and bicarbonate is present in
the body in excess, it is eliminated in the urine; if the body store is
deficient, excretion is curtailed. Urine formation begins with the
ultrafiltration of large volumes of plasma through the glomerular
capillary tufts. To prevent rapid exhaustion of body stores, the
bulk of the filtered jons and water must be reabsorbed from the
tubular urine. When intake is within the usual range, only a small
fraction, less than one per cent, of the filtered sodium, chloride,
bicarbonate, and water need be excreted to achieve balance. If
less than normal quantities are reabsorbed, body reserves are pro-
gressively depleted and dehydration results. If reabsorption is
excessive, body reserves progressively expand and edema develops.
As a prelude to a description of the abnormalities of volume regula-
tion and of renal function in edema, we shall consider in this
chapter the normal renal processes of glomerular filtration, tubular
reabsorption, and excretion of jons and water.

GLOMERULAR ULTRAFILTRATION OF IONS AND WATER

Simple filtration removes particulate matter from plasma; glom-
erular ultrafiltration carries the process a step further and removes
colloids (proteins and lipids). However, an ultrafiltrate like 2
simple filtrate contains all crystalloidal solutes in essentially the
same concentrations as exist in the aqueous phase of the original
fluid. True, since the filtrand (plasma) contains protein anions
while the ultrafilerate contains none, the concentrations of crystal-
loidal anions (chloride and bicarbonate) will be slightly higher in

44
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the filtrate than in the aqueous phase of plasma. Conversely the
concentrations of crystalloidal cations (sodium and potassium) will
be slightly lower in the filtrate than in the aqueous phase of
plasma.®® These differences in concentration, which are relatively
small, are manifestations of the Gibbs-Donnan equilibrium describ-
ed earlier on page 14. Uncharged crystalloids like glucose and urea
have identical concentrations in the ultrafiltrate and in the aqueous
phase of plasma.

Criteria of Ultrafiltration  are three: (1) the ultrafiltrate must
be protein free; (2) it must contain all crystalloids in exactly the
same concentrations as in the aqueous phase of the plasma, except
for the slight deviations demanded by the Gibbs-Donnan rule; and
(3) the hydrostatic force must be adequate to account for the
volume of ulerafiltrate formed per unit time. The general accept-
ance of glomerular ultrafiltration as the initial process in urine
formation is based on the admirably direct and precise studies of
Dr. A. N. Richards and his colleagues on the amphibian and mam-
malian kidney. Richards devised the method of puncturing Bow-
man’s capsule of a glomerulus with a micro glass pipette, sealing
off the neck of the tubule with a glass rod to prevent reflux, and
collecting the filtrate by gentle aspiration as it forms.

Wearn and Richatds first noted that glomerular filtrate collected
in this manner from the amphibian kidney is protein-free, an
observation extended to the mammalian kidney™ by Walker, Bott,
“As a rough approximation, the concentrauons of chloride and bicarbonate in
an ultrafiltrate of normal plasma are calculated as 1.05/094 times the concentra-
tions in plasma; the concentrations of sodtum and potasstum in an wlerafiltrate are
caleulated a5 095/0.94 tumes the concentrations n plasma. The divisor, 094, cor-
rects each expression for the water content of plasma, 1e., the 10ns m 1 ml. of
plasma are dissolved in 094 ml. of water,

The dividends, 095 and 105, are the Donnan factors for univalent cations and
anions, respectively, applied when jon concentrations are expressed 1 mEq, per
unit volume of water Both the Donntan factors and the water correction are based
on 3 plasma pratemn concentranon of 6 per cent and 2 normal plasma pH,

“Actually the filtrate contans no protein by the test method employed which
had a lower limut of sensitwvity of 30 mg per cent, The protein concentration of
mammalian plasma 15 some 6000 mg, per cent. Since the filtrate concains less than
05 per cent of the protein content of plasma, it is reasonable to say that 1t is
protem free. Actmally trace amounts of protem probably are filtered and absorbed

by the ronal rubules. Certain mammals, including the rat, normally filter and
excrete significant amounts of prorein.
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Oliver and MacDowell. This satisfies the initial criterion of glom-
erular ultrafiltration, ie., the filtrate must be protein-free.

Richards and his colleagues then devised a series of microchem-
ical methods applicable to the microliter or so of fluid which could
be collected from a single glomerulus, They clearly demonstrated
thar the concentrations of glucose, chloride, sodium, urea, phos-
phate, uric acid and creatinine are the same in the filtrate as in the
agueous phase of the plasma. They likewise observed identity of
pH, electrical conductivity and osmolal concentration. These
observations satisfy the second criterion of glomerular ulrrafil-
tration, namely that the concentrations of crystafloids are the same
in plasma and filtrate.

The third criterion, i.e., adequacy of hydrostatic force, although
satisfied by experimental measurements m the amphibian kidney,
must at present be accepted more on probability than rigorous
proof in the mammalian kidney. In man, with a mean arterial
pressure of 100 mm. Hg. mean glomerular capillary pressure has
been estimated to be 75 mm. Hg. This high value derives from the
shorr and direct arteria] supply to the glomeruli, the afferent
arterioles arising directly from the interlobular arteries. The cotloid
osmotic effect of plasma proteins, equivalent to a pressure of 2§
to 30 mm. Hg, and the intrarenal turgor pressure of 15 mm. Hg
oppose the intracapillary hydrostatic pressure. The balance of
forces yields a net filtration pressure of 35 to 40 mm. Hg. This
pressure is available to overcome frictional resistance in forcing
fluid through the minute pores of the glomerular capillary mem-
brane and along the tabule from glomerulus to pelvis. Accarding
to calculations of Pappenheimer, the forces are adequate. If each
glomerulus produced only one drop of filtrate in a day's time, the
toral filtrate formed in the 2.5 million glomeruli of two normal
human kidneys would add up ro the 150 o 200 Jiters now known
10 be formed in 24 hours.

Properties of the Glomerular Capillary Filter. Pappenheimer
has developed an operarional concepr of the structure of the
glomcmlar capillary membranes, based on his studies of their
relative permeability to water and to a serics of substances of vary-
ing molecular dimensions, They bebave as though they were per-
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forated by myriads of aqueous channels, cylindrical in form, and
some 75 A in diameter by 600 A in length. Glomerular capillaries
are far more permeable to water and solutes than are muscle
capillaries. Pappenheimer ascribes this to the fact that the aqueous
pores occupy 5 per cent of the surface of glomerular capillaries,
only 0. per cent of the surface of muscle capillaries. The glom-
erular pores are also slightly larger. The total glomerular capillary
surface of man has been estimated to be 8,000 to 16,000 cm.?; the
total pore area is therefore 400 to 800 cm.’.

The diameter of the pores is such that they restrain absolutely
serum globulin, but not free hemoglobin nor albumin. Yet little
hemoglobin and much less albumin (only traces) enter the filtrate.
Pappenheimer explains the sieving of these molecules, of a diameter
approaching that of the pores, on the basis of probability. It is
unlikely that a hemoglobin molecule, with an effective diameter**
of 64 A, will hit a pore of 75 A sufficiently “head on” to enter, A
few do. The likelihood that albumin, with an effective diameter
of 70 A, will do so is even less. Very few do. A second factor
restricting passage of molecules into the filtrate is viscous drag as
they traverse aqueous channels, The greater the diameter of the
molecule relative to that of the channel, the greater the drag.

Water and the common crystalloids of plasma have very small

lecular and ionic di relative to pore dimensions, of the
order of only a few Angstrom units. Therefore the crystalloids are
unrestricted in their entry into pores and in their passage along the
pores relative to water. Accordingly, the capillary membrane
removes colloids from the filtrate, yet permits free passage of
crystalloids and water. At least two ions, calcim and magnesium
are in part bound to plasma protemn, That fraction which 1s bound
to protein (40 to 60 per cent) is restrained from entering the
filtrate; the free fraction dissolved in the aqueous phase traverses

the membrane without restriction except for 2 minor Donnan
effect.

*The eﬂ'ec'uvc diameter 15 the Emnstein-Stokes diameter, e, the duameter of 2
spherc' w.!uch bz.s q diffusion ch: st either d nor
albumin is spherical, yet their diffusion properues are the same as spheres of
64 A and 70 A dameter.
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Oliver and MacDowell. This satisfies the initial criterion of glom-
erular ultrafiltration, i.e., the fltrate must be protein-free.

Richards and his colleagues then devised a series of microchem-
ical methods applicable to the microliter or so of fluid which could
be collected from a single glomerulus. They clearly demonstrated
that the concentrations of glucose, chloride, sodium, urea, phos-
phate, uric acid and creatinine are the same in the filtrate as in the
aqueous phase of the plasma. They likewise observed identity of
pH, electrical conductivity and osmolal concentration, These
observations satisfy the second criterion of glomerular ulerafil
tration, namely that the concentrations of crystalloids are the same
in plasma and filtrate.

The third criterion, i.e., adequacy of hydrostatic force, although
satisfied by experimental measurements in the amphibian kidney,
must at present be accepted more on probability than rigorous
proof in the mammalian kidney. In man, with a mean arterial
pressure of 100 mm. Hg. mean glomerular capillary pressure has
been estimated to be 75 mm. Hg. This high value derives from the
short and direct arterial supply to the glomeruli, the afferent
arterioles arising directly from the interlobular atteries. The colloid
osmotic effect of plasma proteins, equivalent to a pressure of 25
to 30 mm. Hg, and the intrarenal turgor pressure of 15 mm, Hg
oppase the intracapillary hydrostatic pressure. The balance of
forces yields a net fileration pressure of 35 to 40 mm. Hg. This
pressure is available to overcome frictional resistance in forcing
fluid through the minute pores of the glomerular capillary mem-
brane and along the tubule from glomerulus to pelvis. According
to calculations of Pappenheimer, the forces are adequare. If each
glomerulus produced only one drop of filtrate in a day’s time, the
total filerate formed in the 2.5 million glomeruli of two normal
human kidneys would add up to the 150 to 200 liters now known
to be formed in 24 hours.

pmpenie; of the Glonmerular Cn[zillary Filter. Pappenheimer
has developed an operational concepr of the structure of the
glomerular capillary membranes, based on his studies of cheir
relative permeability o warer and to a series of substances of vary-
ing molecular dimensions. They behave as though they were per-
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irregular oval apertures from 400 to 900 A in diameter, The pores,
about 1/100 the diameter of a red cell, are of course far too large
1o account for impermeability of the membrane to colloids. Be-
cause of the multiple perforations, the endothelial layer is termed
the lamina fenestra.

The middle or basement membrane Jayer consists of a uniformly
dense, apparently structureless, osmophilic tube (the dark-staining
layer 3), sandwiched between two concentric tubes of osmo-
phobic material (unstained layers 2 and 4.) Although Hall has
described pores in the basement membrane with diameters of the
order of 100 A, others have not observed them, and it is probable
that those seen by him were artifacts. The three-layered basement
membrane, also called the lamina densa, is some 600 A thick. It
scems likely that this membrane accounts for the colloid imper-
meability of glomerular capillaries, even though stable pores of the
proper di ions are not d rable

The concept of a pore as a cylindrical channel of fixed dimen-
sions is an operational one. There is evidence that water itself is
strucrured; i.e., the molecules are arranged in a lattice held together
by hydrogen bonds. Substances diffuse through water by jumping
from position to position in the lattice. It is possible that the base-
ment membrane is a protein-water-phospholipid lattice and that
water and solutes traverse it by jumping from position to position,
not by bulk flow through continuous cylindrical tubes. If so, it is
not surprising that such a tenuous structure cannot be demon-
strated by electronmicrography.

The outer layer of the glomerular capillary wall is made up of
podocytes (ep. in Fig. 7) and their interdigitating cytoplasmic

ions, the trabeculze and pedicels (layer 1). These podacytes
can be considered as “octopus-like” cells sitting on the rube of
basement membrane and grasping it with interlocking arms, the
trabeculae. The trabeculae carry numerous pedicels which are
intimately applied to the lamina densa. They fit closely together
leaving the basement membrane exposed through narrow slits.
Rhodin believes that these narrow slits between pedicels permit
passage of water and crystalloids but restran colloids. According
to this view, protein impermeability would be determined by the
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The Electron Microscopic Structure of Glomerniar Capillaries
unfortunately does not give any clear cur confirmation of the
operational picture outlined above. Pores 75 A in diameter and
600 A in length should be readily identifiable in electron micro-
graphs were they geometrically stable elements of the capillary
wall and were staining methods adequate ro distinguish wall sob-
stance and pore. It is possible that one or both of these condidons
is not met.

According to Hall, Pease, Yamada, and Rhodin, the glomerular
capillary is made up of three layers, illustrared disgrammatically
in Figure 7. The inner layer consists of the soma and cytoplasmic
extensions of endothelial cells. The soma of the endothelial cell,

Fig. 7. Schematic representation of the stracture of a glome-
rular capilacy as revealed by the electron microscope. (From
D. C Pesse. [. Histobem & Cytochern. 3-2§9, 19§5.)

containing a large oblate nucleus, lies eccentrically and bulges into
the Jumen of the capillary. Away from the nucleus, the cytoplasm
spreads out into 2 film some 250 to 500 A‘in thickness, forming 2
continuous endothelial tbe (layer 5). This tbe is perforated by
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irregular oval apertures from 400 to 900 A in diameter, The pores,
about 1/100 the diameter of a red cell, are of course far too large
to account for impermeability of the membrane to colloids, Be-
cause of the multiple perforations, the endothelial layer is termed
the lamina fenestra.

The middle or basement membrane layer consists of a uniformly
dense, apparently structureless, osmophilic tube (the dark-staining
layer 3), sandwiched berween two concentric tubes of osmo-
phobic material (unstained layers 2 and 4.) Although Hall has
described pores in the basement membrane with diameters of the
order of 100 A, others have not observed them, and it is probable
that those seen by him were artifacts. The three-layered basement
membrane, also called the lamna densa, is some 600 A thick. It
seems likely that this membrane accounts for the colloid mmper-
meability of glomerular capillaries, even though stable pores of the
Pproper dimensions are not demonstrable.

The concept of a pore as a cylindrical channel of fixed dimen-
sions is an operational one, There is evidence that water itself is
structured, i.., the molecules are arranged in 2 lattice held together
by hydrogen bonds. Substances diffuse through water by jumping
from position to position in the lartice. It is possible that the base-
ment membrane 15 a protein-water-phospholipid lattice and that
water and solutes traverse it by jumping from position to position,
not by bulk flow through continuous cylindrical tubes, If so, it is
not surprising that such a tenuous structure cannot be demon-
strated by electronmicrography.

The outer layer of the glomerular capillary wall is made up of
podocytes (ep. in Fig. 7) and their interdigitating cytoplasmic
extensions, the trabeculae and pedicels (layer 1). These podocytes
can be considered as “octopus-like” cells sitting on the tube of
basement membrane and grasping it with interlocking arms, the
Srab:culae. The trabeculae carry numerous pedicels which are
intimatefy applied to the lamina densa. They fit closely together
leaving the basement membrane exposed through narrow shts.
Rhodin believes that these narrow slits berween pedicels permit
passage of water and crystalloids but restrain colloids. According
to this view, protein impermeability would be determined by the
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outermost podocyte layer rather than by the basement membrane.
Unfortunately no decision can be reached at the moment as to
whether the lamina densa or the podocyte processes account for
selective permeability of the capillary wall. To the author it would
appear more reasonable to consider the epithelial cells and their
trabeculae as reenforcements, necessitated in glomerular capillaries
by high intravascular pressure.

The Rate of Glomerular Filtration averages 125 == 25 ml. per
min, per 1.73 M? surface area in the adult male and 110 == 15 mL
per min, per 1.73 M2 in the adult female. Filtration rate varies as
some function of body size but whether specifically as a function
of surface area has never been firmly established. It decreases with
advancing age in the absence of cardiovascular, renal or hepatic
disease.

Rate of glomerular filtration is a highly significant datum for an
understanding of the pathophysiology of renal disease, for the
quantification of renal tubular reabsorption and secretion, and for
the assessment of the functional defects which underlie the forma-
tion of edema. The clearance of inulin is the accepted measure of
the rate of glomerular filtration in man and in all other forms
studied to date. In the dog, the creatinine clearance is equal to and
has the same functional significance as the inulin clearance and is
technically a simpler measurement to perform. Unfortunately in
man, the creatinine clearance is not identical under all circum-
stances with the inulin clearance, for a small amount of creatinine
is secreted by the renal tubules. Furthermore a part of the apparent
endogenous creatinine of plasma is not creatinine and is reabsorbed
by the renal tubules.

The concept of renal plasma clearance was developed by Van
Slyke and his associates in the course of their investigation of the
mechanism of excretion of urea. They defined the urea clearance
as the volume of plasma completely cleared of urea by the kidneys
in one minute’s time, Rehberg first pointed out that the renal
plasma clearance of a substance would equal the rate of glomerular
filtration if that substance exhibited certain well defined properties.
Although he correctly described the requisi.te properties, the sub-
stance he chose, creatinine, failed to exhibit them in man, Some
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years later Shannon and Smith and Walker and Richards simul-
taneously proposed inulin as fulfilling the necessary requirements,
a prediction which has been amply confirmed in subsequent
investigations.

The Properties of a Substance Whose Clearance Is to Measure
Rate of Glomerslar Filtration are the following: (1) It must be
freely filterable through the pores of the glomerular capillary
membrane; i.e., it must be a crystalloid, not bound to plasma pro-
teins and of such dimensions that it is not sieved appreciably in
passing through the capillary wall. Inulin with an Einstein-Stokes
diameter of 30 A 1s about the largest molecule which could freely
pass pores 75 A in diameter without significant sieving. In fact
inulin may be sieved to a slight but quantitatively insigmficant
degree. (2) The substance must be sufficently large and insoluble
in the lipid phase of the tubular epithelium so that it will not be
passively reabsorbed. Due to reabsorption of water, inulin becomes
highly concentrated in the termmat portions of the renal tbules.

- Despite high concentration gradients between tubular lumen and
peritubular fluid, there is good evidence that inulin does not diffuse
back into the bloodstream, (3) The substance must be inert; the
renal tubules must neither actvely reabsorb nor secrete it. A
varicty of lines of evidence indicates that inulin meets these
requirements. (4) Ir must be non-toxic, i.e., it must not m itself
alter renal function. Providing it is pyrogen-free, inulin meets this
requssite. {5) Finally 1t must be determinable in plasma and urine
with a high degree of accuracy. Analytical methods for inulin are
satisfactory when carefully applied.

The Principles Involved in the Measurement of Glomerular
Filtration Rate are illustrated diagrammatically in Figure 8. Smce
the kidney consists of many nephrons n parallel, certan functions
can be illustrated most simply in terms of a single nephron, many
times the size and functional capacity of the actual uni. If 125 ml.
of plasma are filtered by this composite glomerulus each minute
and if each ml, of plasma contains 1 mg. of inulin, it is obvious that
125 mg. of inulin will be delivered into the renal tubule each
minute. Suppose that the urine flow is 1 ml per min, and that no
inulin is reabsorbed and none secreted as the filtrate flows along

T~
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the renal tubule. Each minute 125 mg. of inulin will be excreted
in 1 ml. of urine. The clearance is defined as the rate of excretion
(urine co{lcentration X urine flow) divided by the plasma
concentration:

o Inulin Reabsorbed No Inulin Secreted

‘;25 Tl(}f Plum’::) ‘ I mL of Urine -
mg Inulin per. 125 mg Inulin per.
Fitersd per mm Water and Valuable Solutes Reabsorbed E“"’“d per i
Fig. 8. Principles involved in the of rate of gl lar filtration by
the inulin clearance method.

Cyp, = Uy, X V; where G, =
i
clearance of inulin in m). per min; U,, = urine inulin concentra-
tion in mg. per ml; V = urine flow in ml. per min.; and P, =
plasma concentration of inulin in mg. per ml Substituting the
values given above:
C,, = 125 mg./ml. X 1 ml./mi

T img/ml
It is evident that the inulin clearance so calculated is the same as
the rate of glomerular filtration assumed in the example cited.
Several factors must be rigarously controlled if measured inulin
clearances are to approximate rates of glomerular filtration satis-
factorily: plasma inulin concentration must be held constant over
the period of measurement; urine collections must be complete and
accurately timed; no sudden changes in urine flow should occur
during the course of clearance measurement; blood samples should
be frequent and accurately timed; the analysis of inulin in plasma
and urine must be accurate.

It is necessary to point out that equating plasma inulin clearance
with glomerular fileration rare is to some extent ambiguous. The
inulin clearance is a plasma clearance, yet the aqueous phase, not
whole plasma, is filtered through the glomeruli.. If one wishes to
determine the volume of plasma water filtered per min., the meas-

== 125 ml. per min.
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ured inulin clearance (C;,) must be multiplied by the fractionh of
water in plasma (normally 0,94 at a plasma protein concentration
of 6 per cent),

The Quantities of lons Filtered per Minute can be readily cal-
culated if one measures simultaneously glomerular filtration rate
(C.,) and the plasma concentrations of the several ion species
Py, Px, Py and Pygas). The products of these two variables times
the appropriate Donnan factor divided by 1,000 (since plasma con-
centrations of ions are expressed in mEq, per liter) yield the
quantities filtered in mEq. per min*® The quantities filtered per
min, multiplied by 1440 yicld the quantities filtered per 24 hrs.
Table IV summarizes average values for the quantities of potassium
and of the major extracellular jons filtered per minute and per day.
In each instance the quantities filtered per day far exceed the
quantities present in the extracellular compartment. With the
exception of potassium, the quantities filtered also considerably
exceed total body stores,

TUBULAR REABSORPTION OF IONS AND WATER

Magnitude of the Reabsorptive Problem, The filtration of jons
and water in the copious amounts shown in Table IV demands
nearly equivalent tbular reabsorption te prevent rapid exhaustion
of body stores, The magnitude of the reabsorptive problem is
summarized in the columns on the right of this rable, If an indi-
vidual is in water and electrolyte balance, he must excrete each
day in the urine the quantities of jons and water ingested, minus
whatever quantities are eliminated by extrarenal routes. The re-
mainder of that filtered must be reabsorbed by the renal tubules.
If an individual ingests 2500 ml. of water in food and drink and
loses 1000 ml, by extrarenal routes, it is obvious that he must

“In caleulating quantities of jons filtered, one does not correet for the fraction of
plasma which 19 water, The reason 1s that fon concentrations are expressed per
unle volume of plasma and glomerular filtration rate 1s etpressed as ml of plasma
filtered per mm. The product of Ca (ml, plasma per min) and Py./1000 erc,
(mEq, per ml, of plasma) tmes the Dannan factor gives the quanuty of jons
filtered directly. However, if one wishes to calculate the concentrations of lons
in the filtrate, it 15 necessary to correct for the difference in water content of
plasma and filerate and for Donnan distrsbutson as well,
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reabsorb 167,500 ml. of the 169,000 ml. filtered, excreting only
1500 ml. Over 99 per cent of the filtered water is reabsorbed. A
luxus intake of sodium chloride is 10 gm. or 171 mMols per day;
that of potassium is 2 gm. or 51 mEq. In the absence of sweat~
ing or diarrhea, extrarenal losses are minor and may be neglected.
The reabsorption of filtered sodium and chloride jons is more
than 99 per cent complete, that of potassium, 80 per cent com-
plete. The net dietary intake of bicarbonate is less than zero for
the usual diet is acid ash, i.e., it contains more potential acid anions
than cations. One and one half liters of urine of pH 5.5 to 6.0
contains about 2 mEq. of bicarbonate. Thus over 99.9 per cent of
the filtered bicarbonate is reabsorbed; essentially none is excreted.

ION AND WATER TRANSPORT MECHANISMS IN RENAL
TUBULAR CELLS
General Features of lon and Water Reabsorption. The mecha-
nisms of reabsorption of jons by the renal tubules are no doubt
related to, and modifications of mechanisms present in the mem-
brane of every cell. In Chapter II, the characteristic differences in
ition of extracellular and intracellular fluids were ascribed
to the operation of membrane pumps which extrude sodium from
and concentrate potassium within the cell. In most cells, sodium
enters by diffuston and is actively extruded through all free sur-
faces. In renal rubular cells, sodium enters mainly from the tubular
lumen and is extruded mro the peritubular flud. The tubular
transport system is oriented to pump sodium unidirectionally.
1f sodium is pumped from lumen to peritubular fluid, a potential
difference will be established across the tubular epithelium which
will favor diffusion of anions in the same direction, i.c. downhill
along an electrical gradient. Therefore, 1t is unnecessary to postu-
late independent active transport mechanisms to account for the
reabsorption of the major anions, chloride and bicarbonate, While
this thesis will be developed below, it must be emphasized that it
has not as yet been established by any rigorous proof.
The active pumping of sodium from lumen to peritubular fluid
coupled with the passive diffusion of anions will establish an
osmotic force across the tubular epithelium which will favor the
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diffusion of water in the same direction. If the tubule is relatively
permeable to water, ions and water will be transported at equiv-
alent rates, and although volume of tubular urine will suffer pro-
gressive reduction, osmolality will remain unchanged. If, on the
other hand, the tubule is impermeable to water, the reabsorption
of jons will reduce the osmolality of the tubular fluid causing it
to become hypotonic, whereas the immediate peritubular fluid
into which fons are pumped will become hypertonic. There is now
reason to believe that sodium is actively transported from lumen
to peritubular fluid in the proximal segment, in the thin segment
of the loop of Henle, in the distal segment and in the collecting
duct as well. The proximal tubule is permeable to water under
all conditions; therefore, the residual tubular urine remains isos-
motic and reabsorption of sodium results in a reduction in volume.
The thin segment of the loop of Henle, ar least its ascending
segment, is impermeable to water; therefore, the residual tubular
urine becomes hypotonic, whereas the immediate peritubular fluid
becomes hypertonic. The distal tubule and the collecting duct are
variably permeable to water. Under conditions of water diuresis,
ie., in the absence of circulating antidwretic hormone, the distal
tubule and collecting duct are impermeable to water; a large
volume of hypotonic urine is excreted, Under conditons of
hydropenia, ie., in the presence of a high titre of circulating anti-
diuretic hormone, the distal tubule and collecting duct are perme-
able to water; a small volume of hypertonic urine is excreted.
For some time the view has been held that hypertonic urine is
formed by the active reabsorption of solute-free water from a
small volume of isotonic flud delivered from the distal segment
into the collecting duct. Two theoreucal difficulties argue against
an active water pump. one, the conceptual difficulty of visualizing
a carrier mechamsm which will transport water; the other, the
extremely rapid turnover required of any carrier complex con-
cerned with water transport. The transport of 1.0 ml, of isotonic
saline per min. by a mechanism which actively pumps sodium and
which permits osmotic equilibration of water would require
roughly 10*° successive combinations and dissociations of sodium
with carrier. Transport by a mechanism which actively pumps
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water and which permits the passive diffusion of sodium would
require more than 300 times this number of successive combina-
tions and dissociations of water and carrier. This results from the
fact that isotonic saline is 55.5 Molar with respect to water, but
only 0.150 Molar with respect to sodm.

Recently Wirz, Hargitay and Kuhn have explained the forma-
tion of hypertonic urine in terms of the active transport of sodium
from the ascending limb of the loop of Henle into the peritubular
interstitial fluid of medulla and papilla, rendering it hypertonic.
Water equilibrates across the epithelum of the collecting ducts
which traverse this hypertonic tissue; the final urine becomes
equally hypertonic. This thesis, revolutionary to say the least, was
not generally accepted at first. However, confirmation of its basic
tenets by Ullrich, Berliner, Gottschalk and others makes its con-
sideration imperative. We shall develop it in more detail below.

The Basic Characteristics of Ion and Water Transpor? in the
Praximal Tubule have been defined in micropuncture studies
begun by Dr. A. N. Richards and his colleagues nearly 30 years
ago and continued in recent years by Drs. Bott, Wirz, Gottschalk
and others. Clearance studies under conditions of osmotic loading,
of water loading, and of altered acid base metabolism have pro-
vided much ancillary information.

First, reabsorption in the proximal segment is isosmotic; ie.,
solutes and water are reabsorbed at equivalent rates. This state-
ment is based on the original observations of Walker, Hudson,
Findley and Richards on the amphibian nephron and those of
Walker, Bott, Oliver and MacDowell on the mammalian nephron.
It has subsequently been confirmed by Wirz and by Gottschalk.
All groups have observed that the glomerular filtrate is isosmotic
with plasma and remains so as if flows along the proximal tubule,
even though volume is reduced to a fraction of its onginal value.

Second, fon reabsorption is pimary and active; water reabsorp-
tion is secondary and passive; 1.e. water transport depends largely
on osmottc forces set up by the reabsorption of ions. Four lines of
evidence support this statement. (1) Wesson and Anslow in experi-
ments on dogs have shown that the rapid infusion of a hypertonic
solution of mannitol may increase urine flow to 30 to 40 ml. per
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min, i.e. to a value equal to half of filtration rate, At a time when
50 per cent of the water entering the renal tubules in the glomer-
ular filtrate is excreted in the urine, only 8 per cent of the filtered
bicarbonate, 22 per cent of the filtered sodinm, and 33 per cent of
the filrered chlonde are excreted. The urine is isotonic™ and, o
claimed by Wesson and Anslow, may represent proxdimal tubular
fluid relatively unmodified™® during its rapid tansit throogh the
distal segment. If this assumption s correct, then the ner reabsorp
tion of ions in the proximal segment exceeds rhe net reabsorption
of water and at least one and perhaps all of these jons are acdvely
reabsorbed. (2} Solomon and Gicbisch have measured potential
differences of some 20 to 40 millivolts between tubular lumen
(negative) and peritubufar fluid (positive) in the Necturus and
rat. Such potentials are most readily expluined in rerms of active
wransport of sodium ions, 2 thesis which will be developed in derail
below. (3) Windhager ez al. have shown by “stopped flow” per-
fusion of proximal tubules of Necturus with isotonic mixtures of
mannitol and safine in varying proportions that sodium and chlo-
ride ons can be actively reabsorbed to establish a gradient of 2:3
between fumen and peritubular fluid, (4) In preliminary micro-
puncture studies on the rat under conditions of mannitol diuresis,
Giebisch and Windhager have found that sodium and chloride
ions are reabsorbed against significant concentration gradienss,
as great as 12, Points (3} and (4) above constitute proof of acrive
transport of ions across the proximal tubule, Since the tubular fuid
remains isotonic, ie. since the concentration of mannitol is in-
creased in proportion to the reduction in concentration of jons, it
is reasonable to conclude that water is reabsorbed osmotically and
secondary to the reabsorption of ions.

Third, reabsorption is essentially ischydric under normal con-
ditions; the pH of the glomerular filtrate changes little as it flows
alopg the proximal segment. This fact has been directly demon-
strated by Montgomery and Pierce only for the amphibian neph-
The osmone defiti created by the reabsorprion of jons was exactly balanced by
the incressz in mannitol concentraton which resulted from water reabsorption.
wThe low bicatbonate content of the urine may in pase be dus to rapid reabsorp-
on in the distal cubule. Hence “unmodified proximal ebular fluid™ ean be spplisd
o the final urine only with significane seservacions.
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ron. In the absence of evidence to the contrary, it has been in-
ferred for the mammalian nephron. Results of Ullrich et al and
of Pitts et al are consonant with this view, for they indicate that
the site of major acidification in the mammalian as well as in the
amphibian nephron is distal. If proximal reabsorption is isohydric,
bicarbonate and water must be reabsorbed at equivalent rates; i.e.
no significant change in bicarbonare concentration occurs in the
proximal segment during reabsorption of the bulk of the filtrate.
No doubt the proximal epithelium permits the free diffusion of car-
bon dioddc If bicarbonate concentration and pCO2 remain un-
i d, pH is also unch d.

It has recently been shown by Gottschalk that in marked osmo-
tic diuresis in the rat, produced by the infusion of 25 per cent glu-
cose, proximal tubular fluid may become 0.6 to 0.8 pH umts more
acid than blood plasma, an observation confirmed by Giebisch and
Windhager in mannitol diuresis as well. However, these latter in-
vestigatars have shown that in diuresis induced by the infusion of
isotomue saline, no significant acidification of proximal fluid occurs.
As has been noted above, a sodium gradient as great as 1:2 is
established between tubular fluid and peritubular blood plasma in
profound osmotic diuresis. One would predict an equivalent anion
gradient, and Giebisch and Windhager have observed one for
chloride roughly equal to that for sodium. If a comparable bicar-
bonate gradient were also established, the pH of proximal urine
would be 0.3 to 0.4 units below that of plasma. In contrast, in
saline dinresis no significant sodium or chloride gradient develops
across the proximal rubule, One would, therefore, predict no
bicarbonate nor pH gradient and none of appreciable magnitude
has been found.

The condition of saline diuresis more closely approximates the
normal than does osmotic diuresis, for little or no sodwim gradient
is established under normal condinons or in salne diuresis, where-
as an appreciable gradient develops in osmotic diuresis, However,
it should be pointed out that the degree of proxumal acidfication
in osmotic dwresis is roughly twice that explainable on the basis
of a bicarbonate gradient equal to that for sodium. Accordingly,
bicarbonate must be preferentially reabsorbed with respect to
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cither sodivm or chloride in osmotdc diuresis. Furthermore, Gie-
bisch and Windhager have shown that in saline diutesis combined
with respiratory acidosis, proximal tubular urine is acidified to 3
degree equivalent to thax observed in osmotic diuresis, Therefore
under two conditions, osmotic diuresis and respiratory acidosis,
bicarbonate is preferentially reabsorbed and the tubular urine
acidified. In saline diuresis under conditions of normal acid base
balance and probably in nen-divredc normal conditions as well,
no preferential resbsorprion of bicarbonate and no acidification of
the wrine occurs, The siguificance of these findings with respect
to the mechatsm of bicarbonate reabsorption is not clear at the
moment,

Fourth, under normal conditions, i.e., i the absence of osmotic
dinresis, no significant concentranon gradients are established
between proximal tubular fluid and plasma for any of the three
ions, sodium, chloride and bicarbonate. This view is based on
micropuncture studies on both amphibian and mammalian neph-
rons, Most would agree that the sodium concentrations of proxi-
smal rubular fluid and of plasma are essentially equal. Recent work
of Giebisch and Windhager has demonstrared thar the chloride
concentrations are the same, The observations, described in the
paragraphs above, suggese that the bicarbonate concentrations are
also the same. However, it must be reiterated thar identity of
concentration of jons in proxmal flurd and plasma halds only
under normal conditions and in saline diuresis, not in osmotic diu-
resis, and not in respiratory acidosis.

Fifth, there occurs a marked reduction in volume of the mbular
contents as fluid fHows along the proximal segment of the mam~
malian nephiron. Accordmg to Waiker, Botr, Oliver and Mac-
Dowell, some 4/Sths and perhaps, as Smuh claims, a5 much as
7/8ths of the jons and water are reabsorbed,

"The characteristics of proximal mbular reabsorption of ions and
water outlined sbove ace implcit in the diagram of Figure 9, Thus
resbsorption of sodium is active, that of water is passive and de-
pendent on psmotic forces set up by "he reabsorption of sodium.
The glomerular filtrate js isoronic with plasma and the twbular
Auid remains isotanic 23 it flows along the convoluted and straight
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portions of the proximal segment. Volume at the end of the pro-
ximal tubule is reduced to 2 quantitatively uncertain degree, but
probably to a value within the range of 1/5th to 1/8th that of the
glomerular filtrate, If we assume that 125 ml. of plasma are filtered
through the glomeruli each minute, 118 ml. of plasma water per
minute would be delivered into the proximal segments of the renal
tubules. Sodium jons along with chloride and bicarbonate ions in
equivalent quantities are reabsorbed. Glucose, phosphate, uric acid,
amino acids, vitamins and other normal constituents of the blood
plasma are more or less completely reabsorbed. Water is osmotical-
ly reabsorbed and volume is reduced to perhaps 15 to 20 ml. per
min. at the end of the proximal rubule.

It is well to reemphasize here that the osmolality of the plasma
and glomerular filtrate 1s in large part due to its content of sodium,
chloride and bicarbonate ions. Therefore, it is the reabsorption of
these jons which creates the major fraction of the osmouc force
that causes water reabsorption. A minor fraction is contributed by
the reabsorption of glucose, amino acids, phosphate and sulfate.
Excretory products such as urea, creatmupe, unic acid, ete. are
concentrated to some degree by the reabsorption of fluid in the
proximal segment. Theoretically they would be concentrated some
5 to 8 times, practically somewhat less, for a fraction of the filtered
urea (according to Shannon, some 20 to 40 per cent) diffuses back
into the blood across the proximal tubular ¢pithelium. Obviously,
these excretory products exert a greater proportion of the osmotic
pressure of the tubular flmd at the end of the proximal segment
than they do at its beginning. Accordingly sodwm, chloride and
bicarbonate jons must exert a somewhat smaller proportion of total
osmotic pressure; le., their concentrations must be slightly lower
at the end than ar the beginning of the proximal tubule.

An Alternative View of Passive Reabsorption of Proximal
Fluid, Bayliss and more recently Malvin er al have suggested that
proximal reabsorption of fluid (water and sodium and chloride
ions) is passive and due to the colloid osmotic force exerted by
the plasma proteins in the peritubular capillasies and the crystalloid
osmotic farce developed in consequence of the active reabsorption
of glucose, amino acids, and other so-called threshold solutes. This
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either sodium or chloride in osmotic diuresis, Furthermore, Gie-
bisch and Windhager have shown that in saline diuresis combined
with respiratory acidosis, proximal tubular urine is acidified to a
degree equivalent to that observed in osmotic diuresis. Therefore
under two conditions, osmotic diuresis and respiratory acidosis,
bicarbonate is preferenually resbsorbed and the tubular urine
acidified. In saline diuresis under conditions of narmal acid base
balance and probably in non-diuretic normal conditions as well,
no preferential reabsorption of bicarbonate and no acidification of
the urine oceurs. The significance of these findings with respect
to the mechanism of bicarbonate reabsorption is not clear at the
moment.

Fourth, under normal conditions, 1e., in the absence of osmotic
diuresis, no significant concentration gradienrs are established
between proximal tubular fluid and plasma for any of the three
ions, sodium, chloride and bicarbonate. This view is based on
micropuncture studies on both amphibizn and mammalian neph-
rons, Most would agree that the sodium concentrations of proxi-
mal rubular fiuid and of plasma are essentially equal, Recent svork
of Giebisch and Windhager has demonstrated that the chloride
concentrations are the same. The observations, described in the
paragraphs above, suggest that the bicarbonate concentrations are
also the same. However, it must be reiterated that identity of
concentration of ions in proximal fluid and plasma holds enly
onder normal conditions and in saline diuresis, not in osmotic dw-
resis, and not in respiratory acidosis.

Fifth, there occurs a marked reduction in velume of the tubular
conters as fluid flows along the proximal segment of the mam-
mahan nephron. According to Walker, Bott, Oliver and Mac-
Dowell, some 4/5ths and perhaps, as Smith claims, as much as
7/8ths of the ions and water are resbsorbed.

The characteristics of proximal tubular reabsorption of ions and
water outlined above are implicit in the diagram of Figure 9. Thus
reabsorption of sodium is active, thar of water is passive and de-
pendent on asmotic forces ser up by the seabsorption of sodinm.
The glomerular filtrate is jsotonic with plasma and the tubular
fuid remains isotonic a5 it flows along the convolured and straight
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when the urinary load of excretory solutes is within the usual
normal range. However, in profound esmotic diuresis induced by
the infusion of mannirol, the concentration of osmotically active
excretory products in the glomerular filerate may be increased
from a normal value of 6 or 7 mOsm. per liter to 60 or more
mQsm. per liter. If the only force available to reabsorb fluid in
the proximal tubule were that represented by the 7.0 mOsm. per
liter of peritubular colloids and actively reabsorbed threshold
solutes, 10 per cent or less of the filtrate could be returned ro the
blood stream. The reabsorption of 10 per cent of the fluid would
concentrate the mannitol by 10 per cent and the process would
stop. No gradient of concentration of sodium and chloride ions
could be established by such a 3

As mentioned earlier, Windhager et al. and Giebisch et al. have
observed that a gradient of concentration of sodium and chloride
ions develops along the proximal tubule of both the Necturus and
rat when mannitol is present in the tubular fluid. Such 2 gradient
permits the reabsorption of considerably more fluid than the 10
per cent noted above. Furthermore, the development of a gradient
demands active transport of one or both ions.

The basic question is not whether the above mentioned oncotic
and osmotic forces, equivalent to 7.0 mOsm. per liter, contribute
to the reabsorption of fluid, obviously they must, but whether the
tubular epithelium is so freely permesble to jons that they are
unrestricted in their movements relative to warer, hence exert no
osmotic effects. The author belteves that evidence available to date
favors the view that active transport of sodium is necessary to
effect the reabsorption of the bulk of the filtrate in the short time
that the fluid is in contact with proximal tubular epithelium. The
extent to which passive diffusion of jons and water occurs down the
slight oncotic and osmotic gradient contributed by plasma proteins
and by reabsorbed threshold substances is undetermined. The
bidirectional fluxes of sodium, porassium, and chloride across the
wbule of the frog and Necturus observed by Hoshiko et al,
Chinard et of., Whittenbury et al,, and Giebisch and Windhager
suggest thar the tubule may be sufficiently permeable to these ions
to permit some passive reabsorption of proximal fluid. That such
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implies thar the permeability of the proximal epithelium to sodivm
and chloride ions is of the same order of magnirude as the permea-
bility to water, and is roughly comparable to that of the glom-
erular capillary membrane. This is equivalent to saying that only
the excretory products in the tubular fluid exerr an osmotic effect;
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Fig 9. The functional organization of the nephron wn relation ta reabsorption of
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the tubule is freely permeable to or actively reabsorbs all other
solutes. Were this true, fluid could be reabsorbed passively until
the excrerory products are concentrated some 7 mOsm. per lter
above their concentration in the glomerular filtrare, This derives
from the fact that the colloid esmotic foree of the plasma proteins
in the peritubular capillaries is equivalent to 2.0 mOsm. per liter
and the crystalloid osmotic force of actively reabsorbed threshold
solutes is equivalent to 5.0 mOsm. per liter. Were all assumptions
valid, such a passive hani C(_Jlﬂd th ically account for
the reabsorption of half o two-thirds of the glomerular filerate
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when the urinary load of excretory solutes is within the usual
normal range. However, in profound osmotic diuresis induced by
the infusion of mannitol, the concentration of osmotically active
excretory products in the glomerular filtrate may be increased
from a normal value of 6 or 7 mOsm. per liter to 60 or more
mOsm. per liter. If the only force available to reabsorb fluid in
the proximal tubule were that represented by the 7.0 mOsm. per
liter of peritubular colloids and actively reabsorbed threshold
solutes, 10 per cent or less of the filtrate could be retumed to the
blood stream. The reabsorption of 10 per cent of the fluid would
concentrate the mannitol by 10 per cent and the process would
stop. No gradient of concentration of sodium and chloride ions
could be established by such 2 mechanism.

As mentioned earlier, Windhager ez al. and Giebisch et gl. have
observed that a gradient of concentration of sodium and chloride
ions develops along the proximal tubule of both the Necturus and
Tat when mannitol is present in the tubular fiuid. Such a gradient
permits the reabsorption of considerably more flud than the 10
per cent noted above. Furthermore, the development of a gradient
demands active transport of one or both jons.

The basic question is not whether the above mentioned oncotic
and osmotic forces, equivalent to 7.0 mOsm. per liter, contribute
to the reabsorption of fluid, obviously they must, but whether the
tubular epithelium is so freely permeable to jons that they are
unrestricted in their movements relative to water, hence exert no
osmotic effects. The author believes that evidence available to date
favors the view that active transport of sodium 1s necessary to
effect the reabsorption of the bulk of the filtrate in the short time
that the fluid is in contact with proxunal tubular epithelium. The
extent to which passive diffusion of 10ns and water occurs down the
slight oncotic and osmotic gradient contmbuted by plasma proteins
and by reabsorbed threshold substances is undetermined. The
bidirectional fluxes of sodium, potassium, and chloride across the
tubule of the frog and Necturus observed by Hoshiko et al,
Chinard et al., Whittenbury et al., and Gicbisch and Windhager
suggest that the tubule may be sufficiently permesble to these jons
to permit some passive reabsorption of proximal fluid. That such
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passive reabsorption is 2 significent fraction of the total is doubtful.

Ton Transport in the Thin Segment of the loop of Henle.
A series of rather sutprising observations, at first difficult to accept,
but now amply confirmed, has necessitated a revision of concepts
of the function of the thin segment of the loop of Henle. A bit
of historical review may help to give perspective.

Marshall and his colleagues a number of years ago pointed out
the following two facts: only birds and mammals have a true loop
of Henle interposed between proximal and distal convoluted
tubules; only birds and mammals can form urine hypertonic 10
blood plasma, They postulated that the urine is concentrated in
the thin segment of the loop of Henle by the active reabsorption
of water, and that water transport is specifically stimulated by
antidiuretic hormone. If this view were correct, urine collected
by micropuncture from any portion of the nephron distal to the
thin segment should be as hypertonic to plasma as is the final
urine,

Subsequently, it was observed that the urine collected from
the distal convoluted tubules may be isotonic or even hypotonic
when the ureteral urine is hypertonic; concentration must there-
fore be the final step in the elaboration of urine and must take
place in the collecting ducts. Smith postulated that the thin segment
of the loop of Henle plays only a passive role, ensuring osmotic
equilibration of proximal tubular urine with blood plasma prior to
its delivery into the distal segment. According to Smith the urine
is concentrated in the collecting ducts by the active reabsorption
of water from a small volume of isotomc fluid.

Certain rodents, especially the desert rat, can form urine which
is far more hypertonic to the plasma than is that of dog and man.
These forms have a long urinary papilla, made up of thin segments
of loops of Henle interspersed with collecting ducts and capillary
Joops, which projects into a greatly elongated renal pelvis.
Evidence has recently lated that the medullary tissue and
especially the urinary papilla are very significantly hypertonic to
the renal cortex and to other tissues. Thus Glimstedt and Ljung-
berg noted that slices of medullary tissue taken in succession from
the corticomedullary junction to the tip of the urinary papilla
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contain increasing amounts of chloride. Wirz, Hargitay and Kuhn
observed that the osmotic pressure of such slices progressively
increases to reach 2 maximum at the tip of the papilla. Ullrich
noted that urea is highly concentrated in the papilla and Levinsky
made similar observations with respect to sodium. Finally Wirz
noted that blood collected from surface capillaries of the papilia
is hypertonic to general systemic blood. The hypertonicity of
medullary and papillary tissue cannot be ascribed solely to hyper-
tonic urine contained in the collecting ducts. The tissue itself must
be hypertonic. The thesis of Wirz and more recenty that of
Gottschalk is that sodum pumps located in the thin segments of
the loops of Henle extrude sodium fons (plus equivalent numbers
of chloride ions) into the interstitium of the medulla and urinary
papilla rendering it hypertonic to plasma. Water is abstracted
osmotically from the urine in the collecting ducts until irs osmotic
Ppressure increases to equal that of the surrounding papillary inter-
stitial fluid.

Counter-Current Multiplication of C ation in the Loops
of Henle. The derils of loop function, shown in the center
section of Figure 9, follow in general the concepr of Wirz,
Hargiray and Kohn and of Gottschalk, The concept is thar of 2
counter current concentration multiplier. Details of operation are
illustrated in Figure 10. Isotonic urine is delivered into the de-
scending limb of the loop of Henle from the proximal tubule.
From the corresponding level of the ascending limb, sodium is
actively extruded into the interstitium, reducing concentration in
the ascending limb, increasing concentration in the interstirium.
According to Wirz, sodium may be actively secreted into the
descending limb; according to Gottschalk it merely diffuses into
the descending limb down 2 small gradient of concentration. The
epithelium of the ascending [imb from the tip of the loop well into
the cortex must be impermeable to water, otherwise water would
follow sodmum osmotically and no change in concentration would
result. This feature is indicated in Figures 9 and 10, by the heavy
line forming the wall of the ding limb. The d ding limb,
in contrast, is probably permeable to water.
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passive reabsorption i a significent fraction of the total is doubtfal.

lon Transport in the Thin Segment of the loop of Henle.
A series of rather surprising observations, at first difficult to accept,
but now amply confirmed, has necessitated a revision of concepts
of the function of the thin segment of the loap of Henle. A bit
of historical review may help to give perspective.

Marshall and his colleagues a number of years ago pointed out
the following two facts: only birds and mammals have a true Joop
of Henle intcrposed between proximal and distal convoluted
tubules; only birds and mammals can form urine hypertonic to
blaod plasma. They postulated that the urine is concentrated in
the thin segment of the loop of Henle by the active reabsorption
of water, and thar water transport is specifically stimulated by
antidiuretic hormone. If this view were correct, urine collected
by micropuncture from any portion of the nephron distal to the
thin segment should be as hypertonic to plasma as is the final
wrine,

Subsequently, it was observed that the urine collected fror‘n
the distal convoluted tubules may be isotonic of even hypotonic
when the ureteral urine is hypertonic; concentration must there-
fore be the final step in the elaboration of urine and must take
place in the collecting ducts. Smith postulated that the thin segment
of the loop of Henle plays only a passive role, ensuring osmou¢
equilibration of proximal tubular urine with blood plasma prior t©
its delivery into the distal segment. According to Smith the urine
is concentrated in the collecting duces by the active reabsorption
of water from a smail volume of isotonic fluid.

Certain rodents, especially the desert rat, can form urine which
is far more hypertonic to the plasma than is that of dog and man.
These forms have a long urinary papilla, made up of thin segments
of loops of Henle interspersed with collecting ducts and capiHax_'y
loops, which projects into 2 greatly elongated renal pelvis.
Evidence has recently lated that the medullary tissue an
especially the urinary papilla are very significantly hypertonic o
the renal cortex and to other tissues. Thus Glimstedt and Ljung-
berg noted that slices of medullary tissue taken in succession from
the corticomedullary junction to the tip of the urinary papilla
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contain increasing amounts of chloride. Wirz, Hargitay and Kuhn
observed that the osmotic pressure of such slices progressively
increases to reach a maximum ac the tip of the papilla. Ullrich
noted that urea is highly concentrated in the papilla and Levinsky
made similar observations with respect to sodium. Finally Wirz
noted that blood collected from surface capillaries of the papilla
is hypertonic to general systemic blood. The hypertomerny of
medullary and papillary tissue cannot be ascribed solely to hyper-
tonic urine contained in the collecting ducts. The tissue itself must
be hypertonic. The thesis of Wirz and more recently that of
Gottschalk is that sodium pumps located in the thin segments of
the loops of Henle extrude sodium ions (plus equivalent numbers
of chloride ions) into the interstinum of the medulla and urinary
papilla rendenng it hypertonic to plasma. Water is abstracted
osmotically from the urine in the collecting ducts until jts osmotic
pressure increases to equal that of the surrounding papillary inter-
stitial fluid.

Counter-Current Multiplication of C ation in the Loops
of Henle. The details of loop function, shown in the center
section of Figure 9, follow in general the concept of Wirz,
Hargitay and Kuhn and of Gottschalk. The concept is that of a
counter current concentration multiplier. Details of operation are
illustrated in Figure 10. Isotonic urine 15 delivered nto the de-
scending limb of the loop of Henle from the proximal tubule.
From the corresponding level of the ascending limb, sodim is
actively extruded into the interstitium, reducing concentration in
the ascending limb, mcreasng concentration in the mtersutium.
According to Wirz, sodmm may be actively secreted into the
descendmg Iimb, accordmng to Gortschalk it merely diffuses into
the descending limb down a small gradent of concentration, The
epithelium of the ascending limb from the tip of the loop well nto
the cortex must be impermeable to water, otherwise water would
follow sodmm osmotically and no change in concentration would
result. This feature 15 indicated in Figures 9 and 10, by the heavy
line forming the wall of the ding limb. The d ding limb,
in contrast, is probably permeable to water.
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passive reabsorption is a significent fraction of the total is doubtful.

Ton Transpors in the Thin Segment of the loop of Henle.
A series of rather surprising observations, at first difficult to accept,
but now amply confirmed, has necessitated 2 revision of concepts
of the function of the thin segment of the Joop of Henle. A bit
of historical review may help to give perspective.

Marshall and his colleagues a number of years ago pointed our
the following two facts: only birds and mammals have 2 true loop
of Henle interposed between proximal and distal convoluted
tubules; only birds and mammals can form urine hypertonic to
blood plasma. They postulated that the urine is concentrated in
the thin segment of the loop of Henle by the active reabsorption
of water, and that water transpore is specifically stimulated by
antidiuretic hormone. If this view were correct, urine collected
by micropuncture from any portion of the nephron distal to the
thin segment should be as hypertonic to plasma as is the final
urine,

Subsequently, it was observed that the urine collected from
the distal convoluted tubules may be isotonic or even hypotonic
when the ureteral urine is hypertonic; concentration must there-
fore be the final step in the clabarstion of vrine and must take
place in the collecting ducts, Smth postulated that the thin segment
of the loop of Henle pliys only 2 passive role, ensuring osmotic
equilibration of proximal mbular urine with blood plasma prior t0
its delivery into the distal segment, According to Smith the urint
is concentrated in the collecting ducts by the active reabsorption
of water from a small volume of isotonic fluid.

Certain rodents, especially the desert rat, can form urine which
is far more hypertonic to the plasma than is that of dog and man-
These forms have a long urinary papilla, made up of thin segments
of Toops of Henle interspersed with collecting duces and c.:pi))u_'y
Joops, which projects into 2 greatly elongated renal pelvis
Evidence has recently lated that the medullary tissue and
especially the urinary papills are very significancly hypertonic to
the renal cortex and to other tissues. Thus Glimstedt and Ljung-
berg noted that stices of medullary tissue taken in succession from
the corticomedullary junction to the tip of the urinary papilla
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contain increasing amounts of chloride. Wirz, Hargitay and Kuhn
observed that the osmotic pressure of such slices progressively
increases to reach a maximum at the tip of the papilla. Ullrich
noted that urea is highly concentrated in the papilla and Levinsky
made similar observations with respect to sodium. Fimally Witz
noted that blood collected from surface capillaries of the papilla
is hypertonic to general systemic blood. The hypertonicity of
medullary and papillary tissue cannot be ascribed solely to hyper-
tonic urine contained in the collecting ducts. The tissue itself must
be hypertonic. The thesis of Witz and more recently that of
Gottschalk is that sodum pumps located in the thin segments of
the loops of Henle extrude sodium ions (plus equivalent numbers
of chloride ions) into the interstitiom of the medulla and urinary
papilla rendering it hypertonic to plasma. Water is abstracted
osmotically from the urme in the collecting ducts until its osmotic
pressure increases to equal that of the surrounding papillary inter-
stitial fluid.

Counter-Current Multiplication of C, tion in the Loops
of Henle, The details of loop function, shown in the center
section of Figure 9, follow in general the concept of Wirz,
Hargitay and Kuhn and of Gottschalk. The concept is that of a
counter current concentration multiplier. Details of operation are
illustrated in Figure 10. Isotonic urine is delivered into the de-
scending limb of the loop of Henle from the proximal tubule.
From the corresponding level of the ascending Limb, sodium is
actively extruded into the interstitium, reducing concentration in
the ascending limb, increasing concentration in the interstitium.
According to Wirz, sodium may be actively secreted into the
descending limb; according to Gottschalk it merely diffuses into
the descending mb down a small gradient of concentration. The
epithelium of the ascending limb from the tip of the loop well into
the cortex must be impermeable to water, otherwise water would
follow sodim osmouically and no change n concentration would
result. This feature is indicated in Figures 9 and 10, by the heavy
line forming the wall of the ascending limb. The descending limb,
in contrast, is probably permeable to water.
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The significant event as one follows the two limbs of Henle's
loop from the cortico-medullary junction to the tip of the papilla
is the transfer of sodium from ding limb to d ding Limb,
active extrusion from the ascending limb and either active secretion
or passive diffusion into the descending limb. The significant

HENLE'S LOOP COLLEGTING
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Fig. 10, The role of counter current muluplication of
concentration 1n the loop of Henle in the elaborztion
of hypertoric urine,

consequences of cyclic recirculation of sodinm are: progressively
increasing osmolar concentration as the urine flows down the
descending limb; progressively decreasing concentration as urine
flows up the ascending limb; and progressively increasing osmo-
Jality of the interstitial fluid from the cortico-medullary junction
to the tip of the papilla. An esp.ec!'n.lly intriguing fearure of this
hypothesis is that at no point within the system must sodium be
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pumped against a high concentration gradient. The maximum
osmotic gradienc (4 to 1 for the human kidney) is developed
longitudinally over the entire length of Henle's loop. The diagrams
of Figures 9 and 10 give an erroneous impression of the volume
of interstitial fluid in the papilla. In histological section, volume is
minimal; tubules and capillaries are densely packed. Therefore,
minimal amounts of sodium need be sequestered in the intersitial
fluid of medulla and papilla to render it hypertonic.

As was pointed out above, hypertonicity of medullary and
papillary tissue has been demonstrated by several investigators.
Witz has shown that blood collected from papillary capillaries is
hypertonic. Gottschalk has recently demonstrated by micropunc-
ture of loops of Henle near the papillary tip that the tubular
urine is equally hypertonic. The basic elements of the thesis of
‘Wirz and Gottschalk have, therefore, been established directly. At
present there is no valid means of determining whether transfer of
sodum into the descending limb is active (Wirz) or passive
(Gottschalk). The system proposed by Wirz would operate more
effectively in that the sodum pumps of the ascending and de-
scending limbs of Henle’s loops would operate in series, the system
proposed by Gottschalk does not involve active reabsorption in
one limb of Henle’s loop and active secretion in the other, an
assumption which is philosophically somewhat hard to accept.

Counter-current Exchange in Capillary Loops of the Papilla.
One might reasonably predict that the flow of blood in capillaries
supplying the medulla and papilla would so rapidly dissipate the
hyperosmolality of nssue and interstitial flud that it would be
ineffective as a means of concentrating the urine during final
transit through the collecting ducts. Wirz first suggested that the
arrangement of capillaries in the medulla and papilla 15 such as to
permit their functioning as counter-current exchangers of diffus-
ible solutes. Counter-current exchange considerably reduces the
effect of blood flow in dissipating the osmotic gradient, Further-
more, it is probable that only 2 minor fraction of total renal blood
flow perfuses the medulla and papilla. Low total flow and counter-
current exchange are both important for the maintenance of
hyperosmolality of medullary and papillary tissue.
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Berliner has Hlustrated the operation of the counter-current
vascular loop in terms of a thermal model presented in Figure 11,
A. B. Consider the tube shown in diagram A on the left, through
which water flows at a constant rate of 10 ml. per min, A source
supplies heat at a rate of 100 calories per min. If the fluid entering
the system has a temperature of 30°C., that leaving the system
will have a temperature of 40° C. If the tube is bent upon itself,
as shown in diagram B, insulated to prevent heat loss to the out-
side, but so arranged as to permit free transfer of heat between
emergent and entering streams, certain features of operation will
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Fig. 11. The principal of counter current cxchange. A. Thermal model withont
counter current evchange. B. Thermal model incorporating counter current
exchange. C. Counter current exchange in medullary c2pdlary loops 4s a means
of preservation of tissue hypertoncity, (From R.W. Berliner, N.G. Levinsky,
D G. Davidson, and M Eden' . J. Ated., 24 730, 1956.)
change. 1f rate of fluid flow, the addition of heat, and the tempera-
ture of the entering stream are the same, the temperature of the
emergent stream will also be the same. However, the temperature
at the heat source will be much higher in the counter-current
system, for some of the heat will be transferred from the out-
flowing to the inflowing streams. If one considers the function of
the stream of water to be that of cooling the heat source, it is
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evident that the straight through system on the left is more effec-
tive than the counter-current system. In other words, so far as
its cooling effect on the heat source is concerned, the counter-
current arrangement has reduced the effective flow to a small
fraction of the actual flow.

The capillary shown in diagram C on the right illustrates the
operation of the counter-current loop in terms of its effect in
preserving the osmotic gradient in the renal medulla. Blood
enters the loop with an osmotic concentration of 300 mOsmols
per liter. As the capillary dips into the medullary and papillary
interstitium with its ligh osmolal concentration, osmotically active
particles diffuse into the blood. As blood traverses the loop and
ascends, osmotically active particles diffuse out into the inter-
stitium. The loop operates to reduce the effective blood flow with
respect to dissipation of the interstitial osmotic gradient, Further-
more, total blood flow in the papilla is probably low. These two
factors are significant in permutting the development of, and for
the maintenance of an osmotic gradient.

Ton and Water Transport in the Distal Tubule. ‘Walker, Bott,
Oliver and MacDowell first showed by micropuncture of the
nephron of the rat thac the fluid delivered into the first part of
the distal tubule is hypotonic to plasma even when the final urine
15 hypertonic. This fact was later confirmed by Wiz and by
Gortschalk (¢f. Fig. 9). If we accept the hypothesis of Wirz that
sodium is actively transported into the descending linb of Henle's
loop, then most of the water reabsorbed from the collecting ducts
into the papillary interstitium will follow the sodium osmoucally.
Volume flow in the ascending limb of the loop and in the first
part of the discal segment may be estumated to be 18 to 20 ml.
per min. It will be greater than the volume entering the loop of
Henle from the proximal tubule by the amount of water reabsorb-
ed from the collecting ducts. On the other hand, if we accept the
hypothesis of Gottschalk that sodium diffuses passively into the
descending Iimb of Henle's loop, then the water reabsorbed from
the collecting ducts will largely enter the blood capillaries of the
medulla and papilla; the volume leaving the loop of Henle may
not differ greatly from the volume entering ir. The point of
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Berliner has illustrated the operation of the counter-current
vascular loop in terms of a thermal model presented in Figure 11,
A. B. Consider the tube shown in diagram A on the left, cthrough
which water flows at a constant rate of 10 m}. per min. A source
supplies heat at a rate of 100 calories per min, If the fluid entering
the system has a temperature of 30°C., that leaving the system
will have a temperature of 40° C. If the tube is bent upon itself,
as shown in diagram B, insulated to prevent heat loss to the out-
side, but so arranged as to permit free transfer of heat between
emergent and entering streams, certain features of operation will
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Fig. 11 The principal of counter current exchange, A, Thermal model without
counter current exchange, B, Thermal model mcorporating counter current
exchange. C. Counter current exchange in medullary capillary loops ss a means
of preservation of ussue hypertoniarty. (From RAV. Berliner, N.G Levinsky,
T.G. Davidson, and M. Eden. 4wz, J. Med., 24.730, 1958.)
change. If rate of fluid flow, the addition of heat, and the tempera~
wure of the entering stream are the same, the temperature of the
emergent stream will also be the same. However, the temperature
at the heat source will be much higher in the counter-current
system, for some of the heat will be transferred from the out-
flowing to the inflowing streams. If one considers the function of
the stream of water to be that of cooling the heat source, ir is
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As it flows along the collecting duct the tbular fluid gives up
water to the medullary and papillary interstitium. Volume is
reduced to 0.3 to 0.5 ml. per min. and osmolar concentration is
increased to 1200 to 1400 mOsmols per liter, essentially that of
the papillary tissue.

NATURE OF MECHANISMS FOR TUBULAR TRANSPORT
OF IONS

In all of the preceding discussion it is implied if not explicitly
stated thar the tubular transport of sodium is primary and active,
that of chloride and bicarbonate secondary and passive. We may
loosely define active transport of an ion as net movement of that
fon from a region of lower to a region of higher electrochemical
potential; passive transport, as net movement from a region of
higher to 2 region of lower clectrochemical potential. While this
definition by no means covers all possibiltties, it is adequate for our
purposes. That sodium transport by the renal tubules is active,
i.e., uphill against an electrochemical gradient, is highly probable.
That chlonde and bicarbonate transport is downhill along an
electrical gradient will become apparent when we consider
potential differences between tubular Iumen and bloodstream.
That there is no active transport of these anions has not been
firmly established. However, the assumption of active sodium
reabsorption and passive chlonde and bicarbonate reabsorption is
reasonable, for it brings the basic transport mechanisms of renal
tubular cells into line with those of red cells, muscle cells and
perve cells. Smith, Weston, Berhner and others have suggested
this possibility. We shall develop the thesis in somewhat more
de}ail, borrowing liberally from the transport mechanism of frog
skin outlined by Ussing and from those of red cells, muscle cells
an}c‘l nerve cells described by Shaw, Glynn, Hodgkin, Keynes and
others.

Ussing has pointed out that certain purely physical forces apart
from active transport can operate to cause the net transfer of jons
across membranes. These include, (1) differences in concentration,

(2) differences in activity cocfficients, (3) differences in electrical
potential between phases in contact with the membrane and
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difference is an academic one and it makes litele difference which
view is accepted. The degree of hypotonicity of the fluid cntering
the first pare of the distal tubule will be conditioned by the rate of
uptake of solute free water from the collecting ducts and by the
rate of loss of salt from the medullary interstitium to blood flow-
ing in the papillary capillary loops. Counter-cusrent exchange of
solute in capillary loops is of course not completely effective and
any salt lost to the blood must be replaced from the fluid in the
ascending limb of Henle’s loop. Since the tubular Auid remains
hypotonic to a point where the convolutions of the distal segment
approach the parent glomerulus, it is evident tha the epithelium
to this point must be impermeable to water.

As shown in Figure 9, sodium reabsorption continues in the
distal tubule. In the maximally hydrated individual, the concen-
tration of circulating antidiuretic hormone is minimal and the
distal tubule and collecting ducts arc impermeable to water. Con-
tinued reabsorption of sodium reduces concentration to a Very
Iow value and a large volume of dilute urine is excreted. The rate
of urine flow will be roughly the same as the rate at which
proximal tubular fluid is delivered into the descending Limb of
Henle's loop. Relatively litele fluid will be gained in the loop of
Henle, relatively little lose in the distal tubule and collecting dl{CL

In the hydropenic individual, the ration of circulating
antidiuretic hormone is high and both distal tubules and collecting
duets are permeable to water. Hypotonic urine delivered into tht
distal segment loses water to the cortical interstitium, Continued
reabsorption of sodium creates an osmotic force which causes
furcher reabsorption of water. Volume is reduced from 18 to 20
ml. per min. at the beginning of the distal tubule to 3 to 6 ml. per
min. at the end. The tubular fluid is isotonic as it enters che collect-
ing ducts and contains most of the products destined for excretion."

_
#Ullrich and his associates have recently shown by a remarkably ingenions method
- " v ety T e Ty s reabsorbed
. - ammonia and

. - . - . - of the orifices

of collecting ducts at the tip of the papilla with filamentous polyethy lene tubes
Minute samples of urine were collected at various levels as the catherers were

advanced.



RENAL FILTRATION, REABSORPTION, AND EXCRETION 73

the continued inward diffusion of sodium from the tubular Jumen.
One view would be to consider that the sodium transport mecha-
nism is an electrogenic ion pump; ie. the pumping of sodium
directly establishes the potential difference, positive outside, nega-
tive inside. If this were true, potassium would migrate into the

TUBULARURINE PROXIMAL TUBULE CELL PERITUBULAR FLUID

E=—20my E=-8Imy E=Omv.
140mEq/L N€ Na_ .
UOmgqn. CI c1m®*Na= 140mEq/L

CIZ1l0mEg/L

vl
CI'—H—- v
Fig. 12. Hypothetical mechanism of twansport of sodrum and

chionde ions by proximal rubular cells. (From R.F. Pires Ams.
J. Med., 24.745, 1958.)

cell along this electrical gradient until the high ratio of intracellular
to extracellular potassium concentration would just balance the
potential difference. Another view, more in lne with current
thinking on frog skin, nerve, and muscle and jllustrated in Figure
3 A, B would be that the sodum pump is electrically neutral due
to coupling of inward of potassium with extrusion of
sodum. The transcellular potential then becomes a potassium
diffusion potential. No net flux of potassium need occur if passive
outflux were to equal active influx; ie., if the cell were to leak
potassium back into the peritubular fluid as rapidly as it transports
sodmam.

Let us further assume that chloride is free to diffuse out of the
cell into the peritubular fluid. If diffusion is free, one can calculate
from the Nernst equation and the potential difference of 81 milli-
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finally, (4) solvent drag force, arising from passage of solvent
through the membrane. None seems capable of contributing to
an understanding of the overall mechanism of active sodium trans-
port. At least one, namely differences in electrical potential be-
tween phases in contact with the membrane, probably plays an
importane role in the reabsorption of chioride and bicarbonate.
Solvent drag may play a role in the reabsorption of alf components
of the filtrate not reabsorbed solely by carrier mechanisms,

Wilbrandt, Sidney Solomon and more recently Giebisch, utiliz-
ing microelectrodes, have recorded porentials berween the tubular
lumen and peritubular fluid, the so-called transtubular potentials.
In addition Giebisch has recorded potentials berween the interior
of proximal rubular cells and the perirubular fluid, the so-called
transceliular potentials. Both transubular and transcellular poten-
tials play key roles in the thesis we wish to develop. The only
complete measurements of both potential values are those of
Giebisch on the amphibian kidney; however, we shall make the
extrapolation, partially justified by Solomons measurements, that
equal or higher potential differences occur in the mamma!ia'n
kidney. In any event the reader should realize that the hypothesis
we shall advance is tentative and represents merely a personal
synthesis of evid too frag y and i plete to constitute
proof.

Nature of Proximal Tubular Tronsport of Sodinm and
Chloride. According to Giebisch there exists a transcellular
potential difference of 60 to 90 millivolts between the intetior of
proximal tubular cells and peritubular fluid in the kidney of
Necturus, The interior of the cell is negative to its surroundings-
A transtubular potential difference of around 20 millolts exists
berween tubular Jumen and peritubular flmd. The lumen of the
tubule is negattve to the peritubular fluid. The relationships of
these potentials are represented diagrammatically in Figure 12.

Let us assume that the tr flular potential is basically estab-
lished by 2 pump which actively extrudes sodium from the cell
into the perirubular fluid. The pump operates continuously and at
such a rate that the sodium content of the cell is maintained at a
Jow value, perhaps 1/10th or Jess that of extracellular fluid, despite
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the continued inward diffusion of sodium from the tubular lumen.
One view would be to consider that the sodium transport mecha-
nism is an electrogenic ion pump; ie. the pumping of sodum
directly establishes the potential difference, positive outside, nega-
tive inside, If this were true, potassium would migrate into the

TUBULARURINE PROXIMAL TUBULE CELL PERITUBULAR FLUID
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Fig. 12. Hypothetical mechanism of transport of sodmm and

chloride ions by proumal twbular cells. (From RF. Purs: A,
T Med, 24 745, 1958)

cell along this electrical gradient until the high ratio of intracellular
to extracellular potassium concentratson would just balance the
potential difference. Another view, more in line with current
thinking on frog skin, nerve, and muscle 2nd illustrated in Figure
3 A, B would be that the sodium pump is electrically neutral due
to coupling of mnward mov of potassium with extrusion of
sodmm, The transcellular potential then becomes a potassium
diffusion potential, No net flux of potasstam need oceur if passive
outflux were to equal active influx; ie., if the cell were to leak
Potassium back into the peritubular fluid as rapidly as it transports
sodium,

Let us further assume that chlonde is free to diffuse out of the
cell into the peritubular fluid. If diffusion is free, one can calculate
from the Nernst cquation and the porential difference of 81 milli-
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finally, (4) solvent drag force, arising from passage of solvent
through the membrane. None seems capable of contributing to
an understanding of the overall mechanism of active sodium trans-
port. At least one, namely differences in electrical potential be-
tween phases in contact with the membrane, probably plays an
important role in the reabsorption of chloride and bicarbonate.
Solvent drag may play a role in the reabsorption of all components
of the filtrate not reabsorbed solely by carrier mechanisms.
‘Wilbrandt, Sidney Solomon and more recently Giebisch, utiliz-
ing microelectrodes, have recorded potentials berween the tubular
lumen and peritubular fluid, the so-called transtubular pu[cnti%ls‘
In addition Giebisch has recorded potentials between the intetior
of proximal tubular cells and the peritubular fluid, the so-called
transcellular potentials. Both transtubular and transcellular poten-
tials play key roles in the thesis we wish to develop. The only
complete measurements of both potential values are those of
Giebisch on the amphibian kidney; however, we shall make the
extrapolation, partially justified by Solomons measurements, [‘:la(
equal or higher potential differences occur in the mammahafl
kidney. In any event the reader should realize that the hypothesis
we shall advance is tentative and represents merely a personal
synthesis of evidence too fragmentary and incomplete to constitute
proof.
Nature of Proximal Tubular Transport of Sodium and
Chloride. According to Giebisch there exists a transcellular
potenual difference of 60 to 90 millivolts berween the interior of
proximal tubular cells and perstubular flud in the kidney of
Necturus. The interior of the cell is negative to its surroundings.
A transtubular potential difference of around 20 millivolts exists
between tubular lumen and pertubular fluid. The lumen of the
tubule is negative to the peritubular fluid. The relationships of
these potentials are represented diagrammatically in Figure 12.
Let us assume that the transcellular potential is basically estab-
lished by a pump which actively extrudes sodium from the cell
into the peritubular fluid. The pump operates continuously and at
such a rate that the sodium content of the cell is maintained at 2
low value, perhaps 1/10th or less that of extracellular fluid, despite
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diffuse from cell to tubular lumen are buffered by bicarbonate
ions to form carbonic acid. The carbonic acid dehydrates to CO,
and water, the CO, diffusing into the cell to re-enter the bicar-
bonate cycle. Since sodium and water are reabsorbed and bicarbo-

TUBULARURINE PROXIMAL TUBULE CELL PERITUBULAR FLUID
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Fig 13. Hypothetical mechanism of transport of sodwm and
bicarbonate 10ns by proximal tubular cells. (From R.F. Pitts
Am, | Med,, 24 745, 1958.)

nate disappears at equivalent rates, the bicarbonate concentration
and pH of the residual fluid will remain unchanged.

The simplified diagram at the bottom of Figure 13 illustrates
the overall operation of the proximal ion reabsorptive system.
Sodium is actively transported from lumen to peritubular fluid.
Chloride diffuses passively in the same direction, but since its
diffusion is restricted relanve to sodium transport, the transtubular
potential difference of 20 mullivolts develops. Hydrogen ions
diffuse into the tubular lumen along this electrical gradient.

Many readers may legitmately enquire why such a complicated
mechanism need be postulated to explain reabsorption of bicar-
bonare if the rather simple one of movement down an electrical
gradient suffices for chlonde. The answer is that a number of



% THE PHYSIOLOGICAL BASIS OF DIURETIC THERAPY

volts that the intraceliular chloride concentration will be low,
roughly 5 mEq. per liter, If one further assumes that there is
some restriction to the diffusion of chloride into the cell from the
tubular Jumen relative to sodium, one can account for the trans-
tubular potential of minus 20 millivolts, This is clesser in the
simplified diagram at the bottom of Figure 12, in which the rubular
epithelium is represented as a single membrane, Active transport
of sodium accompanied by passive diffusion of chioride will lead
1o the development of a transtubular patential of proper sign, if
chloride diffusion lags behind sodium transporr. Were chloride
to diffuse as fast, it would short circuit the sodium pump and no
transtubular potential would exist. We feel that this transtubular
potential plays an important role in the sodium-hydrogen exchange
process which Berliner, Schwartz, Gilman, and Pitts believe to
be important in the reabsorption of bicarbonate in the proximal
tubule. One obvious ambiguity in Figure 12 is that we have cited
amphibian potentials and lian ion rations. This is
done purposely to emphasize the fact that we are iffustrating 2
concept, not attempting to prove a thesis.

Nature of Proximal Tubular Transport of Bicarbonate. Tl_\c
cell represented in Figure 13 might well be the same one shown in
Figure 12. However in this second dizgram, sodium and bicarbo-
nate reabsorption rather than sodium and chloride reabsorption is
iltustrated. The sodium pump establishes the transceltular potencial
of 81 millivolts., Let us assume that the luminal border of the cell
is essentially impermeable to bicarbonate ion but that the per-
rubular border is as permeable to bicarbonate as to chloride. We
can then calculate that the internal bicarbonate concentration will
be low, of the order of magniture of 1.0 mEq. per liter. This is
equivalent to the Boyle and Conway formulation of the Donman
distribution of bicarbonate m muscle. If the cell is permeable o
dissolved COy the pH of its contents will be roughly 6.1. Hydro-
gen fons are therefore more than 20 times as concenrated within
the cell as in the tubular urine. They will diffuse ounward from
¢he cell into the tubular lumen despite the ner electrical gradient
of 61 millivolts opposing diffusion. No active transport of hydro-
gen jons would necessarily be required. The hydrogen jons which
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ever, the observation of modest acidification of proximal tubular
urine does not demand active transport of hydrogen jons.

Nature of Distal Tubular Transpors of Sodium, Hydrogen
and Potassium. The distal transport mechanisms are undoubtedly
much more complicated than the proximal mechanisms just de-
scribed. This statement derives from the following facts. First, in
forming urine of pH 4.4 from plasma of pH 7.4, a process now
definitely localized to distal portions of the nephron in both the
amphibian and mammalian kidney, hydrogen ions must be trans-
ported against a gradient of 1,000 to 1. Were this a passive transfer,
it would demand a transtubular potential of the order of 180
millivolts, a value far in excess of any measured by Solomon or
Giebisch in either the rat or Necturus. Second, in forming dilute
urine, distal tubular cells can remove sodium almost completely
from the tubular fluid, cerrainly against a gradient of 50 to 1.
Third, as Berliner, and others have shown, hydrogen jons and
potassium ions compete for the sodium exchange mechanism.

TUBULARURINE  DISTAL TUBULE CELL  PERITUBULAR FLUID

Fig. 14. Hypothetical mechamsm of distal tubular and/or
duct cells d with P of sodum

1ons m exchange for hydrogen 1ons and potassium tons. (From
RF. Purs. A, J. Med,, 24 745, 1958)

These three facts prompt us to postulate the existence of two
sodium pumps in the distal tubular cell as shown in Figure 14.
One, located in the luminal membrane, is 2 coupled jon exchange
pump, transporting sodium ions into the cell in exchange for either
hyd.mgen or potassium ions. However, this pump transports more
sodium in an inward direction than it does hydrogen and potas-
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fines of evidence suggest thar bicarbonate is reabsorbed indirectly,
and that the mechanism involves hydrogen for sodivm exchange
coupled with carbon dioxide diffusion. Inhibitors of the enzyme
carbonic anhydrase partially block bicarbonate reabsorption, im-
plying that the reaction

€O, + Ho Sbode anbyduse 4 oo, 4+ HCO;

is a significant step in the transport process, An increase in pCO;
of the blood, which drives the reaction to the right and increases
the hydrogen ion concentration within the tubular cells, facilitates
the reabsorption of bicarbonate. Lowering the pCO, of the blood
by hyperventilation inhibits rcabsorption, Were bicarbonate reab-
sorbed s a stable ion species as is chioride, one would nor expect
transport to be affected by the above mentioned factors.

Some readers may object to the thesis outlined in Figure 13 on
the basis of the low pH of the interior of the tubular cell.
Although Boyle and Conway and Conway and Fesron maintain
that the intracellular pH of muscle is 6,0, Wallace and Hastings
and Gardner, MacLachlan and Berman claim it is between 6.4 a.nd
6.9. Anderson and Mudge calcolate thar the pH of the interior
of cells of renal cortical slices varies from 7.0 to 7.4. Actually It
is not necessary for the pH of proximal cells to be as low as 6.1
for hydrogen ions to diffuse from cell contents to lumen.

If the transtubular potential js greater than 20 millivolrs, the pH
of the mbular cell conld be higher than 6.1 and passive diffusion
of hydrogen ions mght still occar. The value of 20 millivolts for
transtubular potential applies to the amphibian kidney; potentisls
as high as 39 millivolts have been recorded from proximal tubules
of rars. It is possible, therefore, for the cell pH to be within 2
mare reasonable range, yet passive diffusion of hydrogen ions
might still occur. That transport is passive is far from praven.

Indeed recent observations of Gotrschalk, Giebisch, and Wind-
hager that the urine may be acidified in the proximal segment in
osmotic diutesis suggest the possibibity of active transport of
hydrogen ions. Differences between proximal and distal jon trans-
port smechanisms may be more quantitative than qualitative. How-
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Hoeber had shown that acidification is depressed by sulfanilamide,
an inhibitor of the enzyme carbonic anhydrase. Pitts and Alex-
ander found thar sulfanilamide markedly reduced the excretion of
titratable acid by the acid and phosphate loaded dog. They inter-
preted these results in terms of the diagram presented in Figure
15A.

Allkaline dibasic sodium phosphate enters the renal tubule in
the glomerular filtrate and is converted in the distal segment into
acid basic sodium phosphate by the excl of one hydro-
gen ion for one sodium ion per molecule of phosphate. The
hydrogen ions are derived from carbonic acid, formed within
distal tubular cells by the hydration of carbon dioxide, a reaction
which is catalyzed by carbonic anhydrase. In the presence of
enzyme inhib such as sulfanilamide, hydration of carbon
dioxide to carbonic acid slows, and the rate at which hydrogen
ions are presented to the exchange mechanism is reduced. The
excretion of titratable acid is depressed. Under normal conditions,
the hydrogen ions exchanged for sodium ions are excreted as

dium-dihydrogen phosph i.e,, as titratable acid. The
sodium ions are restored to the blood stream along with equivalent
numbers of bicarbonate jons. Pitts and Alexander pointed our that
the exchange of hydrogen ions for sodium jons in the formation
of acid urine is an energy consuming process. Figure 14 illustrates
this fact in terms of a coupled ion pump located in the Juminal
membrane of the tubular cell and concerned with the active
extrusion of hydrogen and the active reabsorption of sodium ions

Exchange of Hydrogen Ions for Sodium Ions in the Distal
Tubular Reabsorption of Sodium Bicarbonate was proposed a
year later by Pitts and Lotspeich. This concept is lustrated in
Figure 15B. Under normal conditions, much more bicarbonate
than phosphate enters the distal tubules. The exchange of hydro-
gen for sodmm converts bicarbonate ions in the tubular urine
into carbonic acid. This carbonic acid dehydrates to some extent
to CO; and H.O, and the CO, diffuses back across the tubular
epithelium to enter the hydration cycle i the wubular cell. The
sodium ions are reabsorbed along with equivalent numbers of
bicarbonate jons, Distal reabsorption of bicarbonate Iike distal
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sium in an outward direction. Chloride is reabsorbed in an amount
sufficient to achicve jonic cquivalence. It is possible thar this
reabsorption of chioride is passive, the ions moving downhill into
the peritubular fluid along an clectrochemical gradient in much
the same fashion and driven by the same forces postulated in the
proximal tubule. The movement of bicarbonate ions from the
interior of the cell to the peritubular fluid may also be downbill
along the existing potenual gradient. A second pump, located in
the peritubular membrane of the cell, ejects sodium from the cell,
maintaining the intracellular sodium concentration ar a low value.
This pump like that of the proximal tubular cell originates the
transcellular potential in some manner or other. It might be an
electrogenic ion pump or it might be electrically neutral and
transpore potassium jons into the cell by the coupled carrier
mechanism postulated earlier.

OPERATION OF ION EXCHANGE PROCESSES IN THE
DISTAL NEPHRON
An appreciation of the operation of distal tubular jon exchange
in the regulation of acid-base balance and potassium metabolism is
necessary for an understanding of the mechanism of diuresis
induced by acidifying salts, potassium salts, and carbonic anhiy-

drase inhibi and for clucidation of the potassium deficit which
may result from intensive therapy with any dwretic. Norm'ﬂ
operation of the jon exct hanisms will be corsid

briefly in the following paragraphs; alterations in their operation
in diusetic therapy will be discussed in Chapters XI, XVII, XVIIl
and XIX.

Evidence for Exchange of Hydrogen lons for Sodium lous in
the Formation of Urinary Titratable Acid was first presented by
Pitts and Alexander in 1945. They observed that dogs, rendered
acidotic by the administration of ammonium chioride and infused
with latge quantities of neutral sodium phosphate, excrete far
more tirratable acid in the vnine than is present in the glomernlar
filtrate. The renal tubules must add hydrogen ions to the tubular
urine. Earlier Montgomery and Pierce had observed that the urine
is acidified in the distal segment of the amphibian nephron, and
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buffer content of the urine is low. Briggs, Pitts, Berliner and
athers have proposed that ammonia diffuses passively from tubular
cells into tubular urine down a gradient of hydrogen ion concen-
tration, Walker first showed in the amphibian kidney that am-
monia is secreted into the tubular urine at the site of acidification,
a finding confirmed by Pitts et al in the mammalian kidney by
means of the “stop-flow” technique described in Chapters XV1
and XVIL ¥ as shown in Figure 15C, only salts of strong non-
buffer acids arc present in the urne in appreciable quantities,
essentially no titratable acid can be excreted, for the tubules can
develop 2 hydrogen ion gradient no greater than 1,000:1 between
urine and blood (urine pH, 4.4; blood pH, 7.4). Accordingly
Iitrle sodium could be salvaged by an ion exchange process which
resulted only in formation of titratable acid, for under normal
conditions, the amount of fixed buffer available to neutralize
hydrogen ions in the urine is relatively small. However, ammonia
diffuses from tubular cells into acid urine as un-ionized NH,,
buffers Ht jons to form NH.* ions, and permits the continued
exchange of H+ for Na* ions. Ordinarily ammonia buffers two to
three times the quantity of hydrogen ions buffered by phosphate
and anions of other weak acids.

According to Van Slyke, Archibald and their associates, distal
tubular cells contain an enzyme glutaminase which catalyzes the
hydrolysis of glutamine to glutamic acid and ammonia. Most of
the yrimary ammoniz is derived from glutamne, delivered to the
distal tubular cells in the petitubular blood. A minor source of
urinary ammonia is amino acids, oxidatively deaminized to the
corresponding  keto acids and ammonia. Cell membranes are
relatvely permeable to un-ionized NHy impermeable to NH,*
ions. Ammonia therefore diffuses from its site of formation within
tubular cells to lumen, where it is trapped as ammonium jon.
The actual transport of ammonia is passive and dependent on a
gradient of concentration across the lummal membrane of the cell.

Particip of lon Exchange Mechanisms in Acid-Base Regu-
lation. . The three mechanisms described above participate in the
regulation of acid-base balance in the following way. The usnal
mized diet is acid ash; i.e, its content of fixed acid anions, chloride,
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elaboration of titratable acid is depressed by carbonic anhydrasc
inhibitors. In fact the two mechanisms are one and the same, If
little bicarbonate and much fixed buffer (phosphate) is present
in distal tubular urine, the exchange of hydogen ions for sodium
ions results mainly in the formation of titratable acid, If much
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Fig. 15, The opetation of the distal tubulsr and/or collecting duct fon exchange
mechanism in the regulationt of 2e1d base balance and 13 the regulation of potassivm
content of extracellular flwd.

bicarbonate and little phosphate is present, the exchange of hydro-
gen ions for sodium jons results mainly in the reabsorprion of
bicarbonate. i Loms by 4 . . e e

Buffering of Hydrogen Ions by Ammonia permits continyed ex-
changﬁe of gixydrogen jons for sodium fons even though the fixed
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exchanged for sodium ions, body stores of potassium are depleted
and acidosis results,

Under normal conditions some 80 per cent of the filtered
potassium is reabsorbed, only 20 per cent is excreted (see Table
1V). Berliner believes that all of the filtered potassium i5 reab-
sorbed in the proximal tubule and that the moiety excreted is
derived entircly from that secreted by the distal tubules in
exchange for sodum. The evidence for this statement is by no
means conclusive.

Ullrich and his associates have recently demonstrated by the
ingenious technique of catheterizing the orfices of collecting ducts
with filamentous polyethylene catheters that hydrogen-sodium
exchange and ammonsa secretion are functions of the collecting
ducts as well as of the distal convoluted tubules. One should there-
fore describe these mechanisms as located in the distal nephron,
not as previously, in the distal convoluted tubule. “Stop-flow”
studses are consonant with this view.

Electron Microscopic Studies of Renal Tubules have demon-
strated an amazing complexity and diversity of structure in the
several segments of the nephron. Unfortunately, our understand-
g of both structure and function is at present too madequate to
permut the formulation of any very sigmficant correlations be-
wween the two. However, to a physiologist, the following mor-
phological features seem especially pertinent to an understanding
of function.

First, the areas of the luminal and basal surfaces of tubular
cells are tremendously increased by a complicated series of

inations and invaginations of the limiting plasma membrane
(see Fig. 16). In the proximal segment, the luminal surface of the
cell 15 densely populated with cylndrical fingerlike evaginations,
called mucrovills, the brush border of light microscopists, These
processes average 10,000 A (1 micron) m length and 700 A m
diameter. They are covered with a thin plasma membrane and are
otherwise structureless. In the conventionally fixed specimen, they
are closely packed, some 215 per square micron, although in life
with the tubule distended, they are no doubt separate and free
floating in the tubular fluid. Tiny coiled ducts, which open at the
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phosphate, and sulfate exceeds its content of fixed cations, sodium,
potassium, calcium, and magnesium. Stated in another way, the
normal diet imposes a fixed acid load on the body, a load which is
neutralized by buffers of the body fluids, largely bicarbonate. If
the acid anions were excreted as sodium salts, body reserves of
buffer would be depleted and body fluids would become acid.
Actually sodium is conserved, and the excess of anions is excreted
cither as titratable acid (mechanism A of Fig. 15) or in combi-
nation with ammonia (mechanism C of Fig. 15). The filtered
sodium bicarbonate which escapes reabsorption in the prosimal
segment is completely removed from the distal urine (mechanism
B of Fig. 15).
Exchange of Potassinm lons for Sodinm Ions is involved in the
regulation of acid-base balance and in the regulation of extra-
cellular concentration and, indirectly, total body content of patas-
sium. The exchange mechanism was first described by Berliner,
Gilman and Mudge. B they early recognized that hydrogen
ions and potassium ions compete in exchange for sodium, the
mechanism was assigned to the distal tubule. Confirmation of distal
localization in the nephron of the dog has been provided by studies
utilizing the “stop-flow” technique, Figure 15D illustrates the
major characteristics of potassium exchange. If cellular and extr2-
cellular reserves of potassium are increased by the administration
of potassium salts, potassium jons rather than hydrogen fons are
exchanged for sodium. Failure to excrete hydrogen ions results in
the development of hyperkalemic metabolic acidosis, usually of
minor proportions. If cellular and extracellular reserves of potas-
sium are depleted due to inadeq intake or excessive loss,
hydrogen rather than potassium jons are exchanged for sodium.
Enhanced excretion of hydrogen ions results in the development
of hypokalemi bolic alkalosis, a form of alkalosis resistant
to treatment except by correction of the potassium deficit, Adrenal
steroids enhance the overall activity of the exchange mechanism,
thus increase both hydrogen and potassiom exchange. Steroid
excess therefore induces both hypokalemia and alkalosis. Inhibi
of carbonic anhydrase reduce the supply of hydrogen ions to the
h hanism, Potassium rather than hydrogen jons are
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The basilar surfaces of both proximal and distal tubular cells
are extensively infolded to form what are called cytoplasmic
lamellae by Rhodin. These lamellae penetrate more or less deeply
into the tubular cell (see Fig, 16) to divide its basal portion into
a series of narrow open ended compartments in which mitochon-
dria are linearly arranged. The basement membrane follows these
invaginations, forming a double walled slit in open communication
with the peritubular space. The slits are extensively branched and
intercc d and dously increase the area of the basal
surface of the cell. In the proximal segment and collecting ducts,
the slits penetrate less deeply into the soma of the cells and the
mitochondria are less obviously aligned with the surface invagina-
tions than in distal cells. One might theorize that the arrangement
in distal tubular cells would especially favor active pumping of
ions. Mitochondria adjacent to the surface invaginations could
supply phosphate bond energy to drive 1on pumps in the mem-
brane. Perhaps the ahgnment of mitochondria and shits is more
evident in distal cells because of the greater energy expenditure
demanded by the development of ion gradients in this segment.

A second feature of some sigmficance 1s the dehcate structure
of peritubular capillaries. These vessels consist of a very thin
fenestrated endothelial layer and a thin basement membrane, They
are closely applied to the tubular cells. The system appears to be
one which would permit the ready transfer of water and solutes
between tubular cells and blood stream.

A third feature of note are the specilizations to form a “tight
tube.” In proximal and distal tubules trabecular processes extend
out radially from the basal portions of the cells. These trabeculae
inserr under adjacent cells and interlock with trabeculae of those
cells. In the thin segment of the loop of Henle, where the cells are
much attenuated, the cell borders are serrated and enmesh as a
series of gear teeth. or more appropriately as pieces of a jig saw
puzzle. Throughout the tubule, the chinks between cells are sealed
at the luminal surface by terminal bars The arrangement would
appear to be one to ensure that whatever crosses the tubular
epithelum in cither direction does so by transfer through the cell.
Leakage between cells must be minimal. The correlations of
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bases of the microvilli, penetrate into the soma of proximal cells.
Some of these ducts connect with cytoplasmic vacuoles, Microvilli
and microducts are most numerous in the convolured portion of the
proximal tubule. They diminish in number in the thick descending
portion of Henle’s loop, and are present only in rudimentary form

|

Fig. 16, Schematic representanon of the structure of a proximal
tubular cell as revealed by the electron microscope. {From J.
Rhodmn: Thesis, Stockholm, 1954, Karolinska Institute )

in the thin segment of the Joop, distal subule and colleering duct.
These structures greatly increase the luminal surface avaifable for
diffusion, in fact for exchanges of any type between cell and
tubular fluid. In view of the large quantitics of water, sodium,
chioride and hydrogen ions transferred across the luminal borders
of proximal rubular cells, microvilli and microducts might be
considered as rather simple but effective specializations increasing
surface and therefore favoring bulk transfer.
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The basilar surfaces of both proximal and distal tubular cells
are extensively infolded to form what are called cytoplasmic
lamellae by Rhodin. These lamellae penetrate more or less deeply
into the tubular cell (see Fig. 16) to divide its basal portion into
a series of narrow open ended compartments in which mitochon-
dria are linearly arranged. The basement membrane follows these
invaginations, forming a double walled slit 1 open communication
with the peritubular space. The slits are extensively branched and
interconnected and tremendously increase the area of the basal
surface of the cell. In the proximal segment and collecting ducts,
the slits penetrate less deeply into the soma of the cells and the
mitochondria are less obviously aligned with the surface invagina-
tions than in distal cells. One might theorize that the arrangement
in distal tubular cells would especially favor active pumping of
ions. Mitochondria adjacent to the surface invaginations could
supply phosphate bond energy to drive ion pumps in the mem-
brane. Perhaps the alignment of mitochondria and slits is more
evident in distal cells because of the greater energy expenditure
demanded by the development of ion gradients in this segment.

A second feature of some significance is the delicate structure
of peritubular capillaries These vessels consist of a very thin
fenestrated endothelial layer and a thin basement membrane, They
are closely apphed ro the tubular cells. The system appears to be
one which would permit the ready transfer of water and solutes
between tubular cells and blood stream.

A third feature of note are the specalizations to form a “tight
tube.” In proximal and distal tubules trabecular processes extend
out radially from the basal portions of the cells, These trabeculae
insert under adjacent cells and interlock with trabeculae of those
cells. In the thin segment of the loop of Henle, where the cells are
much attenuated, the cell borders are serrated and enmesh as a
series of gear teeth. or more appropriately as pieces of a jig saw
puzzle. Throughout the tubule, the chinks between cells are sealed
at the luminal surface by terminal bars. The arrangement would
appear to be one to ensure that whatever crosses the tubular
epithelium 1n either direction does so by transfer through the cell.
Leakage berween cells must be minimal. The correlations of
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structure and function outlined above must be considered only as
speculations.

SUMMARY

Urine formation begins with the ultrafiltration of large volumes
of plasma through the porous walls of the glomerular capillary
tufts. The glomerular ultrafiltrate contains all crystalloidal com-
ponents in essentially the same concentrarions as exist in the
aqueous phase of the plasma from which it is formed. To prevent
rapid exhaustion of limited body reserves, the bulk of the filered
water and of the filtered sodium, chloride, and bicarbonate ions is
reabsorbed by the renal tubules; less than 1 per cent is normally
excreted. It is possible to account for a number of these reab-
sorptive functions in terms of the active tubular transport of 2
single jon species, sodium.

It is probable that sodium pumps, located in the peritubular
membrane of proximal tubular cells, account for the active reab-
sorption of the major fraction (4/5ths to 7/8ths) of the filtered
sodium. The electrical forces set up by such pumps may cause the
passive mugration of chloride ions into the blood stream along a
favorable electrical gradient. Bicarbonate ions may be reabsorbed
mndirectly in the proximal segment by the passive migration of
hydrogen 10ns from tubular cell to tubular lumen, The osmotic
force created by the active reabsorption of ions and other solutes
accounts for the passive transfer of an equivalent proportion of
the water.

The conditions govermmng ion reabsorption in the loops of
Henle, in the distal tubules, and in the collecting ducts are more
demanding. Concentration gradients developed for sodium and
hydrogen ions and the interrelations of sodium, hydrogen and
potassiom transport suggest that the reabsorptive mechanisms in
the distal parts of the nephron are more complicated. Perhaps two
types of sodium pumps are necessary, one type located in the
Juminal membrane, the other in the peritubular membrane. Both
may be coupled ion pumps.

The elaboration of urine hypertonic to the blood plasma, 2
funcrion now generally conceded to reside in the collecting
ducts, need not involve the active transpore of water. The active
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pumping of sodium from the ascending limbs of the loops of Henle
into the interstitium of the medulla and papilla renders the tissue
hypertonic. Water moves from the collecting ducts into the intex:-
stitium by osmosis; the osmolal concentration of the final urine is
essentially the same as that of papillary tissue.

REFERENCES

1. Bavusss, L. E.- The process of secretion, in Modern Views On
The Secretion of Urine, F. R. Winton, Ed., London, J. & A.
Churchill, Ltd, 1956.

2. BeruNEr, R. W,, Levinsky, N. G., Davioson, D. G, and Epex,
M. Dilution and concentration of the urne and action of anti-
diureitc hormone. A J. Med., 24:730, 1958.

3. Gienisan, G.: Electrical potential measurements on single nephrons
of Necturus. J, Cell, Physiol., 51:221, 1958.

4. GorrscuaLx, C. W. and Mvire, M.: Micropuncture study of the
mamumalian urinary concentrating mechanism- evidence that the
loop of Henle participates in a connter-current multiplier system.
Ams. J. Phystol., 196:927, 1959.

5. Hireer, H. H., Kuuneer, J. D and Uririen, K. J.: Wasserruck-
resorption und lonentransport durch die Sammelrohrzellen der
Saugetierniere. Pflugers Arch , 267:218, 1958,

6 Hosuigo, T., Swanson, R. E., and Visscuer, M. B. Excretion of
Na* and K* by the perfused bullfrog kidney and the effect of
some poisons. Am. [, Physiol , 181:542, 1956.

7. Mawviy, R, L., WiLor, W, S, VANDER, A J., and Surrtvan, L. P.:
Localization and characterization of sodwm transport along the
renal tubule. Am. J. Physiol , 195549, 1958.

8, PApPENHEIMER, J. R. Uber die Permeabilttat der Glomerulum-
membranen in der Niere. K. Webnschr , 33:362, 1955,

9. Peasg, D. C. Fine structure of the kidney seen by electron micro-
scopy. J. Histochem. & Cytochem., 3:295, 1955.

10. Prrrs, R. F.: Acid-base regulation by the kidneys. dm. J. Med,,
9:356, 1950.

11. Prrrs, R, F: Some reflections on mechanisms of action of druretics
Am, J Med., 24 745, 1958.

12. Prrrs, R, F, Guro, R. S, Kessuer, R. H., and Hierrorzer, K..
Locahzation of acidification of urine, potassium and ammonia
secretion and phosphate reabsorption m the nephron of the dog.
Am J. Pbysiol., 194:125, 1958.



88 THE FHYSIOLOGICAL BASIS OF DIURETIC THERAPY

13. Ricraros, A. N.: Urine formation in the amphibian kidney. Harvey
Lect., 30:93, 1934-35.

14. Ruoomy, J.: Electron microscopy of the kidney., Am. J. Med., 24:
661, 1958.

15, Serxurt, E. E: Sodium excretion by the mammalian kidney.
Physiol. Rev., 34:287, 1954,

16. Sarrr, H. W.: Principles of Renal Physiology. New York, Oxford
Press, 1956.

17. Ussing, H. H.: Active transport of inorganic jons. Active Trans-
port and Secretion. VIIL. Symposia of the Society for Experi-
mental Biology. New York, Academuc Press, 1954, p. 407.

18. WALKER, A. M., Borr, P. A., OLIVER, J., and MacDoweLt, M. C:
The collection and analysis of fluid from single nephrons of the
mammalian kidney. A, J. Physiol., 134:580, 1941,

19. WessoN, L. G. Glomerular and tubular factors in the renal excre-
tion of sodium chloride. Medicine, 36:281, 1957.

20, Winnacer, E. E., Scuarzaiany, H. J., Warrtemsury, G, and
SoLonoN, A. K.: Studies in single proximal tubules of the Nec-
turus kidney, 1II. The effect of transtubular sodium concentra-
tion gradients or of osmotic gradients on water movement. A7
J. Physiol., to be published.

21. Wirz, H.- The production of hypertonic urine by the mammalian
kidney. Ciba Symposmm on the Kidney. London, J. & A.
Churchill, Ltd., 1954, p. 38. .

22. Wirz, H.: The location of antidiuretic action in the mammalian
kidney. The Neurohypophysis. Proceedings of the VI Sy??.f‘
posium of the Colston Research Society. New York, Academic
Press, 1957, p. 157.



Chapter V

REGULATION OF VOLUME AND OSMOLAL
CONCENTRATION OF EXTRACELLULAR
FLUID

THE volume of extracellular fluid, as reflected in the body
weight of a normal adult in caloric balance, is held remarkably
constant from day to day despite variations in intake of salt and
water, The lality of extracellular fluid is stablized with even
greater precision. Within limits, volume and osmolality are regu-
lated independently; however under stress, the regulatory mecha-
nisms interact, and precise regulation of one varisble may be
sacrificed to permut some control of the other. A volume receptor-
renal effector mechanism governs the rate of excretion of salt,
thus the total salt content and hence the volume of the extra-
cellular compartment. Actually the complete regulatory mecha-
nism must involve salt appetite as well, but since the average diet
contains more than enough electrolyte to satisfy needs, one
ordinarily overlooks this element of the system. An osmoreceptor~
renal effector mechanism governs the rate of excretion of water,
and in association with thirst, regulates the osmolality of the
extracellular fluid.

REGULATION OF EXTRACELLULAR VOLUME

The Volume Receptor-renal Effector Complex 15 no doubt a
natriuretic-antinatriuretic mechamsmy ie. it basically regulates the
excretion of sodium. While affected by, it is not primarily
responsive to the concentration of sodium. Rather 1t is responsive
to the volume of extracellular fluid; to some fraction of that
volume, such as that of plasma or interstirial fluid, to some deriva-
tive of volume, such a5 mntra-vascular or interstitial pressure; or
perhaps to blood flow. It is probable that the system consists of 2
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tonicity of medullary and papillary tissue, thus with the elabo-
ration of concentrated urine; and a distal tubule-collecting duct
mechanism, concerned with acid base regulation and potassium
excretion, with the elaboration of salt-poor dilute urine, and with
the fine regulation of sodium balance,

The rate at which sodium is reabsorbed by the proximal mecha-
nism varies as some function of glomerular filtration rate, but to
date it has been impossible to describe the function precisely.
According to Walker and his associates, some 12.5 per cent of the
fraction of sodium remaining in the proximal segment is reabsorbed
in each succeeding 10 per cent of tubule length. According to
Smith, roughly seven-eights of the filtered sodium is reabsorbed at
all levels of filtration rate. Suffice it to say that if filtration rate
increases, the absolute amount of sodium reabsorbed in the prox-
imal segment increases; if filtration rate decreases, the absolute
amount of sodium reabsorbed decreases. However, of more imme-
duate sigmficance for the mai of sodium balance is the
fact that an 1ncrease in filtration rate results in the delivery of
more sodium into distal parts of the nephron; a decrease in
filtration rate results in the delivecy of less sodium. If, as seems
probable, the reabsorpuve capacities of these distal segments are
limited, the rate of excretion of sodium will vary directly as some
function of filtration rate.

The mechanism of the loop of Henle probably reabsorbs at
least 5 per cent of the filrered sodum. This statement derives
from the fact that some 4 to 5 ml. of solute free water are reab-
sorbed in the collecting ducts 1n the final transformation of isotonic
tubular fluid into maximally concentrated urine. The motive force
for this reabsorption of water 1s the hyperosmolality of medullary
and papillary tissue created by the reabsorption of sodium in the
loops of Henle. The quantity of water which can be reabsorbed
m the collecting ducts is obviously related to the quantity of
sodium reabsorbed by the ascending limbs of the loops of Henle.

Under normal conditions the distal tubule-collecting duct
mechanism reabsorbs some 10 to 15 per cent of the filtered sodium.
This is a heterog, one, d in the reabsorption
of sodium and chloride 25 jon pairs and in the reabsorption of
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receptor organ which senses volume, pressure, or flow, a hypo-
thalamic integrative center, and an efferent neuro-humoral regula-
tory mechanism which operates through the kidney to control the
rate of excretion of sat. In no wise is any pare of this system as
clearly and adequately defined as is the corresponding part of the
osmo-tegulatory mechanism. Much of what can be said must be
considered as speculative,

Volume Receptor Organs. As one might gather from the state-
ments above, both the nature of the stimulus and the locus and
nature of the receptor endings are in dispute. Harrison and
Strauss maintain thar the receptor mechanism is in the cephalad
portion of the body and that it is either directly sensitive to the
extracellular volume or to jts derivatives, venous pressure or dis-
tension, Epstein on the other hand suggests that the recepror
mechanism is in the artenal reservoir and that the degree of
distension of this reservoir generally, or the distension of some
highly sensitive portion of it, initiates the afferent messages which
ultimately modulate salt excretion. Borst, in contrast, belicves that
the receptor mechanism is sensitive to variations in cardiac output
or perhaps to cardiac output relative to metabolic demands of the
body.

Integrative Mechanism. The locus of the integrative mechanism
is unknown, but it is logical to assume that it is in the hypothal-
amus for the following reasons. Although afferent impulses for the
most part are received from volume receptors of unknown
location, efferent outflow of the integrative center is directed t0
hypothalamic and cortical centers for thirst and salt craving; to
hypothalamic autonomic centers controlling renal hemodynamics,
to a postulated diencephalic center controlling aldosterone secre-
tion, and to the hypothalamic center for osmoregulation. It is
likely thar the integrative cemter which serves to coordinate the
activities of these several mechanisms is also in the hypothalamus.

Renal Effector Mechanism., Mechanisms of reabsorption of
sodium have been described in Chapter IV, Broadly speaking, they
£l into three categories: A proximal mechanism, concerned with
the reabsorption of the bulk of the filtered sodium; a mechanism
in the loop of Henle, concerned with the maintenance of hyper-
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constancy of extracellular fluid volume. (1) If salt intake increases,
extracellular volume expands; volume receptors are stimulated.
Nerve mesasges relayed through the integrative center, a hypo-
thalamic auronomic center and renal vasomotor nerves, increase
renal blood flow and glomerular filtration rate. More sodium is
delivered to the reabsorptive mechanism of the distal tubules and
collecting ducts; more escapes reabsorption and is excreted. The
inverse sequence, initiated by a decrease in extracellular volume,
leads to reduced filtration, to over-reabsorption, and to diminished
excretion of sodmum. As will be evident below, this mechanism
plays a prominent role in the dog. (2) Expansion of extracellular
volume leads via the integrative center and the diencephalic center
regulating aldosterone secretion, to reduced secretion of salt
retaining steroid. Reabsorption of sodium in the distal tubules and
collecting ducts diminishes and excretion increases. The inverse
sequence, mitiated by a decrease in extracellular volume, results in
increased reabsorption and diminished excretion of sodmm. As
will be evident below, this mechanism plays a pr role in
man.

Response to Salt Loading. Normal man tolerates variations in
salt intake within a range of 1 to 10 gm. per day with minimal
fluctuations in body weight. However, if some 30 or 40 gm. of
salt are added to the diet each day, body weight increases promptly
and stabilizes at a value some § to 15 lb. above normal. This
increase in body weight 15 due to expansion of extracellular fluid
volume, ic., to the collection of occult and even overt edema.
As Luetscher, Bartter and others have shown, the rate of urinary
excretion of salt retaining steroids 1s markedly diminished or
indeed abolished under such conditions. Stabilization of the volume
of extracellular fluid ar a moderately clevated level instead of
progressive sodium retention is no doubt made possible largely by
abolition of aldosterone stimulation of a small but highly significant
fraction of salt reabsorption. According to Leaf ez al., Green et al.,
and Crawford and Ludemann, salt loading causes relatively little
increase in glomerular filtration rate m normal man. This no doubt
underhies his relative intolerance of high dietary salr intake and
his very sloggish excretion of an intravenous load of saline.
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sodium in exchange for hydrogen, ammonia, and potassium, Over-
all reabsorptive capacity is limited, Hence if the mechanism is
presented with an excess of sodium in consequence of increased
filtration rate, reabsorptive capacity is exceeded and excretion
increases; if presented with less sodium, all may be reabsorbed.
The transport capacity of the distal tubule-collecting duct mecha-
nism is enhanced by aldosterone, but the steriod sensitive fraction
of reabsorption is probably small. This latter statement derives
from the fact that the adrenalectomized dog or man excretes only
2 per cent or so of the filtered sodium (see Chapter VI). It is
possible that the aldosterone sensitive fraction of reabsorption &
greater than 2 per cent, but thar in the absence of hormone, other
regulatory mechanisms compensate for most of the reabsorptive
deficit. In any event, hormonal control of a final, albeit small,
fraction of tubular reabsorption provides powerful leverage in the
control of sodium balance.

If a small fraction of sodium reabsorption fails due to lack of
circulating hormone (adrenalectomy, Addisons disease), body
stores of sodiom, chloride, and water are gradually depleted.
Furthermore, because of reduced exchange of hydrogen, potnssilu_n
and ammonia for sodium, hyperkalemia and metabolic acidosis
develop. In contrast, when excessive amounts of aldosterone are
secreted, hydrogen, ia, and potassium are exchanged for
sodium in increased amounts. Hypokalemia and metabolic alkalosis
develop and sodium, chloride, and water are retained. Howfv'ﬂ
the relationship is not a simple one. Primary hyperaldosteronism,
due to glandular hyperplasia or adenomsa, is characterized more by
hypokalemia and alkalosis than by sodium retention. In contrast,
secondary hyperaldosteronism, now recognized as occurring in

variable degree in all states of active accumulation of edema; is
characterized more by sodium retention than by hypokalemia and
alkalosis. Other unrecognized factors must be significent in
determining ion balances,

Mode of Action of Neurobumoral Regulatory Mechanisms.
Given a series of reabsorptive mechanisms with the diverse
properties described above, it.is re.asombl‘c to assume that sod_ium
output may be balanced against intake in two ways to achieve
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it must contribute to glomerulo-tubular imbalance and to salt
retention (see Chapter VI on renal factors in the formation of
edema). However, a reduction in glomerular filtration rate is by
no means the whole story. Goodyer and Jaeger have proposed an
interesting hypothesis in explanation of immediate reduction of
salt excretion on erect standing in subjects exhibiting no gross
change in filtration rate. They propose that erect standing favors
the formation of an increased proportion of filtrate i long, high
salt absorbing nephrons and of a decreased proportion of filtrare
in short salt wasting nephrons Unfortunately, there is no evidence
in favor of this thesis other than the well documented observation
of salt and water retention under conditions which lead to gen-
eral compensatory alterations in hemodynarmcs. Most mvestigators
have preferred to emphasize increased tubular reabsorption of salt
and water, stimulated respectively by increased secretion of alde-
sterone and of antidiuretic hormone. In favor of this thesis is the
observation of Muller and others of a durnal variation in rate of
excretion of aldosterone 1n the urine of normal man: high during
the day (orthostasia), low at night (recumbency). Also favorable
is the finding of Davis, Farrell and others that the rate of liberation
of aldosterone into adrenal venous blood of the dog mereases pro-
gressively during hemorrhage.

Two facts make it difficult to explain compensatory salt
retention in man entirely m terms of increased secretion of alde-
sterone. First, retention of salt in response to erect standing, bleed-
ing, or trapping of blood in the limbs is prompt; adrenal steroids
given intravenously stimulate salt reabsorption after a latent period
of 40 min. to an hour or more. Second, Rosenbaum ¢t al have
shown thac patients with Addison’s disease, on maintenance doses
of adrenal steroids, exhubit a normal renal salt CONSEIving response
to bleeding, assumption of erect posture and compression of the
thighs.

It seems evident that no single mechanism can explain salt
retention under all circumstances of depletion of extracellular
volume. Relative over-reabsorption from a reduced volume of
filtrate, redistribution of filtrate among nephrons of diverse
funcuon, oversecretion of aldosterone and perhaps other as yet
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In contrast the volume receptor-renal effector mechanism of the
dog responds briskly and effectively to salt loading. Ladd and
Raiz have shown that the dog can tolerate as much as 4 gm. of
sale per Kg. per day for long periods of time, gaining weight with
water ingestion after each meal, losing it overnight, Per Kg. of
body weight, this quantity of salt would correspond to a load of
280 to 300 gm. per day in man, a value far in excess of any that
can be tolerared. Green and Faragh, Wesson and Anslow, Mudge
and others have shown that the rate of glomerular filtration of the
dog increases promptly on salt loading by as much as 100 per cent
and that, for brief periods, the rate of excretion of sodium may
ateain the phenomenal value of 40 per cent of thar filtered. It is
obvious that normal man, but not the normal dog, is only a “salt
shaker” away from incipient edema, and that stability of filtration
rate in man at least partially explains his intolerance of salt loading
in comparison with the dog. It is understandable why even mild
reduction of glomerular fileration rate or even moderate elevation
of aldosterone production in cardiac, hepatic or renal disease may
lead to manifest edema. Just why the dog should be so thoroughly
protected against the stress of salt loading and man should be so
vulnerable, is a mystery.

Response to Volume Depletion. While the homeostatic re-
sponse of normal man to expansion of extracellular volume com-
pares unfavorably with that of the dog, his response to the more
immediately vital threat of volume reduction is prompt and
effective. Goodyer, Seldin, Brun, Farber, Epstein and others have
shown that urine flow and salt excretion drop precipitously when
a relatively small proportion of the circulating blood volume i
sequestered by venous tourniquets on the thighs, is redistributed
by erect standing or by opening an arterio-venous fistula, or is
removed by phlebotomy. All three procedures excite the sensation
of thirst. While the response is obviously of homeostatic signifi-
cance in combating an actual or apparent reduction of extracellular
volume, the responsible mechanisms have by no means been
adequately defined. Glomerular filtration rate has been variously
described as decreasing moderately, decreasing equivocally, and
exhibiting no change. If filtration rate decreases, it is evident that



REGULATION OF VOLUME, OSMOLAL CONCENTRATION 97

It is apparent from recent evidence that ACTH does exert
some influence over aldosterone production, injection of ACTH
mereasing, hypophysectomy decreasing glandular secretion of
salt active materials. However, the effects of ACTH or hypo-
physectomy on aldosterone production are far less marked than
on gl ticoid production. The basic lusions drawn from
the work of Deane and Greep are still vahd,

Farrell and his associates have recently observed that decorticate,
but not decerebrate or decapitate animals secrete normal quantities
of aldosterone into adrenal venous blood, an observation which
suggests that a diencephalic neurosecretory mechanism, independ-
ent of the hypophysis, controls hormone production. In support
of this view, they have observed that injection of extracts prepared
from the diencephalon causes the discharge of aldosterone into the
adrenal veins, At a recent Lauretian conference they reported that
an aaid extract of the subpineal region of the posterior dience-
phalon is most active in stimulating aldosterone secretion. They
draw an analogy between the neurosecretory mechanism of the
supraopticohypophyseal system which controls the renal reab-
sorption of water and that of the diencephalic-adrenal system
which controls the renal reabsorption of salt. If their observations
are confirmed, the nature of the neurohumoral control of aldo-
sterone secretion will have been considerably advanced.

Interaction of Volume and Osmoregulatory Mechanisms.
Patients m congestive failure who are subjected to vigorous diuretic
therapy or those with cirthosis from whom large volumes of ascitic
flad are removed by paracentesis may respond to such acute
reductions of extracellular or transcellular fluid volume by vigorous
retention of both salt and water. They experience marked thirst,
and sf water intake 15 unrestricted, may dilute their body fluids to
a degree sufficient to produce signs and symptoms of severe water
intoxieation. They do not exhibit a normal water diwresis although
their body fluids are markedly hypotonic. A somewhat similar
syndrome occurs in otherwise normal individuals who sweat pro-
fusely. Sweating depletes the body of both salt and water and
reduces extracellular volume. Repl of water causes dilution,
muscular cramping, and weakness. This syndrome suggests that
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unrecognized mechanisms may contribute to the response. The
difficulty of assessing the significance of small changes in filtration
rate versus small changes in tubular reabsorptive activity in
explanation of the retention of salt should be apparent to anyone
who reflects for a moment on the facts that the total daily variz-
tion in excretion is commonly less than == 170 mEq. of sodium;
that the total filtered load is roughly 24,000 mEq., that the change
in reabsorption is from 99 to 99.9 per cent of the filtered load; and
that reabsorption is effected, not by a single mechanism, but by
a variety of mechanisms of diverse properties distributed serially
along the nephron. The final difficulty is that the measurement of
filtered load is at best uncerrain to = 2 per cent.

Site and Nature of Neuro-humoral Regulatory Mechanisms.
During the latter part of the last Century, piqure of the bulb,
thalamus and hypothalamus were variously described as producfng
urinary sale wasting and hypochloremia, or urinary salt retention
and hyperchloremia. Welt and his associates have more recently
described 2 series of patients with diffuse central nervous system
disease exhibiting 2 salt wasting syndrome, associated with low
serum sodium and chloride. The evidence suggests that the central
nervous system is in some way involved in the renal regulation of
electrolyte balance, yet it clarifies neither the locus nor the mode
of action of the neural structures involved.

It has long been known that the hypophysectomized animal of
the patient with pan-hypopituitarism exhibits gross evidence 'ff
multiple endocrine deficiencies, including those of glucocorticoid
deprivation. Equally clear has been the fact that the hypopituitary
organism does not suffer from the severe electrolyte disturbances
which are associated with adrenal insufficiency, The observation of
Deane and Greep that the zona glomerulosa of the adrenal of the
hypophysectomized animal retains its integrity, suggests that aldo-
sterone is formed in this portion of the adrenal cortex, that the
functional integrity of the aldosterone producing cells is inde-
pendent of hypophyseal trophic hormones, and that the rate of
secretion of aldosterone is regulated in accord with the needs of
the body by some hormone other than adrenocorticotrophic hor-

mone (ACTH).
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the osmolal concentration falls. Shrinkage is thought to stimulate
the processes of neurons of the supraoptic nucleus appled to the
surfaces of the vesicles. Stimulation of these neurons leads to the
secretion of antidiuretic hormone. Inhibition of these neurons by
swelling of the vesicles stops hormone production and that which
circulates is gradually destroyed by the tissues.

The injection of hypertonic solutions of sodmum chloride into
exteriorized carotid artery loops of trained dogs results in the
prompt inhibition of water diuresis. The effect 15 produced by 2
small dose, calculated to increase the osmolality of the carotid
blood by only two per cent. The injection of a much larger dose
mnto a peripheral vein where it is diluted in a large volume of blood
before reaching the receptor area has no effect on diuresis. The
injection of urea into the caroud loop, a substance to which the
vesicles are apparently freely permeable, has no effect on water
divresis; e, it exerts no osmotic effect 1o cause shrinkage of
osmoreceptor vesicles.

ic I ive Mechanism. While the osmolal con-
centrmon of the bIood plasma acting through osmoreceptors in
the brain basically regulates the secretion of antidiuretic hormone,
a variety of agents and stimuli exerts 2 subsidiary control. Anti-
diuresis due to liberation of antidiuretic hormone results from
painful stimuli, exercise, syncope, smoking and from the adminis-
tration of such drugs as nicotine, adenosine tri-phosphate, acetyl-
choline, epmephrine and histamine. Anesthetics, especially ether,
morphine and the barbiturates are potent stimulators of antidwretic
hormone secretion. On the other hand, the release of antidretic
hormone 15 supressed and dwresis results when the left atrium is
distended by a balloon, when the suggestion of water drinking is
made under hypnosis, as a result of establishment of conditioned
reflexes and from the administration of alcohol These several
excitatory and inhibitory stimuli are presumably integrated in a
hypothalamic center, but whether in the supraoptic or paraven-
tricular nuclei or mn the adjacent hypothalamic tegmentum is
unknown.

Neurosecretory Mechanism. The view that the antidiuretic hor-
mone is actually formed in the cells of the supraoptic and para-
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the volume regulatory center exerts an ancillary control over the
osmoregulatory mechanism. If volume is markedly reduced, the
antidiuretic mechanism is maximally engaged, even though the
body fluids are excessively diluted, Volume is partially restored at
the expense of a reduction in osmolality.

REGULATION OF OSMOLAL CONCENTRATION OF
BODY FLUIDS

Given free access to water and a diet of even minimal salt con-
tent, the normal individual regulates the osmolal concentration of
his body fluids with remarkable precision. Normal limirs are
usually given as 285 and 310 mOsm. per liter. However, any one
individual exhibits even greater constancy, varying only one of
two per cent from his characteristic mean. Osmolality is regulated
by the variable excretion of water in relation to osmotically active
solutes, When the body is dilured by the ingestion of large quan-
tities of water, diuresis of hypotonic urine restores the osmolal
concentration of the body fluids to normal. When the body i
concentrated by loss of water or by gain of solute, oliguria
restricts further water loss; the formation of hypertonic urine
permuts the excretion of solute without the loss of equivalent
amounts of water; and thirst drives the individual to restore his
water deficit. The regulatory mechanism consists of an osmore-
ceptor system, a hypothalamic integrative mechanism, a neuro-
secretory mechanism producing antidretic hormone and a renal
effector mechanism which governs the excretion of water. In
contrast to the sluggish regulation of volume when an individual
is salt loaded, osmolal concentration is promptly restored to normal
when he is water loaded.

Osmoreceptor Mechanism. The elegant studies of Verney have
demonstrated that receptors, sensitive to small changes in osmo-
lality of the blood plasma perfusing them, are located bilaterally
within the zones of distrbution of the internal carotid arteries. He
has suggested that small vesicles in the supraoptic nuclei of the
hypothalamus may be the osmoreceptors. These vesicles are pre-
sumed to act as minute osmometers, to shrink when the osmolal
concentration of their fluid environment rises, and to swell when
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quarter hour thereafter takes an amount equivalent to the volume
of urine excreted, he achieves and maintains a maximal state of
hydration. Urine flow increases within an hour to 13 to 26 ml, per
min,, i.e. to a level which is maximal for that individual and which
cannot be increased by more rigorous hydration procedures. If
more water is ingested, it usually leads to nausea and vomiting or
to diarrhea, not as might be presumed to water intoxication, to
which the normal adult is remarkably resistant. ‘The child or the
patient with renal, hepatic, adrenal, or cardiac disease is consider-
ably less tolerant of water and exhibits water intoxication more
readily.

Hydration of this magnitude dilutes the body and reduces the
osmolality of the body fluids by 3 to 5 per cent. The secretion of
antidiureric hormone is suppressed, that hormone which normally
circulates 15 metabolized, and a state of physiological diabetes
insipidus develops. A polyuria of dilute urine results. Neatly pure
water is excreted in defense of the osmotic pressure of the body
fluids.

‘When water intake is terminated, urine flow remains high for
a time and the excess water in the body is eliminated. As the
osmolality of the bedy fluids approaches its normal level, osmore-
ceptors are again stimulated, antidiuretic hormone secretion begins,
and urine flow is gradually reduced to more normal values.

If fuid is withheld for a period of time, the osmolality of the
body flmds rises as water is lost by the insensible routes of
cutancous and pulmonary evaporation and by urine formation.
The osmoreceptors are stimulated to a greater than normal degree
and antidureuc hormone secretion increases above its basal rate
Urine flow s reduced from its usual value of 1 to 2 ml. per min,
to 0.5 ml. or less, The urine is lughly concentrated, the solutes
ordmarily excreted in 2 ml. of urme are now contained in 0.5 ml.
or less, The osmolal concentration of the urine may increase o a
value some 4 to 5 times that of the plasma. Obviously for each 0.5
ml of urine excreted with an osmotic pressure 4 times that of
plasma, the body gains 1.5 ml. of free water to expend in insensible
evaporation or to dilute the body fluids. However, in a quantitative
sense, the osmoreceptor-renal effector mechanism is far more-,
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ventricular nuclei and transported to the posterior lobe of the
pituitary by protoplasmic flow in axons of the supraoptico-
hypophyseal tracts was first enunciated by Sharrer 2 number of
years ago. The material formed in the neurons, ie. the neurose-
cretory material, is thought to be a protein of molecular weight
of 30,000 to which is bound one molecule of antidiuretic hormone
and one of oxytocin. The pituicytes of the posterior lobe of the
pituitary, once considered to be the actual secreting cells, are now
believed to play some role in the release of active hormone_frag-
ments from the neurosecretory protein in the nerve terminations.

Natnre of the Antidinretic Hormone. DuVigneaud has deter-
mined the structure and synthesized two antidiuretic hormones
derived respectively from beef and hog pituitaries. Arginine-
vasopressin is derived from beef pituitaries and probably occurs
in the glands of man, monkey, dog, rat, sheep and camel. Lysine-
vasopressin is derived from hog pituitaries.

cx!'s - TYR - PHE - GLU(NH,) - ASP(NH,) - &s.pno - ARG- GLY (NH.)
Arginune-Vasopressin (Beef)

&s - TYR - PHE - GLU(NH) - ASP(NH;) -gvs _PRO-LYS - GLY(NHD
Lystne-Vasopressin (Hog)

Commercial pitressin is 2 mixture of the two. The hormones ¢an
be considered as octapeptides consisting of a S-membered 1ing
made up of tyrosine, phenyl alanine, glutamine, asparagine and
cystine and a 3-membered side chain of proline, either arginine ot
lysine, and glycinamide. In the structures shown above, two mole-
cules of cysteine are joined in disulfide linkage to form a closed
ring; i.e., a ring containing one molecule of cystine.

The term vasopressin is strictly a musnomer and derives from
the common method of assay of commercial preparations in terms
of their potency in elevating blood pressure of the experimen_fid
animal. The hormone is many orders of magnitude more active
in its anudiuretic action on the kidney than as a pressor agent-
It is probably never secreted in amounts necessary to raise bloo
pressure significantly. . . .

Role of Antidiuretic Hormone in the Control of Osmolality.
If an individoal ingests rapidly two liters of water and every
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U/P ratio is a more sensitive indicator of water conservation than
is urine flow when flow is very low. It is apparent that the infusion
of 7.5 milliunits of pitressin per hr. decreased urine flow of a
normal man from 16 ml. per min. to 1.4 ml. per min. and increased
creatinine U/P ratio from 7 to 80, Increasing the rate of pitression
infusion first to 18 and then to 50 milliunits per hr. further depress-
ed urine flow from 1.4 to 0.6 ml. per min. and increased creatinine
U/P ratio from 80 to 180. The renal response to the infusion of 50
milliunits of pitressin per hr. was the greatest that could be attained,
and is comparable to that observed in moderate dehydration. It is,
therefore, reasonable to assume that the dehydrated subject pro-
duces antidiuretic hormone at essentially this rate. According to
Lauson, normal man regulates urine flow over the physiological
range by variably secreting antidiuretic hormone at rates of 0.1 to
0.8 milliunits per hr. per Kg. body weight. Shannon and Verney
have found comparable rates of secretion in the dog.

Site and Cellular Mechanism of Action of Antidiuretic Hor-
mone, In Chapter IV it was pointed out that anudiuretic hormone
controls the permeability of the distal tubules and collecting ducts
to water. Under conditions of maximum hydration, ie. 1n the
absence of circulating ADH, these structures are impermeable to
water. Continued reabsorption of sodium results in the excretion
of a large volume (15 to 20 ml per min.) of hyporonic urine.
Under conditions of hydropena, ie., in the presence of a high
titre of circulaung ADH, both distal tubules and collecting ducts
are freely permeable to water. Hypotonic fluid, entering the distal
tubules from the loops of Henle, loses water to and equilibrates
osmotically with blood in the cortical eapillaries. Continued reab-
sorpuon of sodium, coupled with free transfer of water, reduces
volume at the end of the distal tubules to 3 to 6 ml per min, This
fluid 15 isosmotic with systemic blood. In the collecting ducts water
is lost to the hypertonic medullary and papillary tissue. The urine
15 reduced in volume and becomes as hypertonic to systemic blood
as the tissue at the tip of the papilla.

Koefoed-Johnsen and Ussing observed that antidiuretic hor-
mone greatly increases the permeability of isolated frog skin to
water, Their analysis led them to belicve that the skin is penetrated
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effective in defending the body against dilution than against de-
hydration. Ultimately thirst must drive the individual to replace
water deficits; the kidney cannot replace them.

Rate of Antidiuretic Hormone Secretion. The condition of
maximum sustained hydration described above is a favorable one
in which to assess experimentally the probable range of normal
rate of secretion of antidiuretic hormone. Verney and Shannon
have studied this problem in the dog, Lauson has done so in man.
If, when urine flow has stabilized at the high rate of 15 to 20 ml.
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Fig 17, Effects of Putressin m increasmg amounts on creatinine urine plasma con

centration ratio and urine flow of mormal man, (Redrawn from data of HD
Lauson Am. J. Med , 11-135, 1951.)

per min,, antidiuretic hormone is infused intravenously in. low
dosage, urine flow falls and the concentration of various urinary
constituents increases. The degree to which creatinine is con-
centrated in the urine relative to the plasma, ie, the creati ne
U/P ratio, is a useful measure of the .avidi.ty with which thc.k'ld-
neys conserve water. As is apparent in Figure 17, the creatinine
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supraoptic and paraventricular nuclei or in the adjacent hypo-
thalamic tegmentum; a neurosecretory system which releases the
hormone pitressin in amounts related to the need for conserving
water; and a renal effector mechanism which responds to the titre
of circulating hormone by varying urine flow, In the hydrated
individual, pitressin secretion is inhibited, that which circulates is
metabolized, and the distal tubules and collecting ducts become
impermeable to water. A large volume of dilute urine is excreted.
In the dehydrated individual, pitressin secretion is stimulated, the
distal tubules and collecting ducts become permeable to water, and
water reabsorption is enhanced, A small volume of concentrated
urine is formed.
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by minute channels or pores, through which water flows when
solutions of different osmolal concentrations are in contact with
the two surfaces. In the absence of antidiuretic hormone these
pores are small and the transfer of water is slow. In the presence
of antidiuretic hormone the pores are greatly dilated and the
osmotic transfer of water is rapid. Sawyer, Berliner and Gottschalk
have suggested that antidiuretic hormone may exert its entire
action on the renal tubule in a similar fashion, namely by dilating
aqueous channels in cells of the distal tubules and collecting ducts,
thus permitting osmotic equilibration of tubular contents and
peritubular fluid.
SUMMARY

The volume of the extracellular fluid compartment is determined
by its sodium content, the osmolal concentration, by its water
content relative to sodium. Although volume and osmolality are
interrelated, they are separately regulated by mechanisms which
are at least semi-independent. X

The volume regulatory mechanism consists of receptors, which
sense either volume or some derivative of volume such as pressure
or flow; an integrative center, probably located in the hypothal-
amus; and a neuroh al effector hanism which contrn)s. the
renal excretion of sodium. In health, sodium excretion precisely
balances intake; accordingly, the sodium content and the volume
of the extracellular compartment are held constant within narrow
ranges of normal. The rate of excretion of sodium is dependent
both on the rate at which sodinm is delivered into the renal tbules
in the glomerular filtrate and on the capacity of the tubules to
reabsorb sodium from the urine. Control of excretion is effected
by vasomotor nerves and by humoral agents which regulate
glomerular filtration rate and by the secretion of aldosterone
which regulates tubular reabsorptive capacity. Other less ade-
quately defined mechanisms may also affect the excretion of
sodium.

The mechanism regulating osmotic pressure consists of receptors,
located within the zone of distribution of the internal carotd
arteries and sensitive to changes in osmolality of the arterial blood
of the order of == 2 per cent; an integrative center, either in the
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shown on the left, the extracellular fluid volume of a normal 70
Kg. man is roughly 14 liters. Enough salt and water are delivered
into this volume by way of the gastrointestinal tract to cause it to
expand at a rate of one-half to one or more liters per day. How-
ever, the normal individual is able to adjust the output of salt and
water to the intake and thereby to maintain constancy of extra-
cellular fluid volume. The edematous patient, in contrast, exhibits
a relative incapacity to excrete salt and water and as a consequence,
extracellalar fluid volume expands. If, as shown in the diagram on
the right, intake is markedly reduced, it may be brought into line
with excretory capacity, and flaid volume may be maintained
within normal limits, even though the basic and precipitaring
discase process persists. In this chapter, present concepts of the
factors which cause this relanve incapacity to eliminate salt and
watzr will be outlined briefly.

Glomerulo-tubular Balance, It is evident from the discussion
in the preceding chapters that the maintenance of sodium balance
involves the failure to reabsorb a minute fraction of the total
filtered load. It is, therefore, difficult to determine m any specific
mstance whether retention of sodium results from a deficiency m
the filtered load or from enhanced tubular reabsorption of that
load. One can grossly define the problem of maintenance of salt and
water balance, and the nature of the disturbances which lead to
accumulation of edema in terms of glomerulo-tubular balance.
This concept is illustrated in Figure 19. The normal individual
filters a normal amount of salt and water through his glomeruli,
reabsorbs 2 normal amount, and hence excretes a normal amount.
He, therefore, exhibits glomerulo-tubular balance. The quanury
of salt and water excreted is usually 1 per cent or less of that
filtered, accordingly, 99 per cent or more is reabsorbed.

If filtration rate is reduced and if there 1s no corresponding
reduction m tubular reabsorptive activity, excretion decreases as
indicated in the middle diagram. Conversely, if filtration rate is
normal and if tubular reabsorptive activity 15 increased, as shown
on the nght, excreuon hkewise decreases. The small glomerulus in
the middle diagram and the heavier tubule on the right are drawn
to represent alterations in function, not morphologic changes. The



Chapter VI
RENAL FACTORS IN EDEMA FORMATION

EDEMA is a clinical sign, a manifestation of diseases of varied
origin, not a discase entity in its own right. There are common
features in the pathogenesis of edema in condition as varied
as congestive heart failure, cirrhosis, nephrosis, nephritis, pre-
eclampsia, protein starvation, and even thrombophlebitis; there are
obviously differences as well. In this chapter, the common features
will be emphasized. Furthermore, the edema of congestive failure

NORMAL EXCRETORY . REDUGED EXCRETORY
GAPACITY CAPACITY
HIGH SALT INTAKE HIGH SALT INTAKE LOW SALT INTAKE

Fig. 18. Salt and water intake and excretory capacity in relation to edem?

will receive primary consideration, for the problem is not only the
most common but has also been most intensively studied.

The Role of the Kidneys in the Retention of Salt and Water
in Edema s illustrated in’ diagrammatic fashion in Figure 18. As
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some 35 per cent of the sodium contained in an intravenous load
of 500 ml. of isotonic saline in the first hour and about 80 per cent
in 8 hours, Tricuspid insufficiency alone reduced salt tolerance
considerably, ie., it reduced excretion during the first hour
markedly, and total 8 hour excretion appreciably. These animals
exhibited little or no additional evidence of circulatory inadequacy.
The combined lesions of pulmonary stenosis and tricuspid in-
sufficiency, bringing out the full blown syndrome of congestive
righr heart failure, reduced excretion of the sodium load to insig-
nificant proportions, both at 1 and at 8 houss. These results are
reminiscent of those of Schroeder, Burch and others who have
shown that patients in congestive failure excrete a sodium load less
teadily than do normal individuals and that tolerance to sodium
loading diminishes with increasing signs of congestion.

100 100
A B
z

z (=3
3 S
2% 5 % trcuspid hsuttiency
w @
53 g
o8
E3e0 52
58 Tcuspid tnsutticiency g
§ 8 =5

£ 49 w3 40
£3 2
3 3
g 20 £ 20
5 Tricuspid Insutficiency 3
© 6“ Pulmonary Stenosis 4 Lvl:u‘spld lnsugn:!en:y

n¢ Puimenary Stenosis
iz 34 56 78 0 B ry
HOURS HOURS

Fig 20. Effecrs of production of tricuspid msufficiency and tricuspid msuficiency
plus pulmonary stenosis (chronic congestive heart failure) in the dog, A, on the
excreuon of an intravenous load of 500 mi of 1sotome salime, B, on the excretion
of an oral load of 500 ml of water (From A.C, Barger: Merabolism, 5:480, 1956.)

Barger has also demonstrated that in severe experimental right
heart fatlure water diuresis is blunted, However, water excretion is
by no means depressed to the same extent as sodium excretion.
Total cumulative water excretion in these same experimental
animals is shown in Figure 20B. Tricuspid insufficiency alone pro-
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two diagrams to the right represent the two possible causes of
glomerulo-tubular imbalance characterized as tubular preponder-
ance. Reduced excretion, independent of the cause, leads to
expansion of extracellular stores of salt and water and to the
accumulation of edema,

ROLE OF KIDNEY IN SALT AND WATER BALANCE

Normat Reduced Normal
Filtration Fittration Filtrotion
Normoal Normal Increased
Absorption Absorption Absorption

Normal Reduced l , Reduced
Excretion Excretion Excretion

Normal Salt Solt and Water
and Water Retention
Balance Edema

Fig. 19. The concept of glomerulo-tubular balance in relation to regulation of
salt and water reserves of the body.

Limitation of Excretory Capacity for Sdlt and Water in Ex-
perimental Congestive Failure, Barger has recently shown that
chronic congestive right heart failure may be induced in the 08
by the combined lesions of a 50 per cent stenosis of the pulmonary
artery and avulsion of the leaflets of the tricuspid valve. Sucl
animals exhibit elevated right atrial pressure, reduced cardiac out-
put, reduced exercise rolerance, ascites and edema.

The data shown in Figure 20A illustrate the progressive re-
duction in the capacity of an animal to excrete a standard sodium
load when first, tricuspid insufficiency and later, pulmonary
stenosis are induced. In control experiments, normal dogs excreted
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Metabolic factor. Among the Hormones, those of the adrenal cor-
tex, the antidiuretic hormone, and both epinephrine and nor-
ine have been implicated as playing causal roles.

“Present evidence indicates that two factors, namely reduction
in glomerular filtration rate and increased secretion of the adrenal
salt retaining steroid, aldosterone, are the primary causes of the
glomerulo-tubular imbalance which results in salt retention in
edema. Renal anoxia, renal venous congestion, and stimulation of
sodium reabsorption by renal nerves and/or by adrenal medullary
amines play minor roles, if indeed they are of any significance in
the pathogenesis of edema. In the interest of brevity and to avoid
an overly contentious discussion, only the major factors will be
considered in any derail. However, the role of antidiuretic hor-
mone must be treated briefly.

Antidinretic Hormone. The oft repeated observations that
edematous patients extubit delayed and depressed water druresis
and thar plasma sodium and osmolality are frequently subnormal in
severe congestive failure, in cirrhosis with ascites, and in nephrosis
suggest excessive antidiuretic hormone activity. Some have gone
50 far as to state that water retention in edema is primary and that
salt retention is secondary to body dilution, A more reasonable
view is that excessive antidiuretic hormone activity may be a con-
tributory cause of the hyponatremia of severely ill patients, but
that sodium retention, not water retention is the basic abnormality
in edema.

Goodman and Gilman were the first to demonstrate the presence
of an antidiuretic substance in the urine and to show that its rate
of excretion is related to the need for water conservation. Subse-
quently, excessive rates of urinary excretion of anudmwretic sub-
stances were noted in patients with cirrhosis and ascites by Ralli,
Lloyd, and Sims, with congestive failure by Bercu and Dochios;
with eclampsia by Teel and Ham, with hypertension by Grollman
and with Bright’s disease by Robinson. In general it has been
obesrved that rate of excretion of antidiurenc substances is high
during the phase of active accumulation of edema and low during
the dwretic phase. In cirrhosis, antidiuresis has been variously
ascribed to reduced destruction of hormoue by damaged liver
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duced no significant alteration in water diuresis. Excretion of water
was normal, jn fact slightly greater, in the dogs with the single
lesion. On the other hand, the combined lesions of tricuspid in-
sufficiency and pulmonary stenosis reduced the diuretic response
to a standard water load by roughly one half. Again Barger’s
findjngs in experimental right hearr failure are reminiscent of those
of Schemm, Proger and others who have shown that patients in
congestive failure excrete a water load somewhat Jess readily than
do normal subjects,

FACTORS LIMITING SALT AND WATER TOLERANCE
In Table V are listed a number of factors ro which this marked
reduction in sodium and moderate reduction in water tolerance
have been ascribed. These factors include the Hermodynansic ones
of reduced renal blood flow, reduced glomerular filtration rate, and
clevated venous pressure. Since changes in renal blood flow and
filtration rate may well be mediated in part through the sympa-
thetic nervous system, the second term, Neural Factor is used i
a restricted sensc to mean a direct control of the reabsorptive
activities of the renal tubules by nerve impulses. Relative anoxiz, a5
a consequence of renal 1schemia, was long considered 2 dominant

TABLE V
RenaL FAcrors 1N Tiz RETENTION oF Soptunt AND WaTer 1¥ EpeMA
1. Hemodynamic (neurally and hormonally mediated)
1. Reduction in Renal Blood Flow 2nd Glomerular Filtranon Rate
2. Elevation of Renal Venous Pressure

M. Neursl (independent of hemodynamic)
1. Nervous Stimulation of Renal Tubular Reabsorption of Sodium

NI Metabohe
1. Anoxia
1V. Hormonal
1. Aldosterone Excess
2, Pitressm Excess
3. Epmephrine snd Nor-Epinephrine Excess
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and osmo-regulatory mechanisms are not entirely independent.
Peters maintains that although the hypothalamic-hypophyseal
antidiuretic hormone mechanism is primarly responsive to changes
in osmolality, it also responds to absolute or relative inadequacy of
blood volume, The severely ill patient, or the patient subjected to
Mmassive paracentesis or diuresis may sacrifice normal osmolality to
expand volume, Whether such a patient secretes excessive quan-
tiries of antidiuretic hormone in an absolute sense is uncertain.
Relative to needs for maintenance of normal osmotic relationships,
the secretion of any hormone is excessive.

Reduction in Renal Blood Flow and Glomerular Filtration
Rate,That alterations in renal hemodynamics might play a sig-
nificant role in the pathogenesis of edema in congestive failure was
first clearly expressed more than a decade ago by Warren, Stead,
Mernll, Mokotoff and others. They observed that renal bloed flow
is markedly reduced and glomerular filtration rate moderately
reduced in edematous patients in severe congestive failure. Most of
their patients with filtration rates less than 70 ml. per min. were
frankly edematous. Those with greater filtration rates, especially
those with rates approaching the normal range of 120 to 140 ml
per min. were not. They concluded that reduction in filtration rate
without equivalent reduction in tubular reabsorptive activity leads
to retention of salt and water and to the formation of edema,

Moderate exertion, in fact even the assumption of the erect
posture, leads ro an appreciable decline in renal blood flow and
glomerular filtration rate in the normal subject. According to
Merrill and Cargill, 2 number of patients who are compensated
and edema-free when acuvity is restricted, suffer a marked fall
in glomerular filtration rate to or below the presumed crincal level
of 70 ml. per min, and expand extracellular flmd reserves when
activity is greater and more prolonged. Renal hemodynamic
changes include constriction of both afferent and efferent glom-
erular arterioles. Constriction of afferent arterioles lowers filtration
pressure and reduces filtration rate; constriction of both afferent
and efferent arterioles reduces blood flow to a more marked
degx:ee than filtration rate. These hemodynamic changes have been
ascribed on the onc hand to enhanced vasoconstrictor nerve
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tissue and to cnhanced secretion of hormone due to the presence
in serum of high concentrations of ferritin. Tn a few instances the
concentration of antidiuretic substances in the serum of edematous
paticnts has been observed to be greater than normal.

This seemingly convincing evidence has been called into ques-
tion by Van Dyke who points out the lack of specificity of the
assay methods employed. For the most part, it has not been proved
thar the antidiuretic materials are hormonal in nature and derived
from the neurohypophysis. It is thoroughly possible that the
materials extracted from the urine of edematous patients cause the
liberation of hormone from the neurohypophysis of the assay
animal and are not in themselves antidiuretic.

Recently Laragh has shown that ascites can be produced in the
dog with diabetes nsipidus by constriction of the inferior vens
cava above the liver, These animals continue to show marked
polydipsia and polyuria during accumulation of ascitic fluid, the
rate of accumulation being proportional to salt intake, not water
intake. Apparently the accumulation of ascites is in no wise de-
pendent on the presence of an intact neurohypophysis, much less
on the presence of an overactive one. A great deal of evidence
points to the fact that alcohol produces its familiar diuretic response
by inhibiting the release of antidiuretic hormone from the pituitary
gland. Lamdin, however, has found that even repeated dosesf)
alcohol to patients with congestive failure, cirrhosis, and nephrosis,
do not restore the diuretic response to normal; in fact do not affect
it at all. The implication is that excessive circulating antidiuretic
hormone activity plays no role in the reduced diuretic response 0!
edematous patients.

It is the anthors personal view that antidiuretic hormone
basically play the same role in the edematous patient that it plays
in the normal individual. It is secreted in amounts sufficient 1
control water excretion and to maintain osmolality of the body
fluids within normal limits. Its presence in excess is by no means
necessary for accumulation of edema and ascires. Delayed and
depressed drresis may be a consequence of glomemlo-tubl‘llﬂf
imbalance rather than of excessive antidiuretic hormone actvity-
However, it was pointed out in Chapter V that volume regulatory
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activity, on the other, to the liberation of renin by the kidney
and the formation of the vasocanstrictor material, angiotonin, in
the bloodstream.

Kattus, Briggs and others, observing recovery of compensation
and loss of edema without increase in renal blood flow or
glomerular filtration rate, have minimized the significance of renal
hemodynamic factors in the pathogenesis of edema in congestive
failure, or have even denied their existence. However, the fact that
reduction of filtration rate does indeed lead to more complete
reabsorption of sodium and water by the renal tubules has been
amply demonstrated in experimental animals by Selkurt, Duggan,
Muelier, Thompson and others.

In the studies of Thompson, a Dotter-Lukas balloon cathcr.cr
was introduced into the femoral artery of a dog and positioned in
the aorta immediately rostral to the origins of the renal arteries.
By inflaung the balloon, the renal arterial pressure could be
reduced to, and stabilized at any desired value. Figure 21 sum-
marizes the effect of controlled inflation of the balloon on rgnﬂl
arterial pressure, glomerular filtration rate, urine flow and sodium
excretion in a respresentative experiment on an anesthetized d't_’g-
Prior to and during this experiment the animal was infused with
isotonic saline at a rate of 10 ml. per minute. As a consequence of
saline loading, high rates of urine low and sodium excretion Were
observed in the initial two control periods. Reduction of rendd
arterial pressure from 150 to 90 mm. Hg. reduced filtration rate to
a minor degree, namely from 77 to 70 ml per min. However,
this 10 per cent reduction in filtration rate was associated th!x 2
50 per cent reduction in sodium excretion. Thus sodium excretion
decreased from 900 to 450 uEq. per min. Inflation of the balloon2
second time, reducing renal arterial pressure to 70 mm. Hg, cau'Sf:d
a further decline m filtration rate and sodium excretion. Inflation
a third time reduced filtration rate roughly by half, that is, to 40
ml. per min. Excretion of sodium to all intents ceased.

Thompson studied the renal response to a reduction m senal
perfusion pressure in normal, in sympathectomized, in adx:cnnkf-"
tomized, and in diabetes insipidus dogs. Under all cxpclnmc.ﬂ!'fd
conditions, sodium excretion and urine flow decreased to essendially
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she same extent in response to a reduction in filtration rate. De-
creased excretion resulted from a relative increase in tubular {cab-
sorption of salt and water. The response was ?byiously inde-
pendent of renal nerves, the posterior lobe of the pituitary, and _:hc
adrenal glands; it appeared to be primarily related ro the reduction
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Fig. 21 The effects of controlled reduction of renal arverial pressure in the dog
on glomerular filraton rate, unne flow and sodium excrenon. (Drawn from
dara of D.D. Thompson and RF. Puss- Am ] Physiol,, 168490, 1952.)

m filtration rate. At a filtration rate of 50 per cent of normal,
roughly comparable to Merrill's value of 70 ml. per min, in man,
reabsorption of sodium and water was essentially complete.
These expesiments of Thompson demonstrate thar an acute
reduction in filtrarion rate, similar to that which occurs on assum-
ing the erect posture and on mild to moderate exertion in the
patient with reduced cardiac reserve leads to an abrupt reduction
in the excretion of saft and water. What is the significance of
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reduction in filtration rate in the long term regulation of fluid
and electrolyte balance®

Mueller has shown thar constriction of one renal artery in a
dog with ureters separarely exterjorized results in a reduction in
glomerular filtration rate and in sodium excretion on the con-
stricted side which persists for weeks. However, no change in
either volume or composition of the body fluids occurs, for the
normally functioning kidney maintains proper balance. When the
normal kidney is removed, salt reabsorption is reduced and salt
exretion increased on the side of renal artery constriction, presum-
ably in response to a change in volume or composition of the
extracellular fluid. Glomerulo-tubular balance is re-established by
2 reduction in tubular reabsorptive activity.,

One may interpret the role of reduced filtration rate in the
pathogenesis of edema in the light of these findings as follows.
An acute reduction in filtration rate leads to salt and water
retention and to a slight but significant expansion of extracellulat
fluid volume. The otherwise normal individual responds within 2
day or so by decreasing his rate of secretion of salt retaining
adrenal steroids. Glomerulotubular balance is restored by reducﬁqﬂ
of tubular reabsorptive activity. No appreciable edema fluid
accumulates. Certain patients with reduced cardiac reserve, undes
the stress of exertion, of infection or of progress of their disease,
suffer an equivalent reduction of filtration rate. They do not
reduce their rate of secretion of steroids, at least not to a degree
sufficient to re-establish glomerulo-rubular balance. Accordingly,
edema fluid accumulates.

Increased Secretion of Adrenal Cortical Steroids, Following the
demonstration by Loeb and by Harrop of the significance of the
adrenal cortex in the renal tubular reabsorption of sodjum, there
have appeared numerous references to the possible role of increased
adrenal cortical activity mn the pathogenesis of edemaz in con-
gestive failure, cirrhosis, pre-eclampsia, nephrosis and nephritis.
This view first gained strength from the observation that Addi-
sonian patients, overtreated with desoxycorticosterone became
edematous. More recently it has found support in the appearance
of Cushing’s syndrome in patients treated with large doses of
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cortisone or ACTH. Several additional lines of ewidence have
implicated an adrenal cortical factor. In e¢dematous panents, what-
ever the underlying disease, sweat and salivary sodium concentra-
tions and fecal sodium excretion are low. Such effects can be
mnduced 1n otherwise normal individuals by the administration of
salt retaming steroids. According to Luetscher, Bartter and o(hcr§,
the urinary excretion of the salt retaining factor, aldosterone, is

30f-  Glomervlar Fultration Rets (ce./min)

Sodlum Exeretion (pEq/min}

Percant of Fittered Sadium Reabsordad
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Fig 22 The effects of mtravenous admunsstration of whole adrensl cortical

extrace on glomerular filtranon rate and reabsorption and excrenon of

sodium sn the adrenalecromized dog (Drawn from dara of J.C. Roemmelt,
OW, Sarvonius, and RF. Puts- Ame. . Pbysiol,, 159 124, 1949 )

increased in congestive failure, cirrhosts, nephrosis and nephritis.
Finally bilateral adrenalectomy may cause drresis and loss of
edema and ascitic flurd in dogs with experimental ascites, and in
hypertensive and cirrhotic paticats

One must remember that adrenal hormones affect the renal
tubular reabsorption of a very small, though highly significant
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fraction of the filtered sodium. The experiment on an adrenal-
ectomized dag, ized in Figure 22, was performed by
Roemmelt some years past when cortisone was still unobtainable
and aldosterone was an unknown component of the amorphous
fraction. Replacement hormone therapy was withdrawn 4 days
before the experiment. For 3 days the dog was allowed 0.6 per cent
saline ad bib, the last day, only tap wwater. During the 3 control
periods, 70 to 80 xEq. of sodium were excreted per min. This
represented a failure to reabsorb only 2 per cent of the filtered
sodium, for as shown at the botrom of the graph, reabsorption was
98 per cent complete, However, this minor defect in sodium reab-
sorption is highly significant; were it maintained over a period of
days, extracelfular reserves of salt and water would be seriously,
possibly fatally deplered. At the break in the graph, 20 ml of
whole adrenal cortical extract was given intravenously, After 4
Iag phase of 40 minutes, sodium reabsorption increased to become
99.9 per cent complete and urinary sodium excretion decreased
essentiaily to zero, .
Were such low rates of excretion of sodium to be maintained
in the face of luxus intake, body sodium stores would of (:-ourst
progressively expand. To a certain extenr this must occur in 1{“
Addisonian patient overtreated with desoxycorticosterone and it
the patient with normal adrenal function treated with large dofcs
of cortisone or ACTH. Why does it not occur in patients with
primary aldostesonism, in some of whom higher rates of unmaty
exeretion of salt retaining hormone are observed than in patients
in congestive failure®Why cannor one make a normal dog or 2
normal man edematous with large doses of desoxycorticosterone?
“The answer 15 part may be that the normal individual exposed
to high salt retaining hormone acrivity increases filtration rar€
and filtered sodivm load sufficiendy to offser increased tubular
reabsorption. The patient in congestive failure does not. We ht}"¢
thus come full circle in onr argument. The parient in congc'St’!VC
failure with low fileration rate does not reduce salt retaining
hormone output sufficiently to compensate for his reduced ﬁlrerf:d
foad of sodium, Similarly the patient in congestive failure with
excessively high salt retaining hormone outpur does not increasé




RENAL FACTORS IN EDEMA FORMATION 19

the filtered sodium load sufficiently to compensate for increased
reabsorptive activity. In either instance, glomerulo-tubular imbal-
ance exists and tubular preponderance accounts for the progres-
sively expanding sodium stores. It is not surprising, therefore, that
certain patients are edematous despite the fact that their filtration
rates are normal. Nor should it be surprising to find that others are
edematous despite normal rates of excretion of salt retaining hor-
mone. When considering glomerulo-tubular balance, normal 15
strictly a relative term.

In a study of Bartter summarized in Figure 23A, a normal
subject was depleted of sodium by maintenance on a low salt
intake and by oral cation exchange resin. Urinary excretion of
aldosterone was high, roughly 50 micrograms per day,"” and urinary
and fecal excretion of sodium were neghgible over the first 6 days
of the study. On days 9 through 14, 2 liters of isotonic saline were
given intravenously each day. Urinary aldosterone excretion de-
creased promptly and both urinary and fecal sodium excretion
increased. Reinstitution of low sodwm intake led to an abrupt
increase in excretion of aldosterone and to 2 reduction in urinary
and fecal sodium losses. The normal individual obviously responds
promptly to variations m salt content of the dier by altering
urinary output of aldosterone. The edematous patient responds in
a qualitatively sumlar fashion but more sluggisly and the hormonal
regulatory mechanism seems set at a higher level of activity.

In a similar study on a patient in congestive failure summarized
in Figure 23B, gradual weight loss and dechine of venous pressure
resulted from a low sodm diet and oral resmn therapy. Even
though the patient was frankly edematous at the start of the period
of observation, his rate of excretion of aldosterone was appreciable,
amounting to 10 pgm. per day. Had this individual not been suffer-
g from crculatory inadequacy, it 15 logical to assume that 2
It 15 tacatly assumed that urinary excreton of aldosterone reflects rate of secre-
tiont of hormone by st «2emt 2ex 1, -

i the body fluds . .

mented that it cant . = - ., - . .
sale intake excretes f - . . -

he may excrete from 10 to 50 ggm. per day. In contrast the patient 1n congestive
failure excretes from 10 to 60 #gm, per day.
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much less significant expansion of extracellular fluid volume would
have caused his rate of excretion of hormone to drop essentially to
zero. With progressive depletion of body sodium stores and an
approach to a non-edematous state, urinary aldosterone excretion
rose to high levels. Obviously the set of the mechanism controlling
secretion of aldosterone is different in the patient with reduced
cardiac reserve Is this mechanism sensitive to the total body
sodium store, to sodium concentration, to extracellular volume or
to some derivative of extracellular volume such as intravascular
volume or pressure?

According to Bartrer, Mach, Muller, Vesin and others, the
mechanism regulating aldosterone secretion is sensitive to extra-
cellufar volume or to some derivative of volume. As shown in
Table 6, urinary excretion of aldosterone is decreased by three
procedures, each of which increases extracellular volume, namely
the administration of water and patressin, the administration of 3
per cent saline and the admunistration of isotonic saline. On the
other hand, aldosterone excretion is increased by two procedures
which reduce extracellular volume, namely water pnvation and
mercurial dresis. There seems to be no correlation of hormone
excretion with intracellular volume, serum sodium and either intra-
cellular or extracellular osmolality

One must temper ones enthusiasm for this thesis with the reser-
vation that rate of urinary excretion may not be an infallable indi-
cation of rate of glandular secretion of aldosterone, Davis has
shawn in the dog, that less than I per cent of the glandufar our-
put 15 excreted in the urine, The possibility that any given factor
may alter urinary excretion by affecting metabolism of hormone or
renal tubular reabsorption of hormone rather than by affecting
rate of glandular secrerion must always be considered. Reduced
bepatic destruction of hormone by the patient with cirthoss or
with an engorged congested liver is a likely but unproven possi
bily.

1t 15 by no means accepted by all that the volume of extracellalar
fluid is the sole or even the major factor controlling aldosterone
secretion, Deane, Singer et al., and Laragh consider that the body
store of potassium exerts a major controlling influence. a high
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potassium store increasing, a low potassium store decreasing
aldosterone secretion. Others have suggested that a receptor
mechanism sensitive to serum sodium concentration regulates
aldosterone output, The evidence for this view is not impressive.
Perhaps as Farrell suggests, many factors can affect aldosterone
secretion. Of these, the factor of volume of extracellular fluid is the
one most pertinent to our discussion.

Role of Colloid Osmotic Force in Fluid Retention. Vander
et al have recently postulated that retention of fluid and electrolyte
in congestive heart failure is related to a greater reduction in renal
blood flow than in glomerular filtration rate, i.e., to the increase in
filtration fraction commonly observed in this condition. They point
out that the filtration of a greater than normal fraction of the
plasma perfusing the kidney results in an increase in the colloid
osmotic pressure of the peritubular blood. They postulate that the
oncotic force exerted by plasma proteins in peritubular capillaries
is normally responsible for the reabsorption of fluid in the proximal
tubule and that an increase n this force in congestive failure
accounts for the over-reabsorption of flud which results in edema.

To maintain proper perspective one must consider the quanti-
tative aspects of their thesis. The oncotic force normally exerted
by the plasma proteins in the peritubular capillaries is roughly 31
mm. Hg, slightly less than the equivalent of 2.0 mOsm. per liter
concentration difference. Were filtration fraction to increase
from the normal vatue of 0.2 to peak value of 0.5 in congestive
falure, the colloid osmotic force would be increased to 50 mm.
Hg, roughly the equivalent of 3.0 mOsm. per liter concentration
difference.

Were any component of the tubular urine to be restricted in its
movement relative to water to such an extent that its concentration
increased by 2.0 mOsm. per liter in the normal or by 3.0 mOsm.
per liter in the patient with congesuve failure, all proximal trans-
port would cease. One must remember that the total osmotic pres-
sure of the proximal fluid is 5100 mm., Hg, equivalent to an
osmolal concentration of 300 mOsm. per liter. It is difficult to
believe thar the tubular epithelium is so completely permeable to
solutes as to permit passive migration of all in proportion to water
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without restriction. Were the colloid osmotic force the only one
available to cause reabsorption of fluid, excretory products could
be concentrated to a negligible degree in the proximal segment.

Let us reverse the argument. As Bayliss has pointed out (see page
61), the osmotic force created by the active reabsorption of glucose
from filtrate containing 100 mg. per cent is some 2.5 times the
colloid osmotic force. In the mild or reasonably well controlled
diabetic excreting no sugar but with blood glucose elevated to 200
mg, per cent, the osmotic force created by active reabsorption of
sugar is some 5.0 times the colloid osmotic force. Were the tubule
as freely permeable to salt and water as postulated by Vander
et al., mild diabetics would be considerably more edematous than
patients 1n congestive failure.

In Chapter IV the author has developed the thesis that the
reabsorption of sodium is active and provides the motive force for
the reabsorption of the bulk of the filtered water in the proximal
tubule. The active transport of any so-called threshold solute, such
as glucose or amino acid, contributes to this force, Even the colloid
osmotic force of plasma proteins in peritubular capillaries con-
tributes, but the contribution is minor. It certainly cannot account
for the reabsorpuon of four-fifths or more of the filtrate under
normal conditions nor for fluid and electrolyte retention in con-
gestive failure.

Compensatory Elements in the Fluid Retention of Ede.ma.
Why are renal salt retaining mechanisms so entrained in a variety
of diseases as to lead to the formation of edema and ascites> Does
expansion of extracellular fluid volume serve a useful purpose for
the patient, is it an expression of the operation of a normal home-
ostatic mechanism carried to extremes 1n disease and therefore of
Jimited use or actually deleterious for the patient, or is it strictly 2
pathologic result of disease serving no useful purpose whatever?
No exact answer is possible. In our present state of knowledge, the
question must be answered more on the basis of philosophy than of
fact. However, Peters, Landss, Borst, and 2 number of others ar¢
more or less in agreement with the second of the possibilities out-
fined above; Le., fluid retention is,basically compensatory; carried
to extremes of edema, it is deleterious.
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As was pointed out in Chapter V, three simple procedures result
n a prompt reduction in excretion of salt and water by normal
subjects: quiet, esect standing, the apphcation of venous tourni-
quets to the thighs, or the removal of a pint or so of blood from a
peripheral vein, These same procedures induce a sensation of thirst.
Common to all, are reduction in venous return, diminished dis-
tension of central and cephalic venous channels, and reduced
cardiac outpur. Obviously, the circulatory status in each instance
would be improved by increasing circulating blood volume. Pre-
sumably the volume receptor mechanism 1s triggered in some
manner and through neural and humoral mechanisms, filtration
rate 15 reduced, tubular reabsorption of salt and water is increased,
and flmd ntake 15 stumulated.

It is reasonable to assume that in diseases characterized by
edema, circulating blood volume 15 less than optimum. This does
not necessarily mean less than normal per Kg. of body weight, A
patient with reduced cardiac reserve or one with cirrhosis, in
whom blood is trapped in the portal system, might well have an
increased total blood volume, yet an effective volume less than
optimum. A patient with nephrosis or with protein undernutrition
might well have a volume less than normal in an absolute sense due
to failure of oncotic mechanisms to hold fluid in the vascular com-
partment The volume receptor mechanism, whatever and where-
ever it 15, 15 tnggered. Filtranon rate decreases; adrenal cortical
secretory mechamsms are activated, salt retention occurs. Thirst
results and fluid intake increases. Slight hypo-osmolahty develops,
the more severe the disease process, the greater the demands for
blood volume expansion and the more marked the hypo-osmalality.
At best only one third of the retained salt serves a useful purpose in
expanding blaod volume, for plasma volume makes up a third or
less of total extracellular fluid volume, two thirds or more of the
salt and flwd 55 distributed i the tissue wterstices as edema, The
significant point 1s the following. Retention of sale and water in
the edema of congestive failure and m the ascites of cirrhosis, no
less than that which follows quiet standing, hemorrhage or the
application of tourmquets to the legs may be basically compen-
satory insofar as it leads to expansion of blood volume. Insofar as it
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abnormally expands interstitial luid volume as edema, it serves no
uesful purpose and is deleterious.

SUMMARY

At least two factors play dominant causal roles in retention of
salt and water in edema. First, renal vasoconstriction, mediated by
sympathetic nerve impulses or by renin release, causes reduction in
renal blood flaw and in rate of glamerular fltration. Reduction in
filtered load, slowed transit and prolonged contact of the fluid with
the tubular epithelium leads to over-reabsorption of salt and water.
Second, an absolute or a relative increase in the secretion of salt

ining adrenal steroids sumulates tubular reabsorption and leads
to retention of salt and water.

These two alterations in renal function are synergistic causes of
the glomerulotubular imbalance which underfies the accumulationt
of edema. One cannot point to hypersecretion of aldosteront a5
the sole cause of fluid retention in a given patient, even though
filtration rate is within normal limits, Were the individual other-
wise normal, 2 compensatory increase in filtration rate would re-
establish glomerulo-tubular balance despite enhanced tubular reab-
sorptive activity. Similatly one cannot point to 2 reduction of
filtration rate, even though st falls to less than §0 per ccnr'of
normal as the sole cause of long term fluid retention in congestve
failure, In the absence of circulatory insufficiency, the rate of
secretion of salt retaining adrenal steroids would be reduced to 2
level sufficient to re-establish glomerulo-tubular balance.
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Mechanisms of Action and Therapeutic Use of
Diuretics






Chapter VII
INTRODUCTION TO DIURETIC THERAPY

IDEALLY, treatment of edema and ascites should be directed
toward control of the primary disease and reversal of the patho-
physiologic processes which cause expansion of extraceltular fluid
volume, Within limits, restriction of activity, reduction of weight,
and hmitation of salt intake can be considered as operating in this
fashion in the decompensated cardiac, n some degree by improv-
ing the dynamics of the failing heart, in greater degree by reducing
the demands upon it. The digitalis glycosides exert their major
favorable effects by increasing the work capacity of the damaged
myocardium. Steroid therapy in nephrosis and in the nephrotic
stage of glomerulonephnitis frequently mduces remission of, and
on occasions dramatically arrests the primary disease. Dietary man-
agement mn cirrhosis may improve liver function, favorably alter
nutrition, mcrease plasma protein concentration and induce remis-
sion of ascites. Diet, rest and salt restriction can in many instances
prevent deterioration of the patient with mild pre-eclampsia.

The therapeutic goal of control of the primary disease can rarely
be attained in the chronically or severely ill patient, and the
physician must resort to diuretics to remove excess fluid from the
body. A discussion of the overall management of the patient with
edema and ascites is beyond the scope of this monograph; it is
limited to a consideration of diuretic therapy and, more specific-
ally, its physiological aspects.

Definition of Diuretic Agents, Diretics are loosely defiined as
agents which increase the volume flow of unme. In this sense,
water is the diuretic par excellence. However, diuretics are
employed in therapentics to climinate excess body fluid and to
reduce body weight. To achieve these ends by the administration
of water, large quantities must be given; many substances are more
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effective. A more precise mechanistic definition is thar diuretics
promote primarily the excretion of sodium and either chloride o
bicarbonate, ie., those fons which are largely restricted to, 20d
which constitute the major electrolyte components of the extra-
cellular fluid. Secondarily, water is eliminated in an amount equiv-
alent to the fons excreted, reducing the volume of extracellular
fluid and resulting in Joss of weight. This definition propery
emphasizes the facts thar the excretion of jons is primary, that these
ions are drawn from extracellular rather than cellular stores, and
that increased urine volume and Joss of weight are proportional o
and the osmotic consequences of loss of jons.

Properties of the Ideal Dinretic. The ideal diurctic should have
the following properties. (1) It should be potent, causing adequate
divresis and loss of weight in even the most severely il patent,
irrespective of the mature of his disease. (2) It should cause the
excretion of sodium, potassium, chloride, and bicarbonate fons ﬂfld
water in the proporuons in which they exist in extracefivlar ﬂm.d,
it should cause no electrolyte imbalance due to the preferentisl
excretion of one or another jon. (3) It should be active when
used repeatedly; tolerance should nat develop. (4) It should be
active on oral administration. (5) A single dose should induce 2
relatively prompe diuresis. (6) It should be non-toxic even When
given repeatedly over long periods of time. Needless to say, such
a diuretic does not exist. However, there is reason to believe d}ﬂ
compounds or binations of ipounds having these properties
may eventually be found. Until they are, the practitioner must
employ, as best he can, the agents at his disposal. |

Classification of Dinretics. A functional classification of div-
retics is presented in Table VII This classification has the virtue
that it illustrates the vanious means by which diaretic agents oppos®

P . Toros ot e L3 Dijuretics,
HEEEH snes which

R ) . . 1§ or mort

or less specifically antagonize enhanced tubular reabsorption of those
jons. Either action tends to correct glomerulo-ubular imbalance.
Filtered load can be increased either by increasing glomerular filtra-
tion rate or by increasing the plasma concentration of the filtered
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jons. In part the action of colloids, digitalis glycosides and amino-
phylline is to increase glomerular filtration rate, hence to increase
the filtered load of all ions. Ammonium chloride and calcium chlo-
ride, on the other hand, increase the plasma concentration of
chloride at the expense of bicarbonate without increasing the plasma

TABLE Vil
FuncrioNal CLASSTFICATION oF Drurenics
A. Physiological Diuretics

1. Diurencs which increase the filtered Joad of sodmm and/or chloride ions.
a. Collods albumun, dextran, P.V.P, ete.
b. Cardisc stimulants digatalss glycosides
¢ Vasodil of afferent gl artertoles P
d. Acdifying agents: canon exchange resins, ammonuum chlonde

Diuretics which more or less specifically antagonize over reab of

sodium and/or chlonde ions v

a Ald i y agents. amp

b. Annaldosterone steraids SC5233, SC8109.

¢. Agents which increase the velocity of tubular flow i the most distal
pare of the nephron water.

d, Agents which introduce a limiung on gradient, osmonc dwrencs
mannitol, urea

fad

B Pharmacological Diuretsos
1. Dawretics which speatfically mhibrt transport mechamsms for sodim
and/or chlonde 10ms
2. Xanthines theophylline, theobromune, cafeine.
b, Aminouraeils amumoisometridme.
¢ Mercurial diuretics: meralluride, mersalyl, etc.
a. Chlorothiaznde, hydrochlorothiazide.

~

Diuretics which interfere with hydrogen for sodm exchange.

4, Potassium sales KCI, KNQ,, etc.

b, Carbonic anhyd: inhb: ! hl i dichlor-
phenamide.

concentration of sodium; hence these agents increase only the
filtered load of chloride.

Antagonism of enhanced tubular reabsorption of sodmm is most
specifically accompbshed by certain antialdosterone steroids which
bind to renal tubular cells at those sites where aldosterone binds.
These antisteroids displace aldosterone and reduce tubular reab-
sorption of sodwm The aldosterone antisecretory agents, in con-
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trast, depress the secretion of salt retaining hormone by the adrenal
cortex. Water in large amounts impairs slightly the reabsorption
of the last traces of sodium in distal tubules and collecting ducts,
perhaps in part by increasing the velocity of flow and by diminish-
ing the time of contact of the fluid with the tubular epithelium.
Osmotic diuretics, such as urea, mannitol, hypertonic glucose, etc.
limie the proximal tubular reabsortion of sodium and water and
cause the delivery of excessive quantities of fluid and electrolytes
into more distal parts of the nephron. Reabsorption distally is
therefore incomplete. With the exception of the digitalis glycosides
in congestive heart failure, the Physiological Diuretics exhibic 2
relatively low order of activity. At present they are most useful in
supplementing other forms of therapy, although the antialdo-
sterone steroids and antialdosterone secretory agents may well be
harbingers of the diuretics of the future.

Diuretics, designated as Phar logical in Table VII, include
all of the potent inhibitors of tubular jon reabsorprion. They
correct glomerulo-tubular imbalance by reversibly inhibiting en-
zyme systems concerned with ion transport. They logically divide
into two groups: one inhibiting sodium and chloride reabsorptior,
the other inhibiting sodium and bicarbonate reabsorption. There 15
reason to believe that at least three of the four classes of inhibitors
of sodium and chloride transport have different mechanisms of
action. In contrast, the sulfonamides all block the reabsorption o
sodium and bicarbonate by virtue of their inhibition of carbonic
anhydrase. Chlorothiazide has certam propertics common to the
rwo major groups of agents, in that it may block reabsorption of
sodium and both chloride and bicarbonate 1ons.

Use of Diunretics. Diurencs are employed for the relief (.,f
generalized edema and find their greatest use in such chroni¢
conditions as congestive heart failure, cirrhosis with ascites, and
the nephrotic syndrome, including the nephrotic stage of nephritis
and so-called genuine lipoid nephrosis. They are also useful in
certain acute, self limited conditions sucn as toxemia of pregnancy,
and in periodic recurrent edema, e.g., premenstrual edema. They
are less frequently employed for dehydration in epilepsy and to
reduce regional edema, e.g., that panying thrombophlebitis
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Diuretics other than water are of no value in reducing the
nitrogen retention of chronic renal insufficiency, for they do not,
in the usnal sense, increase renal excretory functions other than
that concerned with salt elimination. Under no circumstances
should any diuretic be administered to an anuric or markedly
oliguric patient, for none can initiate the flow of urine, and all are,
in variable degree, toxic when retained in the body.

Salt Restriction in Diuretic Therapy. Since diuretics are em-
ployed primarily to establish 2 negative salt balance by promoting
the excretion of sodium, the overall efficacy of therapy can be
considerably enhanced by restricting the dictary intake of this
ion, In fact, whenever dioretics are used, salt intake should be
reduced at least to some extent. If the degree of salt privation is
adequate, fluid restriction is unnecessary, inadvisable, and in fact,
inhumane. An exception ta this rule is the treatment of bromidism,
where high salt and water intake, combined with mercurial diuresis,
is employed to rid the body of bromide. In practice, it is often
convenient to permit a moderate intake of salt in order to provide
2 mere palatable diet and then to remove that salt from the body
by diuretic therapy.



Chapter VIII
COLLOIDS AS DIURETICS

EDEMA and/or ascites are commonly associated with and often
roughly proportional to hypoproteinemia in cirrhosis, in the
nephrotic state, and in protemn malnutrition. In these conditions
excessive transudation of fluid nto the peritoneum and tissue
incerstices has in the past been explamed solely or largely in terms
of an imbalance of forces across the capillary endothelum created
by low colloid osmotic (oncotic) pressure of the blood plasmz
Some have claimed that edema or ascites will accumulate if the
plasma concentration of albumin is below 3 gm. per cent and that
fluid will be absorbed into the vascular compartment if concentra-
tion is above this critical level. In cirrhosis, increased poral and
intrahepatic capillary pressures constitute additional factors der.Ct‘
ing fluid into the peritoneum. Without in any sense detracting
from the significance of hydrostatic and oncotic forces in determ-
ining transudation of fluid, it has become increasingly apparent
that retention of salt and water in the edema and ascites of nePh~
rosis and cirrhosis is no less dependent on altered renal function
than it is in congestive heart failure (sec Chapters I1I, V, and X1.
Spontaneous diuresis has been observed to occur at a time when the
concentration of plasma albumin is below 3 gm. per cent No
draresis may occur when plasma albumin is restored to 2 range
significantly above the so-called critical level. It is not surprising:
therefore, that the treatment of pattents with nephrosis and cirrhosts
with salt poor concentrated human albumin has not been uniformly
successful in relieving edema and ascites. Hypoprotememia is 2
contributory factor 1n edema and ascites; it is not 2 complete
explanation of fluid retention m itself.

Use of Albumin in Patients with Cirrbosis and Ascites has,
with few exceptions, been unrewarding. Janeway observed no loss
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of ascites in 6 patients with cirrhosis who received intravenously
from 350 to 950 gm. of salt poor concentrated human serum
albumin in daily doses of 50 gm. Thom, Gibson, and Kunkel
noted that occasional patients, after receiving numerous albumin
infusions, exhibited diuresis and loss of ascites. Frequently patients
with both edema and ascites lose interstitial but not peritoneal
fluid in response to therapy. Patek observed that the concentration
of protein in ascitic fluid increased in direct proportion to the
increase in concentration m plasma during the intravenous infusion
of albumin, an observation which is reasonable considering the
relatively high permeability of liver capillaries to colloids. He
noted that as much as 50 per cent of the administered albumin was
transferred to the ascitic fluid. Although the oncotic effect of the
proteins of plasma was restored to normal, ascites continued to
collect at the usual rate. The intravenous admimstration of albumin
increases plasma volume and no doubt elevates portal and intra-
hepatic capillary hydrostatic pressures as well. The combination of
increased capillary pressure and increased colloid content of ascitic
fluid offsets the beneficial effects of increased plasma protein. The
administration of albumin and other colloids 1 cirrhosis with
ascites is accordingly of little or no value.

Use of Albumin in Patients with Nephrosis has been somewhat
more successful Janeway, Thorn, Luetscher, Riley, Siegal, Chi-
nard, Eder, Lauson and their respective colleagues have observed
diuresis and loss of edema in 50 to 70 per cent of selected patients
receiving daily infusions of 25 to 75 gm. of salt poor human serum
albumin, The albumin has usually been admunistered in 10 per cent
solation in isotonic glucose over a period of 2 hr. or so. In the
responsive patient, water diuresis follows each albumin injection.
At first relatively Iittle sodium and chloride are excreted. With
repeated daily mfusions, successive water diureses are accompanied
by greater and greater salureses, It is interesting that the peak of
each water diuresis precedes that of its accompanying saluresis
2 hours or more. With loss of salt, more profound water diuresis
occurs, weight is lost and edema disappears. The most favorable
responses occur in patients who exhibit no azotemia, and who have
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normal or supernormal rates of glomerular filtration prior to
therapy.

All who have measured plasma volume have found it increased
following albumin infusion. However, Chinard has pointed out
that the degree of expansion of volume 1s less than the theoretic
ise-oncotic value. He suggests that, in consequence of the expanded
plasma volume, capillary hydrostatic pressure rises. The outwardly
dirccted filtering force increases, in part balancing the inwardly
directed oncatic force and resulting in less than theoretic expansion
of vofume. Because of the very grear permeability of the glom-
erular capillary membranes to protein in nephrosis, much of the
albumin administered by vein is lost during the 24 hr. following
the infusion. High cost of salt poor albumin and excessive urinaty
wasteage make this form of therapy impractical except on 3n
experimental basis, X

The water diuresis which almost immediately follows injection
of albumin js no doubt related to expansion of plasma volume.
Although the tire of ADH in plasma is primarily responsive to the
osmolality of the body fluids, it is also affected by plasma volume
or some derivative of volume (sce Chapter V). According 10
Henry and Gouer, distension of the left attium inhibits AD
release reflexly and causes water diutesis. Such atrial distension
mighe well result from the injection of hyperoncotic albumin.

Eder and others have observed a high degree of correlation be-
tween sncreased rare of glomervlar filtration and diuresis of water
and salt in both spontaneous diureses and in those associated with
the repeated infusions of albummn. These findings suggest hat the
glomerulo-tubular imbalance which underlies water and salt reten-
tion in nephrosis is due in some pavients to a relative deficiency of
glomerular filtration.

That enhanced tubular reabsorption plays some role in salt and
water retention 15 equally evident. Burnett et al and Metcoff et al
have shown that when PAH or thiosulfate are administered t0
nephrotic patients as sodium salts, they are largely excreted in
combination with potassiom. Normal subjects, in contrast, excrete
them in the form in which they are given. Ingbar has shown that
the administration of ACTH and cortisone causes the excretory
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pattern of the normal subject to approximate that of the nephrotic.
These facts, coupled with the observation of Luetscher and others
that large amounts of aldosterone are excreted in the urine of
patients with nephrosis, suggest that the glomerulo-tubular im-
balance is in part due to enhanced exchange of sodium for potas-
sium and no doubt for hydrogen and ammonia as well. However,
in even greater degree, 1t is due to over-reabsorption of sodium
and chloride as ion pairs. The infusion of albumin is associated
with a reduction in urinary excredion of aldosterone, with increased
sodium output, and with a decrease in body weight, The relative
importance of increased filtration and of decreased rubular reab-
sorption of salt and water as causes of diuresis cannot be assessed
at the present time. No doubt both are sigmificant.

Use of Dextran and Other Colloids in Nepbrosis. As was men-
tioned above, high cost and inadequate supply render therapy
with salt poor human serum albumin impractical except on an
experimental basis. Three colloids have been successfully substi-
tuted 1n the treatment of nephrosis: polyvinal pyrrolidone, gelatin,
and dextran. In the past, acacia (gum arabic) has been used. The
latter is mentioned here only to condemn 1t most strenuously, for
as Hueper, Mannix and others have shown, its use leads to 2
storage disease known as arabinosis, characterized by splenome-
gally, hepatomegally, depressed formation of plasma proteins and
other liver dysfuncnions. Of the three recommended compounds,
gelatin and dextran are most favored in this country. Polyvinyl
pyrrolidone is retained in the body for long periods of time, and
seems on this score to be less desirable. All of these colloids are
essentially similar to albumin in their actions. When given to
patients with nephrosis, they produce a transient expansion of
plasma volume, water diuresis followed by salt diuresis, increase
in glomerular filtration rate, 2nd no doubt decrease in aldosterone
excretion as well. These compounds are commonly given intra-
venously in 10 to 12 per cent solution in isotonic glucose. James
ct al recommend a dose of 1.2 to 1.8 gm. of dextran per Kg. body
weight, infused at a rate of 2 to 4ml. per min. These authors sug-
gest that blood pressure be measured every 20 min. and if systolic
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normal or supernormal rates of glomerular filtration prior to
therapy.

All who have measured plasma volume have found it increased
following albumin infusion. However, Chinard has pointed out
that the degree of expansion of volume is less than the theoretic
iso-oncotic value. He suggests that, in consequence of the expanded
plasma volume, capillary hydrostatic pressure rises. The outwardly
directed filtering force increases, in part balancing the inwardly
directed oncotic force and resulting in less than theoretic expansion
of volume. Because of the very greac permeability of the glom-
erular capillary membranes to protein in nephrosis, much of the
albumin administered by vein is lost during the 24 hr. following
the infusion. High cost of salt poor albumin and excessive urinary
wasteage make this form of therapy impractical except on a0
experimental basis. .

The water diuresis which almost immediately follows injection
of albumin is no doubt related to expansion of plasma volume.
Although the titre of ADH in plasma is primarily responsive to the
osmolality of the body fluids, it 1s also affected by plasma volume
or some derivative of volume (sec Chapter V). According 10
Henry and Gouer, distension of the left atrium inhibits AD
release reflexly and causes water diuress. Such atral distension
might well result from the injection of hyperoncotic albumin.

Eder and others have observed a high degree of correlation be-
tween increased rate of glomerular filtration and druresis of watef
and salt in both spontaneous dureses and in those associated wit
the repeated infusions of albumin. These findings suggest that the
glomerulo-tubular imbalance which underlies water and salt reten-
tion in nephrosis is due in some patients to a relative deficiency of
glomerular filtration.

That enhanced tubular reabsorption plays some role in salt and
water retention 15 equally evident. Burnett et al and Metcoff et 2l
have shown that when PAH or thiosulfare are administered to
nephrotic patients as sodium salts, they are largely excreted in
combination with potassium. Normal subjects, in contrast, excrete
them in the form in which they are given. Ingbar has shown that
the administration of ACTH and cortisone causes the excretory
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pressure increases to values in excess of 140 mm, Hg, that the
infusion be stopped.

Albumin, dextran and other colloids merely promote the elimi-
nation of fluid in nephrosis; they do not alter the course of the
disease. Remission of edema is short lived and courses of therapy
must be repeated at frequent intervals.

Complications of Colloid Therapy. All colloids may induce
severe hypertension and convulsions or pulmonary edema when
given rapidly and 1n large amounts to patients with anasarca, due
no doubt to the sudden attraction of large volumes of fluid into the
vascular system. It is therefore advisable to administer them in
smaller than usual amounts in the presence of massive edema and
pre-existing hypertension. Dextran prolongs bleeding time, due t
inhibition of prothombin activation, and may be associated with
epistaxis and/or subcutaneous ecchymosis. Certain patients ar¢
sensitive to dextran and may exubit allergic manifestation follow-
ing the first infusion. Others may develop minor or major sensitivity
during repeated courses of therapy.

SUMMARY

The intravenous admunistration of concentrated salt poor human
serum alburmin, of dextran or of gelatin to patients with nephrosts
frequently induces water diuresis and subsequently saluresis and
loss of weight. Repeated daily infusions are necessary to cause
a significant response, for all colloids are rapidly eliminated in the
urine in consequence of excessively high permeability of the
glomerular membranes Plasma volume is expanded, glomerular
filtration rate and renal blood flow are increased, and urinary
excretion of aldosterone is reduced. Diuresis and loss of weight ar¢
results of both increased filtration and reduced tubular reab-
sorption of salt and water. Colloid ‘therapy of cirrhosis with ascites
is commonly ineffective due to rapid transfer of the oncotic agent
into ascitic fluid. Since portal and intrahepatic capillary hydrostuc
pressures increase with increased plasma volume, and since the
colloid is transferred to ascitic fluid, no significant reabsorption of
fluid from the peritoneum occurs, even though the colloid osmotic
pressure of the plasma is increased to normal levels.
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cremse, Howevey, cortain patients exhibit significant diuresis with-
out appreciable changes in these discrete renal functions. One such
study on a patient in congestive failure is summarized in Figure 24.
The administration of equivalent doses of digoxin to normal sub-
jects and to patients with cirrhotic and nephroric edema produced
a perceptible bu less significant diuresis of salt and water with no
change in renal blood flow or filtration rate. Farber’s observations
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Fig. 24, The diwretic effects of the intravenous administranon of 1.0 mg of

Digoxn mn s patient 1n congestive failure. Increased excretion of sodium and

chlonde in the absence of change in renal plasma flow and glomerular filgration

rate suggests a durect effect of the glycoside on the kidneys. (From $ J. Farber,
1D Aletander, ED. Pelligrine, and DP Facle Circulation, 4.378, 1951)

f(mngly mmply that at 2 constant filtered sodium load, reabsarption
is slightly depressed and excretion shghtly increased by a direct
:.sctiun.of digoxin on the renal tubules. The effect is more marked
in patients in congestive failure than in those with nephrotic or
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DIGITALIS GLYCOSIDES

A NUMBER of plant and animal extracts containing cardise
glycosides have been employed as folk remedies over the centuries.
Squill was known to the ancient Egyptians and was used by the
Romans as a diuretic, heart tonic, emetic and rat poison. Dried
toad skin, containing the glycoside bufagin, was both a Chinese
and Western folk medicine. Digitalis or foxglove, while long used
by the Welsh, became popular as a treatment of dropsy following
the classic description of its actions by William Withering in 1785
Withering was aware that digitalis was not equally effective in all
forms of dropsy, bur apparently did not recognize that his suc-
cesses were restricted to patients with heart disease. John Fexriar in
1799 was the first to ascribe to digitalis a primary cardiac action
and to relegate to a secondary position its diuredic effects.

Today the cardiac glycosides are not generally regarded 25
diuretics in the true sense of the word. The author has chosen t0
classify them as physiological diurerics, implying that they restore
the work capacity of the heart and counteract the circulatory de-
ficiencies which le2d to glomerulo-tubular imbalance and 1o com-
pensatory retention of salt and water. It 15 widely accepted that
the cardiac glycosides have no place in the therapy of edema other
than that associated with congestive circulatory failure, The actions
of these drugs on the heare and circulation which secondarily
result in diuresis and discharge of edema fluid are outside the scope
of this monograph.

A Dijrect Dinretic Action of Cardiac Glycosides has recently
been described. Farber and his associates noted that the intra-
venous administration of 1.0 to 1.5 mg. of digoxin to patients it
congestive failure causes a prompt diuresis of sodium and water.
Frequently renal blood flow and rare of glomerular fltration in-
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action could be ascribed to suppression of aldosterone stimulation
of tubular reabsorption.

However, another interpretation is possible. Schatzmann first
showed in 1953 that strophanthin prevents the uptake of potassium
and the elimination of sodium that normally occurs when cold
stored red cells are incubated with glucose at 37°C. The drug does
not affect oxygen consumption nor lactic acid production, hence
inhibits ion transport beyond the stage of energy production.
Joyce and Weatherall and Kahn and Acheson showed that other
cardiac glycosides mcluding digoxin exert the same effect. Glynn
has presented more direct evidence that the cardiac glycosides
mterfere with the ion pump rather than its energy source. Neither
desoxycorticosterone nor aldosterone modify the action of digoxin
on red cells.

It is impossible at the moment to decide which thesis applies to
the renal tubule, or in fact whether either does, Furthermore, 1t is
impossible to assess the relative significance of the direct renal
action and of the cardiac stimulating action of the dmmhs ghvco-
sides 1n explaining their diuretic effects in naric e
circulatory failure, \
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action could be ascribed to suppression of aldesterone stimulation
of tubular reabsorption.

However, another interpretation is possible. Schatzmann first
showed in 1953 that strophanthin prevents the uptake of potassium
and the elimination of sodium thar normally occurs when cold
stored red cells are incubated with glucose at 37°C, The drug does
not affect oxygen consumption nor lactic acid production, hence
inhibits ion transport beyond the stage of energy production.
Joyce and Weatherall and Kahn and Acheson showed that other
cardiac glycosides including digoxin exert the same effect. Glynn
has presented more direct evidence that the cardiac glycosides
interfere with the jon pump rather than its energy source, Neither
desoxycorticosterone nor aldosterone modify the action of digoxin
on red cells.

It is impossible at the moment to decide which thesis apples to
the renal tubule, or in fact whether either does. Furthermore, it is
impossible to assess the relative significance of the direct remal
action and of the cardiac stimulating action of the digitalis glyco-
sides in explaining their diuretic effects in patients wth congestive
circulatory failure.

SUMMARY

The cardiac glycosides have a clinically significant dwretic
action only in congestive heart failure and presumably exert their
major effects through the improvement n cardio-circulatory
dynamics which they induce. However, these drugs apparently
depress renal tubular reabsorption of sodm chlonide in modest
degree, It 15 possible that this action is antialdosterone 1n nature or
that the drugs block ion pumps of renal tubular cells mare directly.
These findings should not be interpreted as justification for use of
presently available glycosides in edemas other than those resulting
from congestive hearr failure.
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cirthotic edema or in normal non-edematous controls, If filtration
rate increases in patients in congestive failure, the diuresis may be
much more profound.

Hyman and his associates have recently demonstrated that the
injection of 0.065 to 0.250 mg. of digoxin into one renal artery of
an anesthetized dog produces diuresis of sodium and water which
is restricted to the side of drug administration and which lasts for
the 2 hr. period of observation. A greater response was obtained
in one dog in congestive failure due to experimental mitral stenosis.
Barger, in an as yet unpublished study, has extended these observa-
tions on unanesthetized dogs in congestive failure with ureters
separately explanted 1n the abdominal wall and with a catheter
fixed in one renal artery. Injection of 0.5 mg. of digoxin into one
renal artery results in diresis of sodium and water, most apparent
on the side injected and lasting for more than 24 hr, Shatzmann,
‘Windhager and Sol have d rated that perfusion of the
proximal tubule of Necturus with solutions containing minute
amounts of ouabain inhibits the active transport of sodium. These
several investigations are all consonant with the view that cardizc
glycosides can inhibit tubular transport of sodium by a direct
action on the kidney. .

The Mechanism of Diuretic Action of Digoxin in the studies
of Farber, Hyman, Barger, and Schatzman is by no means clear,
but one may speculate along the following lines. Cardiac glycosides
are complex molecules consisting of three basic components: 4
sugar moiety or glycone, a 5 or 6 membered unsaturated lactone
ring, and a cyclopentanophenanthrene nucleus or steroid moicr)”'
While it influences solubility and duration of action, the glycone 15
not necessary for the molecule to exhibit its characteristic effects
on the heart. The unsaturated lactone portion is necessary 2nd
cither splitting the ring or saturating it destroys activity. The
steroid nucleus bears a superficial resemblance to dssoxycorri-
costerone and aldosterone. One might speculate that digoxin binds
to the same receptor sites of renal tubules which bind aldosterone,
displacing the salt retaining steroid from its combination. D.JgOX?‘
could then be classified as an antialdosterone and its direct diuretic




Chapter X

ACIDIFYING AGENTS
CATION EXCHANGE RESINS

IN the introduction to this section, it was pointed out that
diuretics are administered to induce 2 negative balance of sodium,
and that some restriction of sodum intake is imperative, if one is to
attam this end. Wlule preparation of a nutritious and palatable
diet containing 2 to 3 gm. of salt per day is perfectly feasible,
Limitation of intake to 1.0 gm or less per day is virtually incom-
patible with a diet of adequate nutritive content and taste. Dock
m 1946 first suggested that ion exchange resins, long used in
mdustry for purposes of de-salination, might be admmstered to
patients to prevent intestinal absorption and to promote fecal
excretion of sodium. Not only might such resins permit a more
hberal intake of sodium, they might also be useful to abstract
sodium from the body by an enteric rather than by a renal route.
The first of these ends is more frequently achieved in practice than
is the second.

Chemical Nature of lon Exchange Resins. An jon exchange
resin 15 2 crosshnked polymer which contains either acidic or
basic groups and whach, therefore, can exchange either cations or
anions with the surrounding fluid medium. The resin has essentially
mfinite molecular size and 1ts monomeric components are exten-
sively crosslinked with stable carbon bridges. Accordmgly, it is
highly msoluble. The resns, useful clinically for removal of sodium
from the gur, contan sulfonic, carboxylic or phenol acid radicals.
They may be classified as phenol-formaldehyde, phenol-methy-
lene, or polystyrene polymers. ‘Those which exchange anions are
polyamines and are sometimes added 1 small amounts to the
cation exchange resins to reduce their acidic properties. The gen-
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the ammonium chloride or potassium chloride formed is absorbed
in the lower part of the digesrive tract. In the less acid environment
of the intestine, the hydrogen cycle resin is converted to sodium,
potassium, caleium and magnesium cycles and excreted as such in
the feces.

Theoretically, at the pH and concentration of the lower intes-
tine, some 6 to 7 mEq. of cations should be bound to each gm. of
resin Actually much less is bound; only 0.9 to 1.2 mEq. of sodium,
+ 1.0 mEq. of potassium, and considerably smaller but by no
means negligibl of calcium and jum are bound
per gm, of resin. This failure to bind theoretical quantities is in part
a result of very slow attainment of equilibrium due to the compact
structure of the resin lattice. It is also probable that protein, amino
acids, etc., inhibit ion uptake. As will be explained below, the
colonic mucosa specifically abstracts sodium from the resin,
reducing the quantiry bound.

Binding of Ions in the Intestinal Lumen. From the work of
Visscher and his associates on the dog, 1t is evident that consider-
able quantities of sodium exchange in both directions across the
intestinal epithelum between blood stream and luminal contents
during the transit of food and fluid along the intestine. Exchange
proceeds at such a rate that the sodium present in the blood turns
over or exchanges with that 1 the gut once every 90 min. This
means that in a 70 Kg. man, 190 gm. of sodium is delivered into
and abstracted from the gut each day. If one introduces into this
stream of sodium 50 to 100 gm. of resin, it is remarkable that
fecal excretion is not highly significant and thar sodium is not
rapidly abstracted from the body, especially in edematous patients
maintamed on low salt diets.

Visscher has demonstrated that the rate of exchange of sodium
across the duodenal epithelum s high, and that both rate of
transfer into the gut and our of the gur diminish through jejunum,
ileum and colon. However, the ratio of rate of transfer into
blood/rate of transfer into lumen increases progressively from
oral to sboral ends of the intestine. The greater this transfer ratio,
the more completely is sodum cleared from the lumen of the gut.
The colon is a highly efficient absorber of sodium and the feces
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eral structural pattern of a carboxylic cation exchange resin is
illustrated in Figure 25.

Resins, like all other dissociated compounds, must obey laws of
ionic equivalence. Figure 25 shows the several anionic sites of the
resin neutralized with Na*, H*, NH*, and K*. These anionic

CHp OH
—CHz2 CH2 CHz~—
0O0Na -COOK

H CHp
—CHz CHz CHp—
00H 0ONHz

CHy
Fig. 25. of a carboxyl c:txoln hange resin.

sites have differing affinitics for the several jons found in the gut
contents. Were all present in the same concentrations, the quanti-
ties of ions bound would be in the order Cat+ > Mg+t >
K+ > Na*. However, the concentration of sodium in the gut
considerably exceeds that of any other ion. Hence when the so-
called hydrogen cycle resin (all anionic sites neutralized with H+
jons) is administered, sodium is bound in greatest quantity. The
binding of ions by carboxylic resins is especially dependent on pH.

In the highly acid envi of the | or
potassium cycle resins are converted to the hydrogen cycle, and
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ably and excrete more sodium in the feces than is contained in the
diet; they lose weight. Presumably their colonic mechanisms are
less intensely stimulated to conserve salt.

Potassium is contained in digestive secretions in much higher
concentration than n extracellular fluid, 1e., as much as 15 to 20
mEq per liter. When a resin is administered in its hydrogen cycle,
it binds nearly as much potassium as sodium If sodium is excessively
conserved due to adrenal stimulation, considerably more potassium
than sodium may be elimmnated. This results from the lugh affiniry
of resins for potassium, the relatively high concentration of potas-
sium in digestive secretions, and perhaps, under adrenal stimulation,
to an acuve exchange of potassium for sodium by the colonic
mucosa. Sigmficant quantities of calcium and magnesium are also
bound by resin. The possibility exists that resins may also remove
trace metals, riboflavin, and thiamine.

Alterations in Composition of the Body Fluids Induced by
Resins derive directly from the jon binding properties described
above. Hydrogen cycle and ammonium cycle resmns induce hyper-
chloremic metabolic acidosis. The plasma bicarbonate concentra-
tion decreases from its normal level of 26 to 28 mEq. per liter to
between 10 and 20 mEq. per liter The plasma chloride concentra-
tion increases from 1ts normal level of 105 to as high as 115 to 120
mEq. per hter. Ordmnanly, plasma sodium concentration is un-
changed or is enly slightly depressed. Plasma pH decreases moder-
ately. These mamifestations of acidosis produced by the ingestion
of 45 gm. of hydrogen or ammontum cycles resin per day are
comparable to those produced by 7 to 10 gm. of ammonium
chlonde per day. In fact they are the exact chemical equivalent.

(1) HeRes + NaCI=HCI A+ Nae® Res —
(2) NH, * Res 4 NaCl=NH,CT A -+ Na e Res -

As shown in equation (1), hydrogen cycle resin (H*Res) reacts
with NaCl 1n the gut to form HCI, whuch is absorbed and neutra-
lized in the body by intracellular and extracellular buffers, includ-
ing bicarbonate. As shown in equation (2), ammonium cycle
resin (NH,'Res) reacts with NaCl to from NH,CL This salt is
absorbed, converted into urea and HCl 1n the liver, and the acid so
formed is neutralized by body buffers. Whle the patient with
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of man normally contain negligible amounts of this jon, It is prob-
able that resin binds sodium in the oral end of the intestine and
that sodium 15 removed and replaced with potassium and, to a slight
extent, hydrogen in the aboral end,

The activity of the colon in removing sodium from feces and
from resin is regulated by salt retaining adrenal cortical steroids,
probably by aldosterone. Berger and his associates have shown
thar the rat, an animal which normally excretes fair amounts of
sodium in the feces, completcly absorbs this ion when rre:nex.i with
desoxycorticosterone. Normal human subjects, excreting significant
amounts of sodium bound to resin, reduce fecal excretion essentizlly
10 zero when treated with DOCA. Emerson et al have shown that
adrenalectomized patients or patients with Addisons discase whe
lack aldosterone excrete far more sodium in the feces when gives
resin than do normal subjects. X

It has been general clinical experience chat patients vary widely
in their response to resins. Some excrete small amounts of sodium
bound to resin, even less than the gm. or so consained in 2 very
low sodium diet, Others may excrete greater amounts of sodium
than are present in the food ingested. However, they rarely de-
velop a significant negative balance. These findings hfl\'c been
loosely expluned by the statement that the resin reacts djf.fercm!}'
with genous and endog sodum, je., thar resins W
remove a limited amount of dietary sodium in the feces, but that
they will not abstract sodium from body seserves, In view qf the
rapid turn-over of sodivm across the gur wall, this explanation 15
patent nonsense, if it is interprered literally. A much more reason~
able explanation 1s that the cfficacy of resins in removing sodium
from the body is mversely related to the intensity of stimulation
of salt retaining mechanisms. If the adrenal salt retaining system )y
maximally activated, the concentration of sodinm in sweat, saliva,
urine, and colonic contents will be minimal. Essentially all of the
sodium bound by resin in the upper gut will be abstracted in'lhc
colon. Restriction of dietary sodium intake stimulates so'dl"m
conservation by both normal subjects and by edematous pagients:
Liberalization of dictary intake reduces conservation and permuts
fecal loss of sodum on resin. Some patients respond more favor-
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consideration of ammonium chloride therapy. (2) Compensation
for diversion of ingested 1ons from a urinary to a fecal route of
elimmation Commonly on institution of resin therapy, urinary
sodlum excretion decreases. If the decrease in renal excretion is
equal to the increase in fecal excretion, no net loss of body sodium
oceurs. Occasionally, however, urinary output of sodium is less
markedly depressed; the sum of urinary and fecal excretions
exceeds intake, and modest loss of weight occurs. Less frequently
a significant diuresis of chloride, sodium and water results from the
acidosis, and edema clears. In contrast, urinary potassium excretion
is rarely reduced to a degree sufficient to balance fecal loses when
ammonium or hydrogen cycle resins are given; hence body stores
of potassium may be rapidly depleted.

Toxicity. Cation exchange resins are by no means benign thera-
peutic agents. The sulfonic resins cause epigastnic burmng and
discomfort due to their relatively strong acid properties and have
now been replaced by carboxylic resins. These latter, though less
rntating, may produce a sense of fullness, and rarely nausea and
vomiting. The most common complamt is constipatton, a difficulty
which may be alleviated by admimstration of methylcellulose or
other hydrophilic bulking agents. However, abdommnal distension
and constipation are frequently signs of potassium depletion and
should be considered as such ull proven otherwise. Fecal impaction
is a possible hazard, especially in the elderly.

The mild to moderate acidosis which accompanies resin therapy
15 of hule significance if the patient has normal renal function.
However, increasing dyspnea, azotemia, and ohguria may be signs
of severe acidosis 1n patients with inadequate renal reserve Weak-
ness, lassitude, abdominal distension, constipation, tachycardia, and
cardiac irregulanities are signs of significant potassium depletion and
may occur, although rarely, when the pauent is recerving 2 pare
of the resin dose 1n the potassiam cycle.

In zcate renal fatlure potassium cycle resms are absolutely inter-
dicted, although hydrogen cycle or sodium cycle resns are
occasionally used to combat hyperpotassemia. The hydrogen cycle
resins increase acidosis and are to be avoided if the patient 15
severely acidonic, the sodium cycle resins increase extracellular ion
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normal renal function can and does compensate this acidosis and
keep it within reasonable bounds, the patient with severely reduced
renal funcrion cannor. Such individuals may become extremely
acidotic, exhibit Kussmaul breathing and become aliguric, azotemic,
and comatose on prolonged resin therapy.

A somewhar more subtle disturbance produced by hydrogen
and ammonium cycle resins is hypokalemia and depletion of tissue
stores of porassium as indicated by the following equation.

H * Res 4+ KCI=HCOIA 4+ K« Res —

The degree of reduction of plasma concentration of potassium
is unfortunately not an accurate indication of the extent of
depletion of body potassium reserves, for large amounts of ‘(his
ion may be removed from tissues with relatively minor alterations
in plisma Jevel Signs and symptoms referable to potassiam de-
pletion are discussed in Chapter XIX, All resing now marketed for
removal of sodium in the guc contain roughly one-third of total
resin in the potassium cycle, In the absence of vomiting, diacshes
or anorexn, this quantity of potassium is sufficient to protect t}.lc
patient from excessive potassiom loss. Administracion of resit
entitely in the potassium cycle would canse no change in acid base
balance. One might, therefore, presume this to be the ideal form
in which to adminster resins, Flowever, the incorporation of even
one-third of total resin in the potassium cycle reduces ovel:ﬂu
efficacy of binding of sodium. Unfortunately, no alternative exists
bus to supply a part of the resin m the potassivm eycle or 10
give potassium supplements; the two are equivalent. .

Hypocalcemia has been no problem except in patients mamn-
tained on daily doses of resin far 6 mauths or more. Oral caleium
supplements are of little value, for this jon is strongly bound ©
resin, Calcium in the form of the gluconate can be administered
parenterally or resin caa be given in mtecrupted courses with the
view that calcium deficits can be made vp during the drug-free
interval.

Renal Responses to Resin Therapy fall into two geneml'c-‘»(f‘
gories: (1) Compensations for hyperchloremic metabolic acidosts,
namely low urine pH and high rate of excretion of titratable flC!d
and ammonia. These factors will be discussed in Chaprer XT in 2
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therapy, rendering more effective subsequent treatment with
mercurial compounds. It can scarcely be considered a prime reason
for the administration of resins; the same effect can be obtained at
considerably less expense by administering ammonium chloride.
According to this view, resins should be considered as adjuvants
in the treatment of edema, not as primary therapeutic agents.

Others have had greater success with resins in the primary re-
moval of edema fluid. They have noted in favorable cases that
fecal elimination of sodium may exceed dietary intake and that
diuresss of sodium, chloride and water may lead to rapid reduc-
tion of edema, Still others complain that relatively little Liberaliza-
tion of dietary sodium 15 possible without gam of weight and that
resins are relatively ineffective in the pnimary removal of edema
flud. Resins have been employed with success and with failure
in congestive heart failure, cirrhosis with ascites, nephrosis and
the nephrotic stage of glomerulonephrits, pre-eclampsia and 2
variety of other diseases. The author would reconcile these con-
flicting views in the following terms. The adequacy of response
to resin therapy is less determined by the nature of the primary
disease process than by its severity as expressed in the intensity
of stimulation of salt conserving mechanisms. The more intense
the stimulation of salt conservation, the more avid the absorption of
sodwum by the colon, the more complete the reabsorption of so-
dium in the renal tubule and the less the fecal and urinary excre-
tion of salt and water. When salt retention is less actively stimu-
lated, fecal loss of sodium on resin is greater and the dwresis in
response to acidosis is more sigmificant. Whether a given patient will
respond must be determined by therapeutic trial.

Contraindications. Resins should not be used in severe renal
disease because of the danger of marked acidosis and its attendant
ohguria and azotemia Potassium and ammonium cycle resins are
absolutely interdicted in acute renal fasture and possible gain from
the use of hydrogen and sodium cycle resins in removing potas-
sium from the body must be balanced against the acidosis and
edema which they induce. Ammonium cycle resins should not be
employed m patients with severe liver insufficiency because of the
possibility of ammonia toxicity. Adequate potassium intake must
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rescrves and are to be avoided if the patient has been overhydrated
with saline early in the course of his discase.

Patients maintained on a low sodium diet, given daily doses of
resins and subjected to repeated mercurial diuresis may develop the
low salt syndrome, i.c., dilutional hyponatremia. This condition is
discussed in Chapter XIX. When resins are given daily for long
periods of time, hypocalcemia, muscle cramps and latent tetany
may develop. Digitalis toxicity in the course of resin therapy i
commonly associated with porassium depletion.

Dosage and Route of Administration. Resins are best given by
mouth, but can be given per rectum in acute renal failure if nausea
and vomiting make the oral route impractical. Resins are com-
monly given in amounts of 30 to 60 gm. per day in divided doses
with meals. They are moderately unpleasant in taste and texture
but can be adequately masked by suspension in fruit juices or
tomato juice or by mixing in mashed potatoes or apple sauce. They
may be given daily, or in interrupted courses of ¢ days of drug,
3 days drug free. .

A variety of preparations of carboxyl resins are available.
Resodec is a mixture of two-thirds ammonium and one-third potas-
sium cycle resin. Carboresin is a mixture of 88 per cent carboxyl
resin and 12 per cent polyamine resin. Of the 88§ per cent carbosyl
tesin, two-thirds is in the hydrogen cycle, one-third in the potas-
sium cycle. Evidence that such amounts of polyamine resin
significantly reduce acidosis is inconclusive. For potassium removal
in acute renal farlure, pure sodium cycle and pure hydrogen cycle
resins are available.

Clinical Use of Cation Exchange Resins. Opinions differ as to
the role of catuon exchange resins in the therapy of edematous
patients. A rather conservative view is that potent diuretics should
be administered to effect the elimination of edema fluid, There-
after resins and moderate dietary salt restriction may be employed
to keep the patient edema free. In favorable cases, salt intake may
be liberalized to such an extent that an easily prepared, nutritious
and palatable diet is possible. Since resins induce a hyperchlorcn'}ic
metabolic acidosis, they potentiate the action of on,ranomercurl:‘lI
diuretics. This can be considered as a useful by-product of resin
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also be assured. Elevation of blood ammonia and potassium deple-
tion are contributory factors in precipitation of liver coma.

SUMMARY

Cation exchange resins are macromolecular polyanionic lattices,
insoluble and non-absorbable. YWhen introduced in the digestive
teact in hydrogen, ammonium and potassium cycles, they exchange
these jons in variable degree for sodium present in the digestive
secretions. At best their sodium binding capacity in the gut is low,
and large doscs must be administered to extract appreciable quat-
tities of this ion. Hydrogen and ammonium cycle resins produce
hyperchlaremic metabolic acidosis, and since they pxe[:rcntiz{b’
bind potassium, tend to deplete body stores of this ion. Adminis-
tration of one-third of the rotal resin dose in the potassium cyele
in most instances protects against a negative potassium balance.

In favorable cases, the administration of resins abstracts sufficient
sodium in the feces to permir some liberalization of intake without
gain in weight. This somewhat simphfies preparation of a diet, a0
makes possible one of greater palatability and nutritive value. In
some edematous patients, the acidosis induced by the resin causes
primary diuresis and loss of weight. Resins, like other acidifying
agents, potentiate mercurial diuresis. In some patients, maximally
conserving sodium, resins abstract negligible quantities of this ion
in the feces, instead abstract potassium, Adequacy of therapeuti
resp is largely dependent on degree of adrenal steroid stimula-
tion of a colonic mechanism which reabsorbs sodium from the
feces in exchange for potassrom.
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buffers contribute to the neutralization of strong acid in the body;
the most familiar is bicarbonate. Hydrochloric acid is in pare
neutralized in blood and extracellular fluid in the following manner:

H, CI- 4 Na*, HCO, > Na*, CI- + H,CO, = H,0 - CO, A
The net result is that a strong highly iomzed acid, X, CI, is
converted into a weak un-ionized acid, H,CO,. Of equal import-
ance, this weak acid is dehydrated to CO, and excreted by the
lungs. The strong acid has completely disappeared, along with
some fraction of the bicarbonate, and an equivalent amount of
neuatral sodium chloride has taken its place. Incidently pH de-
creases, but not 1 proportion to the fall in bicarbonate concentra-
tion, for breathing is stimulated. The administration of ammonium
chloride therefore depresses plasma pH and bicarbonate concen-
tration and elevates plasma chloride concentration, 1., produces
hyperchlorerme metabolic acidosts.

A second buffer system of sigmficance is hemoglobin, Hemo-
globin exists in part as an ionized salt, potassium hemoglobmate,
in part as a weak un-ionized acid, hemoglobin, Hydrochloric acid
penetrates and is neutralized within erythrocytes in the manner
described by the following equation:

H, CI + K7, Hb- = K», C + H-Hb

Again a strong acid has disappeared to be replaced by a weak acid.
The reaction depicted by this equation is dependent on the general
buffer properties of hemoglobin, not on its respiratory function in
the transport of oxygen and carbon dioxide. To a slight extent the
plasma proteins play a similar role, but since they are present in
lower concentration than hemoglobin, their contribution is less
significant.

It is a common misconception that the major part of an admin-
istered acid load is neutralized by blood buffers. Actually nothing
could be further from the truth. As Van Slyke and Cullen pointed
out many years ago and as Swan, Schwartz and others have
recently emphasized, blood buffers neutralize but 15 to 20 per cent
of an administered acid load; interstital fluid buffers, largely bicar-
bonate, neutralize 30 to 35 per cent; and fully 50 per cent is
neutralized by cellular buffers and by bone.



Chapter XI

ACIDIFYING AGENTS
AMMONIUM CHLORIDE

THE diuretic properties of acidifying salts were first described
by Schultz in 1918, However, our present appreciation of the
alterations in acid base balance and jonic structure of body ﬂui(}s
which these agents induce and which account for their diuretic
action is based on the classic studies of Haldane, Gamble, Loeb,
Keith and others. Ammonium chloride and nitrate, calcium chlo-
ride and nitrate, and hydrochloric acid have all been administered
as acidifying agents. The nitrates have been discarded because thc.y
occasionally cause methemoglobinemia as a consequence of their
reduction to nitrite in the gut. Calcium salts have been discardfd
because they frequently cause epigastric distress, abdominal fils'
comfort, constipation, malaise, and muscle cramping. Ammonium
chloride remains as the agent of choice, although cation exchange
resins and acetazoleamide may also be employed to acidify the
body fluids.

Ammonium chloride is rapidly absorbed in the gut,
to the liver by the portal circulation and there converted to ured
and hydrochlonc acid. The net effect on acid base balance is the
same as though an equivalent amount of hydrochloric acid had
been ingested. The calcium 1on of calcium chloride is POofIY
absorbed; most of a large oral dose is excreted in the feces a5
insoluble carbonate and phosphate. The chloride ion is readily
absorbed in exchange for bicarbonate. The net effect again is
equivalent to the mgestion of hydrochloric acid.

Neutralization of Acid in the Body. Accordng to Van Slyke,
the normal human body conrains enough buffer to neutralize 1000
mEq. of hydrochloric acid before the pH of cells and extracellular
fluid decreases to a level incompatible with life. A variety of

transported

158
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each day in divided doses. Chloride excretion rose sharply on the
first day. Although the excretion of ammonia and titratable acid
increased modestly, nearly all of the excess chloride in the urine
was neutralized by sodium withdrawn from body reserves, During
the subsequent 4 days of acid ingestion, progressively less and less
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Fig 26 Effects of an acd load (15 gm per day of ammomum chlorde) on the

excreton of sodium, potsssium, chloride, ammona and witratable acid n normal

man, (Drawp from data of OW Sartorius, JC Roemmele, and RF. Pists-
] Clin. Invest, 28 423, 1949 )

sodmm was sacrificed to neutralize chlonde, Instead, on the second
and third days, potassum, withdrawn from cellular stores, was
unlized mncreasing amounts. However, during the last 2 days
ti}e major fracuon of the unnary chlonde was ehmimnated in com-
bm%non with ammonia. In fact, this mechanism permitred the
achievement of ‘acid base equilibrium and halted the loss of sodwm
and potassium by the fifth day of acid ingestion,

The loss of appreciable quantities of sodium and potassium
from extracellular and cellular reserves is associated with the
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_ Most cells, other than erythrocytes, can be described as effec-
tively impermeable to chloride ions. Therefore, hydrochloric acid
per se cannot penetrate to be neurralized by cellular buffers, Le.,
by protein and organic phosphate compleves. However, cells ate
permeable to H* ions and to Na* and K* jons. Cells share their
buffering powers with extracellular fluid by permitting the en-
trance of H* ions in exchange for equivalent numbers of Na* and K*
ions which leave the cells. The chloride of hydrochloric acid
remains extracellular.

?H* + K% Pr- + Nat, Org Pos- = H ¢ Pr + H * Org Po, + Nt + K
Ammonium chloride therefore causes the loss of both potassium
and sodium ions from cells and the gain of hydrogen ions. Accord-
ingly the pH of the cell contents decreases. Since hydrogen ions
bound to intracellular buffers are less ionized than were the
sodum and potassium tons originally present, the osmotic pressur®
is redaced and water is lost by osmosis. According to Bergstrom
and Wallace bone shares a part of its buffer capacity with extra-
cellular Aluid in much the same manner as do cells, giving UP
sodium ions in exchange for hydrogen ions.

Renal Compensations for Acid Loading. The study of Sartors
and Roemmelt, summarized in Figure 26, describes the alterations It
renal excretion of 1oms in a normal indwidual over a five day
period, during which 15 gm. of ammonmm chloride were ingested
each day. For the entire 16 day course of the experiment, the sub-
ject was maintained on 2 diet of constant composition with respect
to electrolytes and calares, During the first 5 days, which con-
stituted the control period, the subject excreted an average of 130
mEq of chloride, 125 mEq. of sodium, and 78 mEq. of porassium-
Because the diet, like all normal diets, had an acid ash residue, 40
mEq. of ammonia and 40 mEq. of titrarable acid were eliminate
each day to balance the acid base budget. Ammonia and titratable
acid are plotted upwards from the base line across the lower part
of the chart to indicate thar they represent cation conservation
Sodium and potassium are plotted downward from the same base
line to indicate cation loss.

During the second 5 day period, 15 gm. of ammonjum chloride,
equivalent to 280 mEq of hydrochloric acid, was administered
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creasing quantities, until by the fifth day it neutralized all of the
excess urinary anion. The ammonia excretory mechanism is the
only truly compensatory one, in that it protects all cation reserves
of the body. The potassium exchange mechanism, however, per-
mits the participation of the large buffer reserves of cells in the
homeostasis of body neutrality. The loss of ions from cellular and
extracellular compartments is accompanied by a nearly equivalent
loss of water, However, loss of water and decline in body weight
are not strictly proportional to loss of 1ons, for plasma sodism
concentration and total osmolality decrease somewhat.

The gradual increase in ammonia excretion under acid loading
is 2 well documented observation of considerable significance. Be-
cause ammonia output increases slowly, body sodium 1s lost during
the first few days of acid therapy. Because ammonia output rises
to equal the acid load within 3 to § days, the diretic response is
brief. Nothing is gained by prolonged ammonium chloride therapy,
the drug should be given in interrupted courses of 3 to 4 days,
separated by equal or longer drug free intervals. The finding of
rapid restorauon of body sodium stores when ammonmum chloride
is withheld, emphasizes the fact that sodium intake must be severely
restricted, if the losses sustained durmng acid loadng are to be
maintained in the drug free interval.

Davis and Yudkin, Rector, Seldin ez al., and Leonard and Orloff
have shown that the gradual mcrease in rate of excretion of am-
monia with acid loading is at least in part due to an adaptive
increase in the activity of the enzyme, glutaminase, in the renal
tubular cells. This enzyme catalyzes the deamidation of glutamine
to glutamic acid; hence increases the rate of production of
ammonia. The ammonia diffuses into acid urine where it is trapped
as ammonium ion. As pointed out i Chapter IV, buffering of
hydrogen 1ons by ammonia permuts continued exchange of hydro-
gen for sodium. An increased rate of ammonia production obvi-
ously favors the salvage of sodium by distal tubules.

The stimulus for the adaptive mcrease in glutaminase activity
might be either an increase in acidity of tubular cells or a reduction
in body sodium stores. That the latter might be the more significant
factor is suggested by the findings of Schwartz et al. They
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excretion of nearly equivalent quantities of water and reduction in
body weight. Normal individuals on such acidifying regimens lose
a total of 1.5 to 3.0 Kg. of body weight before attaining acid base
equilibrium. Usually some three-quarters of the fluid is withdrawn
from the extracellular compartment and one-quarter from the
cellular, although in the experiment described in Figure 26, losses
were nearly equally distributed between the two compartments.

Net losses of sodium over a 5 day period have varied from 170
to over 300 mEq. in normal subjects. Potassium losses have varied
from one third to half or more of sodum losses. The repair of
depleted body reserves of sodium and potassium is illustrated in
the last 6 days of the experiment shown in Figure 26. The excre-
tion of cations decreased to very low levels during the first two
days of recovery, although dietary intake remained the same.
Anions were eliminated largely in combination with ammonia,
while sodium and potassium were retained to replenish depleted
extracellular and cellular reserves.

Mechanism of the Dinresis Induced by Acidifying Salts. The
factors outlined above constitute the basis for an explanation of
the diuretic action of ammonium chloride. The hydrochloric acid
formed in the liver is in part neutralzed by bicarbonate of blood
and interstitial fluid. Bicarbonate is converted to chloride and the
carbon dioxide is expelled by the lungs. In the experiment describ-
ed in Figure 26 plasma chloride increased from 110 to 123 mEq
per liter, plasma bicarbonate decreased from 27 to 15 mEq. per
liter. The sum of the two anions remained essentially constant.
The load of chloride delivered mnto the tubules in the glomerular
filtrate increased as a result of the increase in plasma concentration.
The filtered load of bicarbonate decreased. Within limits the
capacities of the tubules to reabsorb chloride and bicarbonate vary
reciprocally, but the reciprocity is nat perfect. Although chloride
reabsorption increased, some of that which was filtered escaped
into the urine. On the first day sodum was sacrificed to neutralize
urinary chloride. On the second and third days increasing quan-
tities of potassium were excreted in exchange for sodium, thereby
protecting sodium reserves from further depletion. From the ﬁ.l'Sl
day onward, ammonia was substituted for sodium in steadily in-
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though severely depleted of sodium. The glutaminase activity
of their renal tubules is probably high. Accordingly, when am-
monium chloride is administered, the chloride is largely excreted
in combination with ammonia and potassium; httle sodium is lost.
No doubt low glomerular filtration rate and excessive salt retaining
hormone production contribute to failure of diuresis in edematous
patients actively conserving sodium.

Dose and Route of Administration. Ammonium chloride is ad-
ministered orally in doses of 2 to 5 gm., 3 times a day for not
longer than 4 days. Three days to a week are allowed to elapse
berween courses. When given to potentiate mercurial diuresis, the
drug is given for 3 to 4 days, and on the last day, 2 ml. of a
mercurial diuretic is given intramuscularly. Although it is com-
monly done, ammonium chlonde should not be given as enteric
coated tablets, When so administered, absorption is completely
unpredictable, and usually inadequate. The taste of ammonium
chloride is unpleasant and difficult to mask; syrup of raspberry is
probably the most effective disguise. The drug should not be
administered in a solution stronger than 2.5 per cent because of
gastric irritation. It can be given in uncoated or gelatin coated
tablets or in gelatn capsules along with ample water. It should
be taken immediately before meals to minimize gastric discomfort.
Ammonium chloride can be given intravenously in 1 to 2 per cent
solution, made up in § per cent glucose. Tt must be given very
slowly to avoid severe toxic reactions, at a rate not in excess of 2
gm. per hr. Under no circumstance shonld it be administered in
such fashion to a patient with cirrhosis or evidence of hepatic
dysfunction, Intravenous ammonum chloride is usnally employed
only in the treatment of severe metabohc alkalosis with vomiung,
not for its diuretic effect.

Toxicity. Symproms of gastrointestinal irritation are common,
including epigastric distress, anorexia, nausea and vomiting. Symp-
toms of acidosis, mild in character, are to be expected if the dose
of ammonium chloride is adequate. These include barely noticeable
hyperventilation at rest but definite excmonal dyspnea. Mild weal-
ness and lassitude are ints. However, in the pres-
ence of severely impaired renal function, a fulminating type of
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obscrved thar the infusion of neutral sodium sulfate in normal
subjects increases the acidity of the urine and the output of
ammonia. When their subjects were depleted of sodium over 2
period of several days and sodium sulfate was then infused, the
urine became iniensely acid and far greater quantities of ammonia
were climinated, Presumably sodium depletion per se caused an
adaptive increase in enzyme activity for no apparent change in acid
base balance occurred as a resulr of sodium depletion. Enhanced
exchange of hydrogen for sodium and greater production of am-
monia permitted salvage of more sodium and a more rapid restors-
tion of depleted sodium stores. However, intracellular acidity may
well be a significant factor under other circumstances. )

Clinical Use of Ammonium Chloride, Ammonium chloride i
generally regarded as a mild diuretic in its own right. As pointed
out above, therapeutic amounts produce 1 sweighe loss of 1.5 1030
Kg. in normal subjects. In patients who respond favorsbly, the
diuresis may be far more significant because of the availabiﬁr)j of
greater reserves of extraceHular fluid. A jum chloride is 3
significant element of the Sch gi for the of
edema, which inclades safe restriction, acidification, and the
farcing of fluids. ¥t plys an adjuvant sole in diuzetic therapy
with osmatic diurerics and with chlorothiazide; in the latter
instance it corrects the mild alkalosis induced by the primary
durenc drag. It is most widely used for its highly significant
potentiation of mercurial diuresis(cf. Chapter XV1), and ro correct
the atkalosis which commonly results from invensive therapy with
mercurial diuretics,

Ammonium chloride is perhaps ideally suited as 2 primary
diureric to overcome the shght tendency for fluid and salt retention
which so discourages patients on 2 low caloric weight reducing
regimen. The fact that it is apr to produce some nausea is an asset
under these circumstances.

Frankly edematous patients, actively reraining sodmm, rarely
sespond In satisfactory fashion 1o ammonium chleride alone, of
else exhibic diuresis on the first day and become refractory there-
after. The findings of Schwartz et o, alluded to above, explain this
failure to respond. Such patients, although edematous, behave 25




ACIDIFYING AGENTS — AMMONIUM CHLORIDE 167

proper fashion, these two agents are the most powerful diuretics
available to the physician today.
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acidosis develops with Kussmaul breathing, prostration, confusion,
coma, azotemnia and oliguria. When patients with moderate im-
paitment of renal function are maintzined on daily doses of
ammonium chloride over long periods of time, such 2 pictare may
develop gradually. Since, 15 pointed out above, continuous thc.rapy
with ammonium chloride serves no useful purpose; a regimen
which results in severe chronic acidosis cannor be too he:mzl}’
condemncd, Depletion of body stores of postassium may Tikewise
result from prolonged ad ration of chloride,
especially if anorexia prevents ad g dietary  reph i
Dietary supplements of potassium are advisable. Signs offmﬂﬂ‘m“l
toxicity, including weakness, apathy, drowsiness, confusion am! 2
coarse flapping tremor may devefop in cisthotic patients with
hepatic insufficiency,

Contraindicati A ium chloride should not be given
patients with severely impaired renal function because of. the
danger of severe acidosis. The drug should not be given to patients
with evidence of liver insufficiency because of the danger of
ammonia toxicity and liver coma.

SUMMARY .

A ium chloride indaces hyperchloremic metsbolic acidosis
Because plasma concentration increases, the filtered Joad of chloride
delivered into the renal tubules increases. Althongh tubular x:czb-
sorption is enhanced, the excess load of chloride is not ennrel_y
removed from the urine. The chloride excrered on the first day is
neurralized almost entirely by sodium; on the second and third
days, it is ncutralized to a significant extent by potassium. By the
fifth day urinary chloride is almost entirely neutratized by am-
monia. Loss of sodium during the firse few days is accompanied
by loss of extracellular water; loss of potassium, by Joss of c_ell
water. Because the diuretic response is brief, ammonium chlo{ldc
should be administered in interrupted courses of shorr duration,
separated by drug free intervals. Ammonium chioride is at best
a mild diuretic and is usually employed as an adjuvant in therapy
with more potent compounds. It serves its most useful purpose in
potentiating the action of mercurial diuretics. Used together in
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cortical secretion of aldosterone or the competitive inhibition of
renal salt retention by the administration of a steroid which, al-
though it had no salt retaining properties itself, would bind to
renal tubular receptor sites and displace aldosterone. Amphenone
B is a compound having the first action, namely inhibition of
aldosterone secretion. Compounds designated as SC5233 and
SC8109 are examples of the second type which apparently displace
aldosterone competitively from the renal tubular receptor sites
Just how ACTH, cortisone, prednisone, etc. exert their favorable
actions is less certain at the moment.

Indications for Steroid Therapy of Edema, Widespread clinical
experience justifies the statement that one or another of the fol-
lowing, ACTH, cortisone, prednisone or prednisolone, is the
therapeutic agent of choice in the juvenile form of socalled
“genuine lipoid nephrosis” and in the nephrotic stage of glom-
erulonephritis if renal function 1s adequate. Unforrunately, steroid
therapy of nephrosis is not always successful. and other diuretic
pracedures have their place. Prednisone and prednisolone would
seem at least theoretically preferable o ACTH and cortisone be-
cause of lesser salt reraining activity. The use of these agents in
cardac and cirrhotic edema and indeed in the nephrotic syndrome
as well should be restricted to those patients who can be kept under
close surveillance, maintained on 2 rigidly low salt mtake, and
observed continuously for complications of steroid therapy. Re-
cent reports suggest that these steroids are especially useful in
facilitating the elimination of water n the condition of hypona-
tremia which not ifrequently develops following paracentesis or
vigorous diuretic therapy with mercurial compounds, They also
have been described as potentiating the action of acetazoleamide
and mercurial diuretics in patients resistant to those agents.

Amphenone is too toxic for general therapeunc use bur 15 espe-
cidly interesung because of the light it has shed on the role of
hypersecretion of steroids in primary diseases of the adrenal as
well as in edema It may well be the harbinger of dwretic agents
of the futare. The compounds SC5233 and SC8109 are experimen-
tal drugs, do not scem especially potent, but are promising leads in
a search for a new approach to diuretic therapy.,



Chapter XII
STEROID AND ANTISTEROID THERAPY

ACT H and cortisone were first used in the treatment of neph-
rosis by Farnsworth and by Luetscher just a decade ago. Some §
years later Schemm, Camara, Heidorn, Cattan and Vesin, and
others reported the surprising observation that these agents, known
under most circumstances to cause sodium retention, frequently
induced diuresis in patients with cardiac and cirrhotic edema 25
well as in those with the nephrotic syndrome. More recently two
synthetic steroids, prednisone and prednisolone, related respect-
ively to cortisone and to hydrocortisone, but having less sodiumt-
retaining potentialities, have been employed in the treatment of 2
variety of edematous states by Muller, Mach, Landan, Riemer,
and others.

The fact that the urinary excretion of salt retainin,
identified in more recent studies as aldosterone, is increased in
patients with nephrotic, preeclamptic and cardiac edema anq m
those with cirthosis and ascites has been demonstrated by Deming:
Luetscher, Chart, Singer, Venning, and others. The additional
observation that the sodium content of the urine, feces, sweat
and saliva is reduced m edematous patients suggests that the con”
centration of aldosterone in the body fluids 15 high, due either t0
increased production or decreased destruction, and that over
abundance of this steroid is a significant factor in the pathogenesis
of edema and ascites. Davis has shown in the dog with experimental
ascites and Marson and Werk et al have shown in patients with
cirrhosis and ascites that bilateral adrenalectomy reduces sodium
and water retention and peritoneal transudation. The difficulties of
hormonal control of bilaterally adrenalectomized patients makes
this something less than an ideal therapeutic procedure. A mor¢
rational type of treatment would be the inhibition of adrenal

g steroid,
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hormone synthesis in the adrenal cortex, not by altering its rate of
metabolism. While most of the above findings demonstrate inter-
ference with synthesis of glucocorticoids, it is evident from Rosen-
feld and Bascom’s observations that certain synthetic operations
basic to production of aldosterone are also reversibly mhibited.

Renold et al observed that the exhibition of amphenone to 2
patient with 2 metastasizing adrenal carcinoma with Cushing’s
syndrome led to a cessation of urinary excretion of aldosterone and
to a brisk diuresis of salt and water. McCullagh and Tretbar ad-
ministered as much as 9.25 gm. of amphenone per day to patients
with Cushing’s syndrome with minmal signs of toxicity. Others,
however, have noted that effective doses cause gastromtestinal dis-
turbances, including nausea, vomiting, diarrhea and abdominal dis-
tension, methemoglobinemua, bone marrow depression, cutaneous
eruptions and thyroid enlargement. In view of the multiplicity and
potentially serious nature of the complications of therapy, amphe-
none does not seem to be a satisfactory drug for general clincal
use.

NATURAL AND SYNTHETIC CORTICOSTEROIDS

General Nature and Properties of Adrenal Steroids. Approxi-
mately 30 sterords have been 1solated from the adrenal cortex, most
no doubt are either chemical intermediates in the processes by
which the gland synthesizes its relatively few secretory products
or artifacts formed in the process of chemical extraction. In-
tensive study of the chemistry of these compounds was begun
about 25 years ago by Kendall, Pfiffner, Reichstem, Wintersteiner,
and their respectve associates. Their studies, which led through
SE[JJmnon, identification of structure, to synthess, constitute a

1 ad of t d ifi to biclogy and

medicine.

Figure 27 iflustrates the structure of 8 steroids of sigmificance
to our discussion. All are related to allopregnane, the structure
of which is shown with the several carbon atoms numbered. Those
steroids with adrenal cortieal biological activity of one sort or
another have the following structural charactenstics: (1) a double
bond berween carbons 4 and 5, i.e. unsaturation of ring A; (2) a
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ALDOSTERONE ANTISECRETORY AGENTS-AMPHENONE

_Amphenone (1,2-bis(p-aminopheny!) - 2 - methy! propanonc- 1
dihydrochloride) is one of 2 series of desoxybenzoins synthesized
by Allen and Corwin in 1950, and has the following structure.

o
D S N S

CHy O

It was observed by Hertz and his associates to produce 2 marked
enlargement of the adrenals of rats, associated with increased depo-
sition of lipid materials. To a lesser extent it causes enlargement o
the thyroid. In the hypophysectomized animal, neither the adrenals
nor the thyroid are enlarged by amphenone, Furthermore, in the
normal rat, cortisone prevents enlargement of the adrenals, a8
thyroid feeding prevents the development of goitre swhen amphe-
none is given.

One may infer from these facts that enlargement of the adrenals
is due to enhanced ACTH secretion, and that goitre is due to e-
hanced TSH (thyroid stimulating hormone) secretion. The trophic
hormones of the hypophysis are secreted in increased amounts be-
cause the production of adrenal steroids and thyroid hormon¢ i
suppressed. The normal feedback mechanisms, by which cortical
and thyroid hormones suppress the output of trophic hormones by
the hypophysis, is lost; ACTH and TSH are therefore secreted in
increased amounts, leading to enlargement of the adrenals and 10
goitre. Hume and Nelson observed that the administration of
ACTH to acutely hypophysectomized ammals greatly increases
the production of adrenal steroids, an action which is suppress
by amphenone, Dorfman noted that the production of 17-hydroxy
corticoids in vitro by adrenal slices is inhibited by amphenon¢
and Rosenfeld and Bascom observed that the drug interferes with
the synthesis of hydrocortisone, cortisone and corticosterone by
the surviving perfused adrenal gland. Finally, Peterson, Hertz, and
Lubs, utilzing isotopically tagged hydrocortisone and cortisone,
have shown that amphenone exerts its effect in man by suppressing
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hormone synthesis in the adrenal cortex, not by altering its rate of
metabolism. While most of the above findings demonstrate inter-
ference with synthesis of glucocorticoids, it is evident from Rosen-
feld and Bascom’s observations that certain synthetic operations
basic to production of aldosterone are also reversibly inhibited.
Renold et al observed that the exhibition of amphenone to a
patient with a metastasizing adrenal carcinoma with Cushing’s
syndrome led to a cessation of urinaty excretion of aldosterone and
to a brisk diuresis of salt and water. McCullagh and Tretbar ad-
ministered as much as 9.25 gm. of amphenone per day to patients
with Cushing’s syndrome with mnimal signs of toxicity. Others,
however, have noted that effective doses canse gastrointestinal dis-
turbances, including nausea, vomiting, diarrhea and abdominal dis-
tension, methemoglobinemia, bone marrow depression, cutancous
eruptions and thyroid enlargement. In view of the multiplicity and
potentially serious nature of the complications of therapy, amphe-

none does not seem to be a satisfactory drug for general clinical
use.

NATURAL AND SYNTHETIC CORTICOSTEROIDS

General Nature and Properties of Adrenal Steroids. Approxi-
mately 30 steroids have been isolated from the adrenal cortex; most
no doubt are either chemical mtermediates in the processes by
which the gland synthesizes its relatively few secretory products
or artifacts formed in the process of chemical extraction. In-
tensive study of the chemistry of these compounds was begun
about 25 years ago by Kendall, Pfiffner, Reichstein, Wintersteiner,
and their respective associates. Their studies, which led through
separation, idenufication of structure, to synthesis, construte a

1 of © d significance to biology and

medicine.

Figure 27 illustrates the structure of 8 steroids of significance
to our discussion. All are related to allopregnane, the structure
of which is shown with the several carbon atoms numbered. Those
steroids with adrenal cortical biological activity of one sort or
another have the following structural characteristics: (1) a double
bond between carbons 4 and 5, 1. unsaturation of ring A; (2) a
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ALDOSTERONE ANTISECRETORY AGENTS-AMPHENONE

Amplienone (1,2-bis(p-aminaphenyl) - 2 ~ methyl propanone- 1
dihydrochloride) is one of a series of desoxybenzoins synthesized
by Allen and Corwin in 1950, and has the following structure.

s
S S S
[+

CH3

It was observed by Hertz and his associates to produce a matked
enlargement of the adrenals of rats, associated with increased depo-
sition of lipid materials. To a lesser extent it causes enlargement 0
the thyroid. In the hypophysectomized animal, neither the ad'rmals
nor the thyroid are enlarged by amphenone, Furthermore, it the
normal rat, cortisone prevents enlargement of the adrenals, and
thyroid feeding prevents the development of goitre when amphe-
none is given.

One may infer from these facts that enlargement of the adrenals
is due to enhanced ACTH secretion, and thar goitre is due to ¢t
hanced TSH (chyroid stimulating hormone) secretion. The trophic
hormones of the hypophysis are secreted in increased amounts bf’
cause the production of adrenal steroids and thyroid hormone b
suppressed, The normal feedback mechanisms, by which cortical
and thyroid hormones suppress the output of trophic hormones by
the hypophysis, is lost; ACTH and TSH arc therefore secreted in
increased amounts, leading to enlargement of the adrenals and 10
gonre. Hume and Nelson observed that the administration of
ACTH to acutely hypophysectomized animals greatly increases
the production of adrenal steroids, an action which is suppresse
by amphenone. Dorfman noted that the production of 17-hydroxy
corticoids in vitro by adrenal slices is inhibited by amphenont,
and Rosenfeld and Bascom observed that the drug interferes with
the synthesis of hydrocortisone, cortisone and corticosterone by
the surviving perfused adrenal gland. Finally, Peterson, Hertz, an
Lubs, uilizing isotopically tagged hydrocortisone and cortisone,
have shown that amphenone exerts its effect in man by supprr_ssing
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Aldosterone was isolated in 1953 from the amorphous fraction
of the adrenal cortex and its structure was determined in 1954 by
Simpson, Tait, Wettstein, Euw, and Reichstein. The steroid was
synthesized in 1955 by Wetrstein and colleagues. It can be describ-
ed chemically as 18-aldehydocorticosterone and exists in the body
as an equilibrium mixture of the aldehydo and hemiacetal forms,
largely the latter, Most of the sodmm retaining hormone activity
present in adrenal venous blood is due to aldosterone, a compound
variously described as 25 to 30 times 2s potent as desoxycorticos-
terone in stimulating sodium reabsorption and potassium secretion.
As was pointed out in Chapter V, its rate of secretion is relatively
independent of hypophyseal trophic hormones and is possibly
under the control of a hypothalamic humoral regulatory mechan-
ism. This mechanism is activated in response to a diminution in
extracellular volume or some derivative of volume, such as pres-
sure or flow.

Aldosterone is metabolized by the liver as are so many steroid
hormones. A minute fraction, probably not more than 1 or 2 per
cent of the total output of the glands, is excrered in the urine.
Most of the urinary hormone is excreted 1n a conjugated form,
having no biological activity, but hydrolyzable at pH 1.0 to the
parent active compound The normal ndividual on a liberal salt
intake excretes from 1 to 4 pgm, per day; the cardiac in severe
congestive faglure may excrete upwards of 50 pgm. per day; and
the decompensated cirrhotic, actively accumulating ascites, may
excrete from 50 to 300 or more pgm. per day. While there is
litde doubt thar aldosterone secretion is greatly increased under
conditions of acuve salt retention, there is no way to partion in-
creased urinary excretion between ncreased production and
decreased tissue and hepatic destruction. From the results of Yates
et al one may reasonably infer that the cirthotic or congested liver
metabolizes the hormone less effecuvely than does the normal.

COMPETITIVE INHIBITION OF MINERALOCORTICOID
ACTIVITY

Two synthetic steroids, designated respectively as SC5233 and
SC8109, exhibit the intriguing property of reversibly inhibiting
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carb.onyl oxygen on Cy; (3) a 2 carbon side chain atrached to Gy
of ring D with a ketone oxygen on C,, of this side chain and 2
h}:’droxyl group on Ci, (a-ketol side chain), (4) Compounds
with oxygen atoms on both Cy; and C,, such as cortisone, hydro-
cortisone, and the synthetic analogues, prednisone and prednisolone

Preasene Pradnisalont

365238 Reci
LRNmens Aldouiorans, bemiscotel

Fig. 27. Structure of namural and syntheuc sterords which have an effect o0
the renal tubular reabsorption and excretion of jons

have predominantly glucocorticoid activity with Jesser effects of
electrolyte merabolism. Aldosterone js an obvious exception to this
rule. () Further unsaturation of ring A by a double bond be-
tween carbons 1 and 2, as in prednisone and prednisolone, reduces
even more the effects of these steroids on electrolyte metabolism.

Mineralocorticoids of the Adrenal Gland. Desoxycorticoster
one was first synthesized by Steiger and Reichstein in 1937, Puot
to its isolation from the gland a year later by Reichstein and Euw.
It is present in the adrenal cortex in minute amounts and for 2 time
was considered to be strictly an intermediare in the synthesis of
other steroids. However, it has recently been identified in adrenal
venous blood and must be idered 2 normal glandular product-
This steroid is almost devoid of glucocorticoid activity but, #
was shown by Loeb and others some 20 years ago, has a profaund
effect on electralyte metabolism, promoting the renal reabsorption
of sodium and the secretion of potassium.
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caused loss of sodium, retention of potassium, decrease in plasma
bicarbonate and restoration of a normal electrocardiographic pat-
tern. It is especially significant that these changes occurred in the
presence of increased urinary excretion of aldosterone. Pre-drug
excretion of aldosterone averaged 44 pgm. per day, during drug
therapy, 89 pgm. per day, and on cessation of drug treatment, 44
sgm. per day. These findings rule out any feedback action where-
by SC8109 might inhibit the hypothalamic controlling center and
reduce secretion of aldosterone; they likewise rule out any inter-
ference with production of or any stimulation of destruction of
aldosterone as an explanation of activity of the synthetic steroid.

USE OF NATURAL AND SYNTHETIC CORTICOSTEROIDS IN
THE TREATMENT OF EDEMA

ACTH and Cortisone in Nephrotic Edema. The nephrotic syn-
drome is characterized by proteinuria, hypoproteinemia, elevation
of blood lipids and variable edema The form of the disease most
common in childhood, namely that which has an msidious onset,
without anticedent hematuria and without associated azotemia and
hypertension, runs a highly vamable course. Without specific
therapy, the disease 15 marked by chronic fluctuating edema, fre-
quently resistant to conventional dmretic therapy. Before the
advent of anubiotics one in three died of infections, to which they
are peculiarly susceptible, another recovered spontancously and
completely, and the third progressed to chromic nephritis and died
in uremia Now that control of infection is possible, the prognosis
is somewhat brighter, and as Luetscher points out, treatment
should be primarily directed to survival. Attention should be
directed to prevenuon and control of intercurrent infection, to
maintenance of nutrition, to prevention of cardiac failure and to
control of renal insufficiency and massive edema. Salt free concen-
trated serum albumm or hyperoncotic dextran administered intra-
venously (see Chapter VIII) and/or ACTH and adrenal steroids
are useful in the control of edema, although there is no clear-cut
evidence that they alter the ultimate course of the disease.

Rationale of Use of Steroids in the Nephrotic State. A number
of clinicians have noted the association of recovery from a variety
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the increased tubular reabsorption of sodium and increased secre-
tion of potassium induced by desotycorticosterone and by aldo-
sterone. The structure of these steroids is shown in Figure. 2?.
They differ from the usual adrenal steroids in having a propioni¢
acid lactone ring attached to the C17 site, in place of the cus-
tomary a-ketol side chain and hydroxy! group. Like desoxycort-
costerone these steroids are 11-desoxy compounds, SC8109 differs |
from SC5233 in having a hydrogen instead of 2 methyl group
(C19) attached to C,,. Both are known as spirolactones. i

Kagawa and his associates have shown that these symh.:tlc
steroids have little effect on the excretion of sodium and potassiu
in the normal rar. Aldosterone, in contrast, in an amount of 0.96
sgm. markedly enhances sodium reabsorption and potassium secre-
tion. However, the simaltaneous admunistration of 1.2 to 1.3 Mg
of SC5233 or SC8109 blocks the action of aldosterone. These
steroids Iikewise block the renal tubular actions of desoxycortico™
sterone. Kagawa maintains that aldosterone and desoxycortico-
sterone compete with the synthetic steroids for common receptol
sites on tubular cells, that this competition is reversible, and that
it can be described in terms of the mass Jaw, the affinity of the
natural steroids for the receptor sites being many times that of the
synthetic ones.

Liddle has carried these observations over to man, showing ‘}"“
$C5233 has no effect on sodium excreuon in normal man on hig
sale intake, nor in the untreated Addisonian patient. \Vhen_rhe
patient with Addison’s disease is controlled with desoxycortico
sterone, SC5233 is natriurettc. Furthermore, the steroid is mﬂ:‘“‘
retic in normal individuals on a low salt intake, under “‘!ﬂd’
condition aldosterone production is relatively great, When ‘E“","
to patients in congestive failure, SC5233 produces a modest diuresss
of salt and water and a loss of body weight.

Salassa, Mattox and Power have confirmed the basic elements
of these views in a study on a patient with primary hyperaldo-
steronism due to a cortical adenoma (proven at subsequent 0perd”
tion). The patient presented with the typical picture of p@)’“””
alkalosis, severe hypertension and electrocardiographic evidence
of hypokalemia, The administration of 1.9 gm. per day of SC8109
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and more prolonged therapy. Some patients who do not respond
to steroids either during or after therapy may exhibit diuresis when
treated with concentrated salt poor albumin or when given
diuretics durmng a course of hormone treatment.

Mechanism of Diuretic Action of Steroids in Nephrosis. All
investigators agree that accompanying or preceding loss of edema,
there occurs a significant increase 1n glomerular filtration rate; an
increase in serum sodium concentration, a marked decrease in
Pprotein excretion, an merease in plasma protein concentration and
a decrease in the rate of urinary excretion of salt retaining steroids.
Just which of these facrors are causes and which are results of
diresss 1 by no means clear, There exists, according to Gaunt, an
antagonism between anudiurenc hormone and the 11, 17-oxy-
steroids which finds its negative expression in the very slow rate
of excretion of a water load by the adrenalectomized animal or by
the patient with Addison’s disease. The water diuresss which com-
monly precedes the sodwm duresis in the nephrotic patient under
steroid treatment and which 1s no doubt responsible for the ncrease
in serum sodium concentration, possibly results from the antag-
onism of the water retaining properties of ADH by the polyunc
acuon of 11, 17-oxysterords. In terms of the hypothesis of Wirz
and Sawyer based on Ussing’s work, ADH dilates pores in the
distal tubules and collecting ducts, permitting the osmotic return
of water to the blood stream and the formation of 2 small volume
of concentrated unine (see Chapters IV and V); in contrast, 11,
17 oxysteroids constrict the pores, preventing reabsorption of
water and leading to the formanon of dilute urne.

Lauson et al have shown that ACTH abruptly decreases proten
excretion due to a reduction m the abnormally high permeability
of the glomerular capillanes to albumin, Associated with diminsh-
ed protein excretion and elimination of excess water, serum protein
concentration rises, a factor which promotes further transfer of
fluid from the interstinal to the vascular comparoments, What may
be another manifestation of reparauve processes is increased
glomerular filtration rate. Eder et al logically point out that an
increase 1n the filtered load of sodium and water serves to correct
the tubular preponderance which led initsally to edema formation.
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of acute infections and remission of the nephrotic state. Measles
has been most frequently described as effective and, in the past,
some have advocated induction of this disease as a therapeutic
measure. Typhoid vaccine and other forms of fever therapy have
also been used to induce remission. The stress of acute infections
associated with high fever probably calls forth an intense adrenal
response. Increased secretion of adrenal steroids might well be the
link between infectious disease and remission. Many believe that
the initial renal insult in nephrosis is immunogenic in nature. The
dramatic effects of ACTH and cortisone in suppressing antigen-
antibody reactions suggests that this action may underlie the
favorable response to adrenal steroids. No doube curiosity as to the
possible effects of new and dramatically active agents on a discase
of unknown etiology must have played some role in the initial
trials of ACTH and cortisone in nephrosis by Farnsworth and
Luetscher. Many, including Thorm, Barnett, Lauson, Riley, and
others have confirmed the fact that diuresis and remission of the
disease frequently occurs during or within a day or two after
cessation of treatment with ACTH and cortisone.

Nature of the Dinretic Response in Nepbrosis. The early
studies of Luetscher and Thorn indicated that ACTH was more
effective than cortisone in inducing diuresis and remission of dlf‘
ease. Subsequently others have claimed that cortisone and predni-
sone are equally effective. In any event when any one of the three
hormones is given in adequate dosage over a period of 10 ﬂ{“
days, one of three results may be expected. (I} Diuresis begms
on the second to the sixth day, initially as a water diuresis and then
associated with increasing serum sodium concentration, it con-
tinues as a sodium diuresss. When therapy is stopped, a more
intense diuresis occurs, resulting in complete loss of edema. (2)
No diuresis occurs during steroid therapy, instead begins when
hormone administration is terminated. (3) No clinical improve-
ment results during or after therapy. Remissions vary in length
from a few days to many months; indeed all evidence of dl'sﬂfe
disappears in some. In the event of exacerbation of the nephroti¢
state, patients are responsive to subsequent courses of therapy.
Luetscher advises under these circumstances higher steroid dosage
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and more prolonged therapy. Some patients who do not respond
1o stesoids either during or after therapy may exhibit diuresis w_hcn
treated with concentrated salt poor albumin or when given
diuretics during a course of hormone treatment. .

Mechanism of Diuretic Action of Steroids in Nepbrosis. Al
investigators agree that accompanying or preceding loss of edema,
there occurs a significant increase in glomerular filration rate; an
increase in serum sodium concentration, a marked decrease in
protein excretion, an increase in plasma protein concentration and
a decreasc in the rate of urinary excretion of salt retaining steroids.
Just which of these factors are causes and which are results of
diuresis 1s by no means clear. There exists, according to Gaunt, an
anragonism berween antidretic hormone and the 11, 17-oxy-~
steroids which finds 1ts negative expression in the very slow rate
of excretion of a water load by the adrenalectomized animal or by
the patient with Addison’s disease. The water diuresis which com-~
monly precedes the sodium diuresis in the nephrotic patient under
steroid treatment and which is no doubt responsible for the increase
in sesum sodium concentration, possibly results from the antag-
onism of the water retaining properties of ADH by the polyuric
action of 11, 17-oxysteroids In terms of the hypothesis of Wirz
and Sawyer based on Ussing’s work, ADH dilates pores i the
distal tubules and collecting ducts, permitting the osmotic return
of water to the blood stream and the formation of a small volume
of concentrated urine (see Chapters IV and V); in contrast, 11,
17 oxysteroids constrict the pores, preventing reabsorption of
water and leading to the formation of dilute urine.

Lauson et al have shown that ACTH abruptly decreases protemn
excretion due to a reduction in the abnormally high permeability
of the glomerular capillaries to albumin, Associated with duminish-
ed protemn excretion and elimination of excess water, serum protein
congcentration rises, a factor which promotes further transfer of
fluid from the interstital to the vascular compartments. What may
be another mamfestation of reparative processes is increased
glomerular filtration rate. Eder et al logically point out that an
increase in the filtered load of sodium and water serves to correct
= =+t-"r preponderance which led initially to edema formation,
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Filtration rate has been observed to increase as much as 150 per
cent coincident with diuresis. According to Barnete et al, repeated
courses of therapy may progressively increase glomerular filtration
rate to or toward nermal, even in patients with long standing
discase and marked functional impairment. Tubular secretory
capacity for para-aminohippurate and tubular reabsorptive capacity
for glucose likewise improve under steroid therapy. .

Early studies of Forsham and of Thom suggest an antagonsm
between 11, 17-oxystcroids and desoxycorticosterone-like salt
retaining hormones. Were this antagonism exerted at the target
organ, the renal tubular cell, it would explain natrjuresis during
therapy with either cortisone ar ACTH. However, it would not
explain the reduced renal excretion of salt retaining s_mmffs
observed by Luetscher and others to accompany effective dll}rﬂslf-
If one accepts the fact that a fraction of aldosterone secretion 15
under pituitary control, then cortisone but not ACTH therapy
would be expected to depress its secretion (i, feedback depres-
sion). Renal tubular fatigue, reduced sensitivity of the tubules to
salt retaining hormone, and depression of secrction of aldosterone
by cortisone and ACTH have all been suggested as possible expla-
nations of depressed tubular reabsorption of sodium. If, as Farsell
maintains, aldosterone secretion is controlled by a hormone pro-
duced in the hypothalamus, cortisone or similar steroids, secreted
in response to ACTH, might depress the formation of the regula-
tory neurohumor.

Dose and Route of Administration.
ACTH is given intramuscularly every 6 hr.
of 50 to 100 mg. Cortisone or predmsone is given orally
equal doses at 6 hr. intervals; the toral daily dose of cortisone IS
200 mg; that of prednisone, 50 mg. Treatment is continued for IP
to 14 days and the drug is then abruptly withdrawn. If diuresis
does not result either during or on cessation of therapy, the course
may be repeated and after a few days of treatment, acetazoleamide,
a mercurial diuretic, or no doubt other diuretics as well may be
given. The patient ordinarily refractory to such diuretics, may
respond well while on steroid therapy. During steroid therapys
dierary sodium intake must be rigidly restricted to between 10 and

From 12.5 to 25 mg. of

for a total daify dose
in four
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30 mEq. per day (0.5 to 1.5 gm. NaCl per day) to avoid excessive
fluid retention, and the possible complications of hypertension,
congestive failure, pulmonary edema and convulsions.

Effects of ACTH, Cortisone, Prednisone, eic., in Other Edema-
tous States.It is difficult to conceive that administration of steroids
which are at least modestly salt reraining could exert a favorable
effect on fluid and electrolyte balance in patients with congestive
failure, with cirrhosis and ascites, or with pre-eclampsia. Indeed
this conceptual hurdle probably accounts for the fact that steroid
therapy of edema in these diseases was delayed some § years after
ity jntroduction in the treatment of nephrosis. In retrospect, one
can provide a rationale for the use of corticosteroids on the basis
of promation of water diuresss by 11, 17 oxysteroids and a possible
antagonism of the renal tubular effects of mineralocorticoids by
glucocorticoids suggested by Thorn, Jailer and others.

ACTH was first used by Schemm and Camara in 1954 to treat
mercury resistant, hyponatremic patients in severe congestive
failure. Their regimen includes strict dietary salt restriction (9 to
30 mEq. per day), an acid ash dier plus 1.5 to 4.0 gm. of am-
monium chloride per day, a bountiful fluid intake (2500 to 4000 ml.
per day), adequate digitalization, bed rest, sedation, oxygen if
needed, and ACTH, 15 to 25 mg. q. 6 hr. Frequently on the third
to the sixth day profuse water diresis occurs, followed by salt
diuresis and loss of weight. If no diuresis occurs by the sixth day,
2 ml. of Thiomerin is given intramuscularly. Often a profound
diuresis and loss of weight ensue in patients previously unrespon-
sive to diuretic therapy. Camara and Schemm maintgin that an
adequate dwretic response can be obtained in 80 per cent of
patients with hopeless, terminal, mercury resistant congestive
failure.

More recently Cattan and Vesin, Riemer, Muller, Fabre and
others have admunistered predni and prednisol sterotds
with only minor salt retzining potentialities to patients with
cirrhosis and ascites, congestive failure, pre-eclampsia and neph-
rosis. The response has been observed to be favorable in a high
proportion of cases and essentially similar to that described above,
namely (1) diuresis during therapy, (2) diuresis on discontinua-
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tion of therapy, (3) return of sensitivity to diuretic therapy in
previously resistant patients. The response that has been most
frequently observed has been increased sensitivity to mercurials
and carbonic anhydrase inhibitors.

The Mechanism of Action of Steroids in Edemas Other Than
Nepbrotic is mysterious to say the least. Indeed the very existence
of diuretic activity in patients with congestive failure or cirthosis
with ascites renders suspect certain of the theories advanced above
in explanation of diuretic action of steroids in nephrosis. There is
no dearth of hypotheses, yet no one of them is adequately sup-
ported by experimental fact. The following constitute a repre-
sentative sample: (1) antagonism of water retention due to ADH
by adrenal corticoids, an action considered to be of special sig-
nificance in the correction of hyponatremia; (2) increase in glom-
erular filtration rate, favoring spontaneous diuresis and/or 2 returnt
of sensitivity to diuretics; (3) inhibition of aldosterone production;
(4) increase in vasomotion of the terminal vascular bed, favoring
return of fluid from the interstitial to the vascular compartments,
(5) acceleration of activity of the tissue spreading factor which
again favors return of fluid to the circulation, (6) decrease ©
permeability of glomerular and hepatic capillanes to protein; )]
an alteration of the “ser” of the volume regulatory mechanism; (8)
antagonism at the target organ (kidney) of mineralocorticoids by
glucocorticoids.

A number of investigators have observed an increasc in glom-
erular filtration rate i edematous patients during steroid therapy-
‘While, to the author, it seems evident that any increase in filtration
will tend to reduce the glomerulo-tubular imbalance which causes
fluid retention, it is interesting to sec how frequently and vocifer-
ously this is denied. Those who have measured aldosterone excre-
tion have found it decreased under steroid therapy. Muller, how-
cver, has added the confusing but significant point that \'vhcn
Diamox or mercurials 2lone are administered to edematous pattents,
diuresis is accompanied by increased aldosterone excretion. TWhen
these same drugs are given to patients under prednisonc therapys
diuresis is accompanied by decreased aldosterone secretion. Whﬂf
increased aldosterone secretion in response to potent diuretics iS
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easy to explain as a compensatory response to reduction of extra-
cellufar volume in a patient with an unaltered basic drive to retain
salt, it is difficult to account for the opposite response with com-
bined stercid and dwretic therapy. It implies that steroids correct
the basic abnormahty of congestive failure or cirrhosis (hard to
believe), or that they alter the “set” of the volume control center
(no evidence).

Dose and Route of Administration are the same in cardiac,
curthotic and preeclamptic edema as in nephrotic edema described
above. The major beneficial result 1s frequently increased sensitivity
to more conventional diuretic agents in patients who previously
responded poorly.

Complications of Steroid Therapy. One of the major hazards
of steroid therapy 1s excessive retention of salt and water and
precipitation of pulmonary edema. This may be avoided by strict
Iimitation of salt intake (ideally to 10 mEq. of sodum per day),
provision of an acid ash diet and administration of ammomum
chloride. Despite precautionary measures some gain in weight can
be expected initially. Hypertension 1s a complication, at least in
part related to fluid retention. Other hazards include activation of
peptic ulcer and hemorrhage from esophageal varices. For these
reasons 1t is advisable to perform daily benzidene tests on the stool.
Suppression of general systemic reaction and local tissue reaction
to infection and 1rntation may mask serious acute infectious disease
and render silent perforation of an uleer.

SUMMARY

ACTH, corusone, predmsone, and prednisolone have recently
been employed n the treatment of edema and ascites n congestive
failure, cirrhosis and pre-eclampsia in much the same fashion and
with much the same result noted in their earlier use in the nephrotic
state. They may be employed i the treatment of acute dilutional
hyponanrcnua, in which condition they induce first a water
diuresis which may be followed by 2 sodium diuresis when the
h.ypona(remia is corrected. They also frequently restore respon-
siveness to mercurial dwretics and carbome anhydrase inhibitors
in patients who have become resistant to these drugs.
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tion of therapy, (3) return of sensitivity to diuretic therapy in
previously resistant patients. The response that has been most
frequently observed has been increased sensitivity to mercurials
and carbonic anhydrase inhibitors.

The Mechanism of Action of Steroids in Edemas Other Than
Nepbhrotic is mysterious to say the least. Indecd the very existence
of diuretic activity in patients with congestive failure or cirrhosis
with ascites renders suspect certain of the theories advanced abov.c
in explanation of diuretic action of steroids in nephrosis. There is
no dearth of hypotheses, yet no one of them is adequately sup-
ported by experimental fact. The following constitute a repre-
sentative sample: (1) antagonism of water retention due to AD.H
by adrenal corticoids, an action considered to be of special sig-
nificance in the correction of hyponatremia; (2) increase in glom-
erular filtration rate, favoring spontaneous diuresis and/or a rcr_um
of sensitivity to diuretics; (3) inhibition of aldosterone producnf)n;
(4) increase in vasomotion of the terminal vascular bed, favoring
return of fluid from the interstitial to the vascular compartments,
(5) acceleration of activity of the tissue spreading factor which
again favors return of fluid to the circulation; (6) dccrs:asc of
permeability of glomerular and hepatic capillaries to protein; 7
an alteration of the “set” of the volume regulatory mechanism; (&)
antagonism at the target organ (kidney) of mineralocorticoids by
glucocorticoids.

A number of investigators have observed an increase in glom-
erular filtration rate in edematous patients during steroid therapy-
‘While, to the author, it scems evident that any increase in filtration
will tend to reduce the glomerulo-tubular jmbalance which causes
fluid retention, it is interesting to see how frequently and vacifer-
ously this is denied. Those who have measured aldosterone excre
tion have found it decreased under steroid therapy, Muller, how-
ever, has added the confusing but significant point that fvhﬂﬂ
Diamox or mercurials alone are administered to edematous patients,
diuresis is accompanied by increased aldosterone excretion. When
these same drugs are given to patients under prednisone thcmp.)"
diuresis is accompanied by decreased aldosterone secretion. Wh e
increased aldosterone secretion in response to potent diuretics i
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easy to explain as a compensatory response to reduction of extra-
cellular volume in a parient with an unaltered basic drive to retain
salt, it is difficult to account for the opposite response with com-
bined steroid and diuretic therapy. It implies that steroids correct
the basic abnormality of congestive failure or cirrhosis (hard to
believe), or that they alter the “set” of the volume control center
{no evidence).

Dose and Route of Adminisiration are the same in carduac,
cirthotic and preeclamptic edema as in nephrotic edema described
above. The major beneficial result is frequently increased sensitivity
to more conventional dwrenic agents in patients who previously
responded poorly

Complications of Steroid Therapy. One of the major hazards
of steroid therapy s excessive retention of salt and water and
precipitation of pulmonary edema This may be avoided by strict
limitation of salt intake (ideally to 10 mEq. of sodium per day),
provision of an acid ash diet and admunistration of ammonium
chloride. Despite precautionary measures some gain in weight can
be expected inttially. Hypertension is a complication, at least i
part related to flud retention. Other hazards include activation of
peptic ulcer and hemorrhage from esophageal varces. For these
reasons it is advisable to perform daily benzidene tests on the stool.
Suppression of general systemic reaction and local tissue reaction
to infection and wrritation may mask serious acute infectious disease
and render silent perforation of an ulcer,

SUMMARY

ACTH, cortisone, prednisone, and predmisolone have recently
been employed mn the treatment of edema and ascites in congestive
fatlure, circhosis and pre-eclampsia m much the same fashion and
with much the same result noted i their earlter use in the nephrotic
state. They may be employed in the treatment of zcute dilutional
hyponatremia, in which condmion they induce first 2 water
diuresis which may be followed by a sodum diuress when the
h.ypunatremia is corrected. They also frequently restore respon-
siveness to mercurial diureucs and carbonic anhydrase inhibitors
In panents who have become resistant to these drugs.
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The mechanism of their diuretic action is by no means clear.
It may be that they induce water diuresis by antagonizing the
action of ADH on the renal tubule. They may likewise antagonize
the salt retaining effects of aldosterone. They usually cause an in-
crease in filtration rate, a factor of some significance both in their
primary diuretic action and in their potentiation of other diuretics.
They may well act peripherally by altering capillary permeability,
the distribution of fluid between capillaries and tissue interstices
and the ion equilibria between cells and interstitial fluid.
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Chapter XIIT
WATER IN DIURETIC THERAPY

THE importance of reducing sodium intake in the treatment of
edema was increasingly appreciated over the first few decades of
the present century. Today sodium restriction is accepted as 2
necessary procedure, limited mamly by the practicalities of pro-
viding a nutrious and reasonably appetizing diet. There is less gen-
eral agreement concerming optunum water ntake, and recommen-
dations range from the archaic and inhumane view that fluids
should be drastically restricted to the opposite extreme that fluids
should be forced to the extent of § to 10 liers per day. Most
clinicians favor a middle course, allowing moderate or ad libirum
intake. Schroeder, Bridges, Crutchficld and many others have
shown that restriction of sodium mtake to 3 level below urmary
output results 1n decrease of edema mdependent of the amount of
water ingested. Furthermore, many have observed that digitaliza-
tion, bed rest and other diuretic procedures cause weight loss when
patients are takmg liberal quantities of flmds bur are ineffective
when fluids are rigidly restricted

Sic Thomas Witherly's remarks™ 1n a report before the Royal
College of Physicians in 1690 are illuminating in this respect. “A
Wine-Cooper fell mto a Dropsy which resisted all the usual
Methods. This Man was prodigiously swell’d, Belly, Back, Thighs
and Legs, Being past all Hopes and having on him an inexunguish-
able Thirst, he was permitted to drink 14 Quarts of Water in
about 10 hours, and in all that Time made not one Drop of Urine,
Soon after he began to piss, and he drank on, 4 or 5 Quarts daily,
and so recovered.—That Water should expe]l Water 1s 2 Miracle
beyond any of St. Wimfred's. Now no Man in his Senses would
have prescribed such a water-course to cure 2 Dropsy, which
*Quoted from F. R. Schemm dnm. Int. Med., 2193797, 1944
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The mechanism of their diuretic action is by no means clear.
It may be that they induce water diuresis by antsgonizing the
action of ADH on the renal tubule, They may likewise antagonize
the salt reraining effects of aldosterone, They usually cause an in-
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dextrose from 1 to 6 times per day. At first he observes no diuresis,
a gain in weight and a visible increase in edema. Persistence is
rewarded by diuresis and clearing of edema.

Vital elements of the Schemm regimen are rigid dietary sodium
restriction, ideally to 9 mEq. per day; an acid ash diet supple-
mented with 1.5 to 40 gm, of ammonium chloride; bed rest; and
digitalization, sedation, and oxygen for the patient in congestive
failure, if needed. No doubt a number of the failures of those
who have tned this regimen, have been due to inadequate re-
striction of sodium intake and/or inadequate atrention to other
clements of the regimen. However, acute dilutional hyponatremia
has frequently resulted from the inadequate diuretic response of
severely ill and edematous patients. Most who have tried the
Schemm regimen have been less impressed with its efficacy as a
primary therapeutic procedure than has he. The reason for dis-
cussing it is to emphasize once again that dehydration by fluid
restriction defeats rather than promotes therapy of edema.

Mechanism of Salt Loss in Water Diuresis. Recent studies of
Leaf, Weston, Wrong and their respective associates demonstrate
clearly that salt loss can be induced in normal subjects by hyper-
hydration and that the magnitude of the loss is related primarily
to the degree of expansion of volume of body water. They observ-
ed that subjects given daily doses of pitressin tannate in oil to
induce antidiuresis and loaded judiciously with water, retain that
water, develop an acute dilutional hyponatremia, expand cellular,
interstinal and plasma stores of water, and after some 6 to 12 hr.
exhibit a significant sodium diuresis, From 70 to 370 mEq. of
sodium may be lost per day. When the administration of pirressin
is stopped, water diuresis ensues over the succeeding 24 to 48 hr,
and at its end, weight 1s reduced in proportion to the sum of the
daily losses of sodium. Leaf maintains that sodum loss can be
reduced by the coadminstration of ACTH. In a similar vein,
Wrong maintains thar the delay of 6 to 12 hr. in the onset of
saluresis after the imposition of a positive water load represents
the time required for the relatively slow hepatic metabolism of
ciecenizting aldosterone,
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shows how litrle we know of Nature and the great Uncertainty
of our Art.”

That water can expel water was observed in controlled expen-
ments of Marshall in 1920, of Gamble in 1937, of Stewart and
Rourke and of Schemm in 1942, of Wolf in 1945 and of others
more recently. While the fact is certain that the forcing of fluids
can, under proper circumstances, lead to dehydration, the efficacy
of the procedure as a primary means of treating edema is not
generally accepted. .

The Debydrating Effects of Water, Wolf observed that when
normal subjects drink from 20 to 200 ml, of water every 10 min.
for from 3 to 7 hr., urine flow increases rapidly and is sustained at
2 level some 8 per cent above intake. If one includes insensib!e
water loss through lungs and skin m balance calculations, it is
evident that total output of water can exceed intake by as much
as 15 to 20 per cent. Wolf observed that urinary chloride con-
centration tended to be high at the start of the drinking period, to
drop sharply over the first hour or 50, and to reach a plateau of
1.2 mg. per ml. (33 mEq, per liter), after 3 hr. If urine flow were
sustained for 7 hr. ac the maximum rate of 20 ml per min, the
total salt lost would be equivalent to that contained in 2 liters of
extracellular fluid, and at the end of diuresis, body weight would
decrease 2 Kg. Two facts milieate against such an ideal response
in the edematous patent: drresis js rarely as adequate as in the
normal, in consequence of salt retention, the plateau of minimum
urinary sodium and chloride concentration is lower, Furthermore,
there is the ever present hazard of inducing acute dilutional hypo-
natremia of serious proportions,

The Schemm Regimen. Schemm has noted that while the
mildly edematous patient does well on a fluid intake of 2500 to
3000 ml, per day, the severely edematous patient when first seen 15
occasionally senously dehydrated in the sense that osmolality of
the body fluids is increased in consequence of prolonged and ill-
advised fluid restriction. For such patients Schemm recommends
as much as 8 to 10,000 ml. of fluid for a day or so and 4 to 5,000
ml. per day thereafter. If such amounts of water cannot 130
tolerated by mouth, he recommends 500 to 1000 ml. of isotonic
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fluids. However, many seriously ill patients cannot tolerate the
dilution necessary to attain a significant saluretic response, if indeed
it can be atrained ar all.

A point of some interest is the incapacity of the seriously 1ll
edematous patient to exhibit water diuresis in response to hypotonic
expansion of body fluids. Failure to respond to the ingestion of
water with increased urine flow has been generally explained in
terms of excessive secretion of ADH. The supraoptico-hypo-
physeal antidiuretic mechanism, although primarily sensitive to the
osmotic pressure of the body fluids, has been considered to be sub-
ject to secondary control by the volume regulatory mechanism,
This view has been questioned by Lamdin et al who have found
that alcohol, which inhibits release of ADH from the neuro-
hypophysis, does not restore water diuresis 1n patients with
cirrhotic, nephrotic and cardiac edema. Recent experiments of del
Greco, Kleeman, Berliner and their respective associates demon-
strate that an acute reduction in glomerular filtration rate limits
water diuresis. A sufficient reduction in filtration rate (20 to 30
per cent) causes oliguria of hypertonic urine, even though body
fluids are dilute and secretion of ADH is suppressed. These facts
suggest that reduction 1n filtration rate in the edematous patient
may contribute to the reduced diuretic response to water loading.
Other factors no doubt contribute. The author believes that
excessive secretion of ADH may play some role in limiting water
diuresis in edema, however, it cannot be the entire explanation;
reduced fileration rate and other unknown factors also play sig-
nificant roles,

SUMMARY

Providing the intake of sodium s sufficiently reduced, the intake
of water has relatively little effect on the rate of accumulation of
edema. In normal subjects and in some edematous patients, large
water loads cause the development of negauve sodium balance,
Water expels water and body weight is reduced. However, the
seriously ill edematous patient may respond adversely to large
water loads by developing hyponatremia and water intoxication
without exhibiting either diuresis or saluresis. The intake of mod-
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By definition, the saluresis which follows hyperhydration resulss
from glomerulotubular imbalance due to relative glomerular
preponderance. No less than three factors may play some role io
its induction, although their relarive importance cannot be assessed
at the moment. Bartter has shown that water loading in 2 pitressin
treated subject reduces the rate of urinary excretion of aldosterone
(see Chaprer V), and presumably its rate of glandular sccretion 35
well. In consequence of reduced circulating hormone, the rate of
reabsorption of salt by the renal tubule is reduced; salt excretion
is increased. Hyperhydration also increases glomerular filtration
rate. In the studies of Leaf, filtration rate increased from 20 to 30
per cent. More salt containing isoronic fluid is delivered from the
proximal tubules into loops of Henle, distal tubules and collecting
ducts. If the reabsorptive capacities of these segments of the nephron
remain relatively unchanged, the greater filtered load of salt wou}d
be less completely reabsorbed and excretion would increase, If it
addition, reabsorptive capacity is reduced because of reduced
secretion of aldosterone, excretion would increase still more. A
final factor of unknown significance is velocity of flow of mbulsr
urine along the collecting ducts. It is possible, though by no means
proven, that absorption of the final traces of sodium is rendered
less complete by high rates of flow in water diuresis.

Role of Hydration in the Therapy of Edema.lt scems reasonsble
to assume that extracellular fluid volume is controlled by 2
receptor-hypothalamic integrator-neurchumoral effector systerh
which determines the balance berween filtered load and tubular
reabsorption of sodium (see Chaprer V). It is a truism to st
that this mechanism operates abnormally in edematous patients:
Dehydration, though it may reduce somewhatr the volume of
interstitial fluid, stimul. intensely hanisms of salt retention;
diuretic therapy is rendered less effective. Provision of ample
water, though jt expands extracellular and cellular volume, i€+
increases edema, lessens the intensity of salt conservation; dinretic
therapy is rendered more effective. Hyperhydration acrually pro-
motes sale loss in those patients in whom fileration rate can be
sufficiently increased and aldosterone secretion sufficiently depress-
ed by tolerable degrees of hypotonic expansion of volume of body
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fluids. However, many seriously ill patients cannot tolerate the
dilution necessary to attain a significant saluretic response, if indeed
it can be attained at all.

A point of some interest is the incapacity of the seriously ill
edematous patient to exhibir water diuresis in response to hypotonic
expansion of body fluids. Failure to respond to the ingestion of
water with increased urine flow has been generally explained in
terms of excessive secretion of ADH. The supraoptico-hypo-
physeal antidiuretic mechanism, although primarily sensitive to the
osmotic pressure of the body fluids, has been considered to be sub-
ject to secondary control by the volume regulatory mechanism,
This view has been questioned by Lamdin et al who have found
that alcohol, which inhibits release of ADH from the neuro-
hypophysis, does not restore water diuresis in patients with
cirrhotic, nephrotic and cardiac edema. Recent experiments of del
Greco, Kleeman, Berliner and their respective associates deman-
strate that an acute reduction mn glomerular filtration rate limits
water diuresis. A sufficient reduction in filtration rate (20 to 30
per cent) causes oliguria of hypertonic urine, even though body
fluids are dilute and secretion of ADH is suppressed, These facts
suggest that reduction in filtration rate in the edematous patient
may contribute to the reduced diuretic response to water loading.
Other factors no doubt contribute. The author believes that
excessive secretion of ADH may play some role in limiting water
diuresis in edema; however, it cannot be the entire explanation;
reduced filtration rate and other unknown factors also play sig-
nificant roles.

SUMMARY

Providing the intake of sodium 1s sufficiently reduced, the mtake
of water has relauvely little effect on the rate of accumulation of
edema. In normal subjects and in some edematous patients, large
water loads cause the development of negative sodium balance.
Water expels water and body weight is reduced. However, the
seriously ill edematous patient may respond adversely to large
water loads by developing hyponatremia and water intoxication
withour exhibiting either diuresis or saluresis. The intake of mod-
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erate quantities of water, ad libitum in the alert and responsive
patient, some 2000 to 3000 ml in the depressed or comatose
patient, supplies water needs, provides for an adeguate urine
volume and renders the parient more responsive to diuretic therapy.
Restriction of fluid ineake, excepr immediately after paracentesis
or massive diuresis, is inhumane and without effect on the ultimate
accumulation of edema, for salt retention continues and the body
is diluted when water restriction is relaxed. Furthermore, watef
restriction reduces the patients response to diuretic therapy.
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Chapter XIV
OSMOTIC DIURESIS

IN response to prolonged thirsting and fasting, the urme flow of
a normal individual decreases to 0.1 to 0.3 ml. per min. and urine
osmolality increases to a maximum of 1200 to 1400 mOsm. per
liter, ie., to a value some 4 to § times that of the plasma. Smce
urine osmolality 1s determmed largely by content of urea and
electrolytes, minimum urine volume 1s ultimately dependent on
the Joad of these substances demanding excrenon. Any increase
in load must result 1n an mncrease in volume. When any excretory
solute, whether a normal urinary constituent or a foreign sub-
stance, is administered in a concentration higher than that i which
it can be eliminated, water s abstracted from the body. The solute
serves as an osmotic dretic. Were water alone to be abstracted
from the body, no useful end would be achieved, for thirst would
dnve the individual to restore his water deficit. Such therapeutic
benefits as derive from the use of osmotic diuretics result from the
fact that sodium excretion increases more or less in proportion to
the icrease 1n urime ﬂOW.

Osmotic dreucs are not especially potent therapeutic agents
and their limited clinical utity scarcely jusufies an extended dis-
cussion. However, the experimental exploitation of osmotic diretics
has contributed greatly to an understanding of renal function.
Furthermore, all effective dretcs in some degree mduce osmotic
diuresis, for by inhibitng the reabsorption of sodium and either
chloride or bicarbonate ions, they increase the osmoruc load of
electrolytes demanding excretion. The excretion of electrolytes
obligates the excretion of water, extracellular volume 1s reduced,
and body weight declines. The reader will find that this chapter
is more concerned with the functional than with the therapeutic
implications of osmotic diuresis.
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erate quantitics of water, ad libitum in the alert and responsive
patient, some 2000 to 3000 ml. in the depressed or comatos
patient, supplies water needs, provides for an adequate urine
volume and renders the patient more responsive to diuretic therapy.
Restriction of fluid intake, except immediately after paracentesis
or massive diuresis, is inhumane and without effect on the ultimate
accumulation of edema, for salt retention continues and the body
is diluted when water restriction is relaxed. Furthermore, water
restriction reduces the patients response to diuretic therapy.
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papillary interstitiom. The osmolality of the urine approaches
that of the tissue forming the tip of the papilla. In osmotic diuresis,
the presence of unreabsorbable solute in the glomerular filtrate
restricts the isotonic reabsorption of sodium and water in the
proimal tubules. Since distal reabsorption is himited, 2 much Jarger
volume of isotonic fluid is delivered into the collecting ducts. One
may theorize that the reabsorption of more water at this site
reduces the hypertonicity of the papillary tissue, hence reduces the
final osmolal concentration of the urine, and increases the volume
flow of urine. The mechanisms of increased urine flow and increas-
ed sodjum excretion in osmotic dwresis will be considered in the
following pages.

Osmotic Load, Urine Osmolality, and Urine Flow are interre-
lated in the manner described in Figure 28 A, B, redrawn in
idealized form from data of Raporort et al. Figure 28A describes
the relationship becween urinary osmotic load and urine flow in 2
seties of young normal subjects fasting and thirsting for 16 hrs.
prior to the experiment. Urine osmotic load is defined as the rate
of excretion of osmotically active solutes, namely the product of
urine osmolality and urine flow (Uym X V). In control observa-
tions of Figure 28A, both urine osmotic load and urine flow were
low. The data grouped at the lower left hand end of the curve.
The urine osmotic load was increased progressively by the intra-
venous infusion of a hypertonic solution of one of a variety of
solutes, Urine flow increased to values as high as 22.8 ml. per min.
The relationship between urine flow and urine osmotic load was
the same, independent of the nature of the solute, and was thus
dependent solely on rate of excretion of osmotically active
particles, not on their chemical constitution. The solutes included
gllucose, urea, mannitol, sucrose, sorbose, sorbitol, xylose, creati-
nine, sodium sulfate, sodium para-aminohippurate and sodium
chloride. Experimentally, any one of these solutes could be em-
plcyed as an osmotic diuretic, practically, one would avoid
sodium salts in the treatment of edema. Urea is the only one of
thes_e eleven solutes employed therapeutically.

Figure 28B describes the relationship between urine flow and
plasma and urine osmolality in the same series of experiments from
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Osmotic Work,  The formation of urine hypertonic to plasma
involves the performances of osmotic work. Osmotic work is some
function of the product of the urine/ plasma osmolal concentration
ratio, i.e., the degree to which the urine is osmotically concentrated
with respect to the plasma, and the volume of urine elaborated per
unit time, i.¢., the urine flow. Hervey, Rapoport, Newburgh and
others have calculated minimum renal osmotic work under a variety
of conditions, as though concentration of the urine were carried out
as a thermodynamically reversible process. The formation of small
volumes of maximally concentrated urine involves the expendture
of relatively little energy, roughly 0.6 gm. cal, per min. per L73M°
surface area. If osmotically active excretory solutes are adfn:lﬂ'
istered in hypertonic solution in progressively increasing quantiuies,
urine flow increases and osmolal concentration decreases. How-
ever, osmotic work, related to the product of the volume and
osmolal U/P ratio, increases some 7 fold to a limiting value of 40
gm. cal. per min. per 1.73 M? surface atea, Under such conditions
of osmotic diuresis, less work is performed per ml. of urine, but
more work is performed per min. in consequence of increased
flow. Obviously, the maximum urine concentration of 1400
mOsm, per liter at minimum flows, as observed in simple dehydra-
tion, cannot be assigned to a limitation of osmoatic work capacity
of the kidneys per se; rather it must find its explanation in some
absolute restriction of the capacity of the nephron to concentrate
the urine relative to the plasma.

According to the thesis of Wirz, Hargitay and Kuhn developed
in Chapter 1V, the osmotic work involved in the production of
urine hypertonic to plasma is performed in the loop of Henle by
the pumping of sodium from ascending imb into the interstrinm.
An increasing gradient of osmolal concentration is developed along
the loop from the corticomedullary junction to the tip of the
papilla and invelves both tubular contents and interstitial fluid (see
Fig. 10.)

In simple dehydration, 2 small volume of isotonic flujd con-
taining all of the excretory products is delivered from distal tubules
into collecting ducts. As the tubular fluid flows along the collect-
ing ducts, water is reabsorbed by osmosis into the hypertonic
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papillary interstittum. The osmolality of the urine approaches
that of the tissue forming the tip of the papilla. In osmotic diuresis,
the presence of unreabsorbable solute in the glomerular filtrate
restricts the isotonic reabsorption of sodm and water in the
proximal tubules. Since distal reabsorption is limited, a much larger
volume of jsotonic fluid is delivered into the collecting ducts. One
may theorize that the reabsorption of more water at this site
reduces the hypertonicity of the papillary tissue, hence reduces the
final osmolal concentration of the urine, and increases the volume
flow of urine. The mechanisms of increased urine flow and increas-
ed sodium excretion in osmotic diresis will be considered in the
following pages.

Osmotic Load, Urine Osmolality, and Urine Flow are interre-
lated 1 the manner described in Figure 28 A, B, redrawn in
wealized form from data of Raporort et al. Figure 28A describes
the relationship berween unnary osmoric load and urine flow in a
series of young normal subjects fasting and thirsting for 16 hrs.
prior to the experiment. Urine osmotc load is defined as the rate
of excretion of osmotically active solutes, namely the product of
urine osmolality and urine flow (U, X V). In control observa-
tions of Figure 28A, both urine osmotic load and urine flow were
low. The data grouped at the lower left hand end of the curve.
The urine osmotic load was increased progressively by the intra-
venous infusion of a hypertonic solution of one of a vanety of
solutes Urine flow increased to values as high as 22.8 ml. per min.
The relationship berween urine flow and urine osmotic load was
the same, independent of the nature of the solute, and was thus
dependent solely on rate of excretion of osmotically active
particles, not on their chemmical constitution. The solutes included
g!ucose, urea, mannitol, sucrose, sorbose, sorbitol, xylose, creati-
nine, sodium sulfate, sodium para-aminohippurate and sodmum
chlonide. Experimentally, any one of these solutes could be em-
Plnyed as an osmotic diuretic, practically, one would avoid
sodium salts in the treatment of edema. Urea is the only one of
thesF eleven solutes employed therapeutically.

Figure 28B describes the relationship between urine flow and
plasma and urine osmolality in the same series of experiments from
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which Figure 28A was derived. Urine osmolality decreased with
increasing urine flow to approach plasma osmolality as an asymp-
tote, In the control periods prior to infusion of solute, plasma
osmolality averaged 795 mOsm. and urine osmolality 1400 mOsm.
per liter. As a result of infusion of solute, plasma osmolality rose 10
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ideslzed form from data of S. Rapoport, W.A, Brodsky, CD. West, and B

MacKer dm ] Phyriol, 156.433, 1999, and from data of S, Rapoport, CD. West
and W.A. Brodsky dwm. J. Physiol, 1517363, 1989.)

365 mOsm. and urme osmolality decreased to 465 mOsm. per
liter at the highest rate of urine flow, 22.8 ml. per min, Since the
subjects were thirsung and hydropenic at the start, and since
solutes were infused in highly hypertonic solution, the kidaeys
were maximally stimulated throughout the experiment by ADH
to conserve water. As was pointed out above, ability to con-
centrate the urme is inversely related ro the load of solutes
demanding excretion. If solute load is small, high concentration i
achieved; if solute load is large, the urine can be concentrated
only to 2 limited extent and flow is correspondingly increased.
The Osmolal Clearance is defined as ml. per min. of plasma
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completely cleared of osmotically active components and is calcu-
lated as follows:

Cosm. = gosm XV

‘osm.

where C,m = osmolal clearance in ml. per min, U,,, = mOsm.
per ml. of urine, P, = mOsm. per ml. of plasma, and V = ml.
of urine per min. Osmolalities of plasma and unne are customarily
measured cryoscopically, ie, by freezing point depression, and
thus include the contributions of both electrolytes and non-elec-
trolytes. The osmolal clearance of the normal fasting individual
varies between 2 and 3 ml. per min. at urine flows of 0.3 to 0.5 ml.
per min, or more.
= 1400 mOsm./ml. 0.5 ml./mn. = 2,33 ml. per min.

0.300 mOsm./ml.

The osmolal clearance depends largely on the rate at which urea
and electrolytes are cleared from the plasma and is, therefore,
constant only within rather broad hmits determmed by the imme-
diately preceding dictary history.

Osmolal Clearance and Water Conservation in Osmotic Diu-
resis. If the osmolal clearance is 2.33 ml per min. and the urine
flow 0.5 ml. per min., as in the example cited above, the kidneys
have in essence restored to the body 2.33 —0.5==1.83 ml per
min. of pure water to cover extra-renal losses or to redilute
hypertonic body fluids. Water conservation is defined as the dif-
ference between osmolal clearance and urine flow {Com — V.)
It represents the volume of solute-free water which is reabsorbed
from a volume of isotonic tubular fluid equivalent to the osmolal
clearance, in order to increase its osmolality to that of the finished
urine. Smith and his associates refer to water conservation as
megative free water clearance: negative, because it represents reab-
sorbed water; free water, because it is solute-free. It is generally
conceded that water conservation in the sense described abave is
effected in the collecting ducts.

The data presented 1n Table VIII are mean values derived from
the curves of Figure 28 A, B. As urine osmotic load is increased
from 0.7 mOsm. per min. (control) to 10 mOsm. per min.
(osmotic diuresis), urine flow ncreases from 0.5 to 21.5 ml. per

Cosm.
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min. and urine osmolality decreases from 1400 to 465 mOsm. per
liter, Water conservation, i.e., the difference between osmolal
clearance and urine flow, increases from 1.8 to 6 to 7 ml. per min,,
becoming roughly constant ar urine osmotic loads greater than 3.0
mOsm. per min. Since water conservation in the collecting ducts
is limited, the delivery of excessive volumes of isotonic fluid into
these segments results in increased urine flow, i.c., osmotic diuresis.
Because of relative constancy of water conservation at high
osmotic loads, Smith refers to it as T, H,O, the maximum
capacity of the concentrating segment to reabsorb water. In terms
of Wirz’ hypothesis, this limited capacity of the tubules to con-
serve water can be explained in two ways. First, T%, H,O might
be related to a limited rate at which sodium can be pumped from
ascending limbs of Henle’s loops into interstitium and descending
limbs. If the counter current multiplier and counter current ex-
change mechanisms described in Chapter IV were perfectly
efficient (doubtful), the pumping of an amount of sodium equal
to that contained in 6 to 7 ml. of isotonic proximal fluid from
ascending to decending limbs of Henle's loops could account for
the osmotic transfer of an equivalent volume of solute-free watet
across the collecting ducts. Second, TC, H,O might represent 2
constant rate of osmotic transfer of water, limited by tubular
permeability to water rather than by osmotic force. The dara
required to formulate a definitive explanation are not availablc.'
Sodium and W ater Excretion in Osmotic Dinresis. If, as pont-
ed out above, diuresis were to cause only a loss of body water
without loss of body sodum, it would serve no therapeutically
useful purpose. Thirst would drive the patient to replace his water
deficit and edema would reaccumulate. Actually, sodium is lost in
osmotic diuresis in proportion to urine flow, a fact evident in
Figure 28B. It is now generally accepted that increased sodium
excretion in osmotic diuresis results from reduced reabsorption of
this jon in the proximal tubules. Because less sodium is reabsorbed,
less water is reabsorbed. More sodium and water are delivered into
distal parts of nephrons. Because the reabsorptive capacities of
these distal parts are limited, more salt and water are excreted.
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An explanation of reduction of proximal tubular reabsorption of
sodium and water in osmotic diuresis will be developed in terms
of hypothetical data presented in Table IX. Under normal con-
ditions, the glomerular filtrate is assumed to contain cations
(exclusively sodium) in a concentration of 140 mOsm. per liter
and anijons (exclusively chloride and bicarbonate) in the same con-
centration. Glucose, amino acids and other valuable constiuents
are present in a concentration of 10 mOsm. per liter, Waste
products are present in a concentration of 6 mOsm. per liter.”
The sum of osmotically active components is 296 mOsm. per liter.
The volume of filtrare is 160 ml. per min.

In the course of passage of the glomerular filtrate along the
proximal tubule, it is assumed, as in Chapter IV, that some 7/8th
of the sodium, chloride and bicarhonate and all of the valusble
non-electrolyte constituents are reabsorbed. This provides the
osmotic motive force to reabsorb 7/8th of the filtered water.
At the end of the proximal wubule, volume is reduced from 100 ml.
to 16.7 ml. per min., namely to 1/8th of its original value. By virtue
of water reabsorption, excretory products are concentrated 8 times,
from 6 to 48 mOsm. per liter. Much evidence indicates that the
proximal tubular fluid remains isosmotic with plasma; therefore, total

lal ration remains unchanged at 296 mOsm. per liter.
For this to be true, the concentrations of cations and anions must
be slightly reduced, each to 129 mOsm. per liter. The rate of
deltvery of cations and anions from the end of the proximal seg-
ment into more distal parts of the nephron is 4.31 mOsm. per min-
(129 mOsm./L 4+ 129 mOsm./L) X 16.7 ml./min./1000. Under
normal conditions, most of the 16.7 ml. of water and essentially
all of the 4.31 mOsm. of electrolyte are reabsorbed each minute in
the distal parts of the nephron.

In profound osmotic diuresis, the significant change in the com-
position of the plasma and glomerular filtrate is a marked increase
in concentration of excretory products, in the example cited in the
lower part of Table IX, to 100 mOsm, per liter. As a consequence,

-
\Waste products such as urea and uric acid are 1n part reabsorbed in the prov-
mal segment. The 6 mOsm _per leer represents that moiety preseat in the fleate
which is not reabsorbed m the proximal tubules,
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the sum of osmotically active components is increased to 390
mOsm, per liter. As the filtrate flows along the proximal tubule,
all valuabl lectrolyte p are reabsorbed. However,
the reabsorption of cations, anions and water is reduced. Accord-

TABLE IX

HrronmEncal Dara ILLusTRATING THE ProBaBLE ORIGrN OF NATRIURESIS AND
Exmances Unve Frow v Ossonic Divresis

Glomerular Flud a2 End of
Filrrate Proximal Tubule
Normal

Canons 130 mOsm /L 129 mOsmJsL
Anions 140 mOsmJs/L 129 mOsnsL
Glucose, amino acid, ete, 10 mOsm/L 0mOsmJ/L
Excretory products 6mOsmsL x 8 = 48mOsmsL
IOsmotic components 296 mOsm/L | 296 mOsm./L
Volume 100ml/mn X Y% = 167ml/min

ECations and amions at

end of proximal rubule 431 mOsm./min.

Osmotic_Diuresss

Canons 140 mOsm/L 80mOsm /L
Anions 140 mOsm/L 80 mOsmsL
Glucose, ammo acids, etc. | 10 mOsms/L 0mOsmuL
Excretory products 10mOsm /L x 23 = 230mOsmJL
SOsmatic components | 390 mOsm/L | 390 mOsm./L.
Volume 100mlsmun, X 1/23 = 43ml/min

=Cations and anions at

end of proximal tubule 688 mOsm /mun.

ing to Wesson and Anslow, the proximal reabsorption of sodium
5 ded by the develo of a critical gradient between
tubular wrine and plasma. This critical gradient develops because
excretory products in the tubular urine limit the reabsorption of
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An explanation of reduction of proximal tubular reabsorption of
sodium and water in osmotic diuresis will be developed in terms
of hypothetical data presented in Table IX. Under normal con-
ditions, the glomernlar filtrate 15 assumed 1o contain eations
(exclusively sodwm) in a concentration of 140 mOsm. per liter
and anions (exclusively chloride and bicarbonate) in the same con-
centration. Glucose, amino acids and other valuable constirents
are present in a concentration of 10 mOsm. per liter. Waste
products are present in a concentration of 6 mOsm. per liter”
The sum of osmotically active components is 296 mOsm. per fiter,
The volume of filtrate is 100 ml. per min.

In the course of passage of the plomerular filtrate along the
proximal tubule, it is assumed, as in Chapter IV, that some 7/8ch
of the sodium, chloride and bicarbonate and all of the valuable
non-electrolyte constituents are reabsorbed. This provides the
osmotic motive force to resbsorb 7/8th of the filtered water.
At the end of the proximal mbule, volume is reduced from 100 ml
to 16.7 mi. per min., namely to 1/8th of its original value, By vircue
of water reabsorption, excretory products are concentrated 8 Gmes,
from 6 to 48 mOsm. per liter. Much evidence indicates that the
proximal tubular fluid remams isosmotic with plasma; therefore, tloﬂ1
osmolal concentration remains unchanged at 296 mQsm. per liter.
For this to be true, the concentrations of cations and anions must
be slighly reduced, each to 129 mOsm, per liter. The rate of
delivery of cations and anjous from the end of the proximal stg-
ment into more distal parts of the nephron is 4.31 mOsm, per s
(129 mOsm./L -+ 129 mOsm,/L) X 16.7 ml./min./1000. Under
normal conditions, most of the 16.7 ml. of water and cscnn'alf}’
2l of the 4.31 mOsm. of eectrolyte are reabsorbed each minute |
the distal pares of the nephron.

In profound osmotic diuresis, the significant change in the com-
position of the plasma and glomerular filtrate is 2 marked increase
in concentration of excretory products, in the example cited in the
lower part of Table IX, to 100 mOsm. per liter. As a consequence,

N
"Waste products such as ures and uric acid are 1 part reabsorbed in the proxi-
mal segment, The 6 mOsr. per heer represents that moiety preseng in the filarate
itk e not rezbsorbed in the proximal yubufes.
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sorption of sodium, The magnitude of that gradient has not been
accurately defined in the mammalian kidney.

Characteristics of an Ideal Osmotic Diuretic include the follow~
ing. (1) It should be restricted in its distribution in the body to
the extracellular fluid compartment. If, like urea, it penetrates cells,
large doses must be administered. Although urea is the most com-
monly used osmotic diuretic, it 1s by no means ideal in all respects.
(2) It should not be metabolized in the body. (3) It must be freely
filterable through glomerular capillaries and (4) should not be
reabsorbed by the renal tubules. (5) It should be readily absorbed
from the gut on oral administration. (6) When administered in
effective doses, it should cause no gastro-intestinal or general
systemic disturbances. No osmotic diuretic has all these character-
istics, and as a class, they are little used today. Urea and potassium
salts have been most extensively used clinically as osmouc diuretics
because they are readily absorbed from the gut and rapidly
excreted in the urine. Potassium salts will be discussed in another
connection in Chapter XVIIL.

Use of Urea as an Osmotic Diuretic. Friedrich in 1892 first em-
ployed urea as a diuretic in pauents with congestive heart failure
and cirrhosis. Although he obtained a favorable response to doses
as small as 2 to 14 gm. per day, others have found it necessary to
administer from 30 to 100 gm. per day to obrain sigmificant
diuresis. In most instances from 50 to 60 gm , divided into 3 doses
and administered immediately after meals, produces as great a
diuresis as is likely to be obtained. The increase in dady unine out-
put may be 2-to 4-fold in patients in whom the prediuretic output
is from 300 to 700 ml. The diuretic response s roughly com-
parable to that induced by xanthines.

Urea is rather extensively reabsorbed by the renal tubules, Le.,
some 40 to 70 per cent of that filtered 15 returned to the blood
stream. Most investigators believe that urea is passively reabsorbed,

| L gh Schmide-Nielsen maintains that, in part, transport is

active. Shannon has demonstrated that under normal conditions
as much as 40 per cent of the filtered urea may be reabsorbed in
the proximal tubules, a value reduced in profound osmotic diuresis
t0 sbour 10 per cent. An additional 10 ta 40 per cent is reabsorbed
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water and thus dilute the sodium of the rbular fluid. Failure of
sodium reabsorption Jeaves sodium in the rbular urine, which by
its own osmatic effect still further prevents reabsorption of water.
This concept is iHlustrated in the data of Table IX. If s a resulr of
reabsorption of sodium, glucose and amino acids, volume is redoced
to 43 ml per min., excretory products are concentrated to 230
mOsm. per liter. To meet the requirement of jsotonicity of proxi-
mal urine,* the concentration of cations and anions must be
reduced to 80 mOsm. per lirer. This represents a gradient of
807140 mOsm. per liter between tubular fluid and plasma, suf-
ficient to prevent further reabsorption of sodium. There would
be delivered into more distal parts of the nephron 43 ml. of warer
containing 6.88 mOsm, per min. of cations and anions (80
mOsm. /L. 4 80 mOsm./L) X 43 ml./min./1000). If reabsorprion
of electrolyte and water by the distal nephron is fimited to 43!
mOsm. per min. and to some 16 mi. per min,, respectively, nrine
flow would increase to more than 20 ml, per min. and electroglte
excretion to 2.57 mOsm. per min. (6.88 — 4.31 == 2.57). The
sodium moicty would be 1.28 mOsm. per min., 2 value of she
proper order of magnitude (cf. Figure 288B.)

Mudge, Foulks and Gilman and more recently Thompson have
claimed that no absolute gradient exists which stops sodium transfes
in the proximal tubule. Rather rate of reabsorption of sodium
reduced hoth by a reduction in concentration of sodium and by 2
reduction in the length of time that the fluid is in contact with the
cubular epithelium, Recendy Windhager et al have shown, by
perfusion experiments on the proximal tubule of Necrarus, that 48
absolute limiting gradient exiss. If the sodium concentration of
the tubular perfusate is less than 2/3zds that of plasma, sodivm
and water enter the tubule; if more than 2/3rds, sodium and
water are reabsorbed, The author, therefore, favors the explana
tion of Wesson and Anslow, namely that accumulation of osmotic~
ally acrive solute in the proximal mbule establishes a gradient
berween tubular fuid and plasma which prevenss further reab-

“hoth Whrz and Gotrschalk have shown by micropuncrure of mammafian proxi-
thal tubules that the cubular fuid is ssotante with plasma, not only under normt
conditions, bur alsp in osmode duresis produced by the infusion of mannirol-
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sorption of sodwm. The magnitude of that gradient has not been
accurately defined in the mammalian kidney.

Characteristics of an Ideal Osmotic Diuretic include the follow-
ing. (1) It should be restricted in its distribution in the body to
the extracellular fluid compartment, If, hike urea, it penetrates cells,
large doses must be administered. Although urea is the most com-
monly used osmotic diuretic, it is by no means ideal in all respects.
(2) It should not be metabolized in the body. (3) It must be freely
filterable through glomerular capillaries and (4) should nor be
reabsorbed by the renal tubules. (§) It should be readily absorbed
from the gut on oral administration. (6) When administered in
effective doses, 1t should cause no gastro-intestinal or general
systemic disturbances. No osmotic diuretic has all these character-
istics, and as a class, they are lirtle used today. Urea and potassium
salts have been most extensively used clinically as osmotic diretics
because they are readily absorbed from the gut and rapidly
excreted in the urine. Potassium salts will be di d in another
connection in Chapter XVIII.

Use of Urea as an Osmotic Diuretic. Friedrich in 1892 first em-
ployed urea as a duretic in patients with congestive heart failure
and cirshosis. Although he obtained a favorable response to doses
as small as 2 to 14 gm. per day, others have found it necessary to
administer from 30 to 100 gm. per day to obtain significant
diuresis. In most instances from 50 to 60 gm., divided into 3 doses
and administered immediately after meals, produces as great a
dwresis as is likely to be obtained. The increase in daily urine out-
put may be 2-to 4-fold in patients in whom the predwmretic output
is from 300 to 700 ml. The diuretic response is roughly com-
parable to that induced by xanthines.

Urea is rather extensively reabsorbed by the renal tubules, ie.,
some 40 to 70 per cent of thar filtered 1s returned to the blood
stream. Most investigators believe that urea is passively reabsorbed,
! L gh Schmide-Nielsen maintains that, in part, transpore is
active. Shannon has demonstrated that under normal conditions
s much as 40 per cent of the filtered urea may be reabsorbed in
the proximal tubules, 2 value reduced in profound osmotic diuresis
to about 10 per cent. An additional 10 to 40 per cent is reabsorbed
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in the distal tubules, the proportion varying as an inverse function
of urine flow or directly with the degree of concentration of the
uritie. To whatever extent urea is reabsorbed, its efficacy s an
osmotic diuretic is reduced. B of relative toxicity and
tolerance of high blood levels, tubular reabsorption does not
ordinarily limit the capacity of the kidneys to excrete osmotically
significant quantities of urea in the urine. If no diuresis occurs by
virtue of severely reduced renal function (Jow glomerular fileration
rate), the blood urea concentration may rise excessively.

The excretion of sodium and chlonde is increased by the admin-
istration of urea more or less in proportion to the rate of excretion
of urea, The exererion of excess warer and electrolyte in ure2
diuresis a5 in other types of osmotic diuresis depends o diminished
proximal tubular reabsorption as described above,

Two difficulties may be experienced in the wuse of os:nctica{ly
adequate doses of wrea. (1) In some patients, gascrointestinal dis-
turbances, including nauses and vomiting, may preclude its use. i
administered immediately after meals, linde disturbance is \!SM_HY
encountered. All patients complain of its disagreeable taste, x«{hlch
can be only partially masked by flavoring agents, (2) In patients
with severely reduced renal function, nitrogen retention oCCuES
accompanied by weakness, lassitude and loss of appetite, pecesst-
tating discontinuation of the drug. In patients with marked liver
insufficiency, ammonia toxicity and hepatic coma may result 85 3
consequence of conversion of urea to smmonia in the gut.

Except in patients with severe renal or hepatic insufficiency, urea
is ic, even on prolonged use. Undimmished diurettc potency
aver a period of years and 2 more or less additive response when
combined with other agents increase its usefulness. It is properly
claimed to be the safest, bur certainly not the most effective of all
diaretics. .

Use of Other Solutes as Osmotic Digretics. A variety of organic
solutes, including glucose, sucrose, xylose, mannirol, sorbitol, sor-
bitan, and creatinine have been employed experimentally 25
osmotic diuretics. All muse be administered intravenously to be
effective; glucose, because of rapid metabolism; sucrose, because
of digestion; and the remainder, because of poor intestinal absorp-
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tion and resulting purgation. For this reason they are clinically less
useful than urea and potassium salts.

The carbohydrates, glucose, sucrose, and xylose and the poly-
hydric alcohols, mannitol, sorbitol, and sorbitan are all effective
diuretics when administered intravenously in hypertonic solution.
Glucose is the only one of these substances significantly reabsorbed
by the renal tubules or significantly metabolized in the body. Thus
per gm. administered, it is the least effective, but its lack of toxicity
and low cost largely counterbalance this objection. Sucrose, al-
though not metabolized when given intravenously and only slightly
reabsorbed by the renal tubules, may cause pathologic alterations
in the kidney. Mannitol js inert, only shightly reabsorbed by the
renal tubules and effective as a diuretic. Of the organic solutes it
is the preferred. However, it must be given mtravenously to be
effective, and any patient sufficiently ill to justify intravenous
therapy can be far more effectively treated m other ways.

Although intravenous sodum sulfate and sodium phosphate
have been employed experimentally as osmotic diuretics, they have
no place in the therapy of edema. Neither causes a net loss of
sodium from the body. In fact both induce a pesitive sodium
balance, for the anion is excreted in part with potassium, hydrogen
and ammonia and a part of the sodium is retained in the body.

Limiting Factors in the Use of Osmotic Diuretics. For an
osmotic diuretic to be effective, osmoncally significant quan-
tities of the agent employed must be excreted in the urine. If
glomerular filtration rate is low, as it frequently is in edematous
States, plasma concentration must be excessively high to deliver
2dequate quantities of the agent mrto the proximal urine. Since
the capacity of an individual to tolerate a disturbance in osmotic
Pressure of the body fluids is limited, 1t may be impossible to
l{btain significant diuresis with osmotic agents. A second limita-
ton of use is the well recognized fact that mech for con-
servation of sodium are stimulated n edematous states. Even
though greater than normal quantities of ions are dehvered into
fhstal portions of the nephron as a result of depression of prox-
lma_l reabsorption, excessive reabsorption of sodium and chloride
35 lon pairs and excessive exchange of sodium for hydrogen,
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potassium, and ammonia may limic excretion. Osmotic diuretics
like all others are effective in the treatment of edema only insofar
as they cause loss of body sodium.

SUMMARY

The normal human kidney can produce very small volumes
(0.1 to 0.5 ml. per min.) of highly concentrated urine (1,400
mOsm. per liter) only when the load of osmotically active
solutes demanding excretion is low (0.7 mOsm. per min. or l:ss).
If large quantities of solutes are excreted as a consequence of th.cu
oral or intravenous administration, urine flow increases and urine
concentration decreases. If the urinary load of osmotically active
solutes is as great as 10 mOsm. per min., urine flow increases 0
more than 20 ml. per min. and urine osmolality approaches that
of the plasma. The excretion of sodium increases more or Ie_&s
in proportion to the increase in urine flow in osmotic diuresis.
Increased excretion of sedium and water in osmotic diuresis is the
result of decreased proximal tubular reabsorption. The reabsorp-
tion of sodium is limited by the mability of proximal rubular
cells to pump this jon against a high concentration gradient. The
magnitude of this limiung gradient s unknown; it may be of.thc
order of 60 to 80 mEq. per liter. Such reabsorption of sodium
and water as does occur concentrates the osmotic diureric in the
proximal tubular fluid. The osmotic effect which it exerts pre
vents further rcabsorption of water. The water retained in the
lumen dilates the sodium and leads to the establishment of 2
critical gradient against which further transfer of sodium 1
impossible.

Osmotic diuretics are only moderately effective; hence ar¢
not widely employed clinically. Urea and potassium salts ar¢
the only osmotic agents which have becn used to any extent in
the treatment of edema.
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Chapter XV

XANTHINE AND AMINOURACIL
DIURETICS

F OR nearly four decades during the latrer part of the 19th and
first part of the 20th centuries, xanthines were the mainszaY{ of
diuretic therapy. Caffeinc was first used as a diuretic in a patient
with congestive heart failure by Koshlakoff in 1864; theobromine
was introduced by the pharmacologist von Schroeder in 1887;
and theophylline was studied experimentally by Ach in 1900 and
first employed clinically by Minkowsky and Doering in 1903. k
was early recognized that theobromine and theophylline are
superior to caffeine as diuretics; accordingly, the larter drug bas
been little used during the present century, In recent years, other
more potent drugs have to 2 large extent replaced xanthines in the
intensive diuretic therapy of grossly edematous patients. How-
ever, they are sull useful in maintenance therapy, for they ¢
adequately absorbed and reasonably well tolerated when given
orally. They are most uniquely useful today in the potentiation
of mercurial compounds in so-called “diuretic-fast” patients. In
this role, aminophylline (theophylline ethylenediamine) excels.
The xanthines as a group exhibit a broad spectrum of pharma-
cological actions. They differ, however, in the degree to which
they individually manifest these several properties. Caffeme is the
most powerful of the three as a stimulant of the central nervous
system and of skeletal muscle, It is least effective as a diuretic
and as a stimulant of the cardiovascular system, Theophylline &
the most potent diuretic and the most active stimulant of heart
and circulation. It is also highly effective in relaxing the smooth
muscle of the biliary tract and of the bronchial tree. It is intef-
mediate in its actions as a central nervous and skeletal muSle
stimulant. Theobromine, although less active as a diuretic per vt

204



XANTHINE AND AMINOURACIL DIURETICS 20§

weight of drug, can be tolerated in higher dosage than can
theophylline, and acts for a longer period of time. Furthermore,
it exhibits fewer undesirable side reactions and is, therefore, pre-
ferred as a diuretic by some. Recently in a search for improved
orally effective compounds, the aminouracils have been observed
to have diuretic activity and one, aminoisometridine (Rolicton)
may well replace theobromine and theophylline for oral main-
tenance therapy of edema.

Chemical Constitution. Xanthine, as is evident in Figure 29, is a
bi-cyclic compound, made up of a 6-membered pyrimidine ring
and a S-membered imidazole ring, the two rings sharing carbons
4 and § in common, Caffeine 1s §, 3, 7-tnmethyl xanthine; theo-
bromine is 3, 7-dimethyl xanthine, and theophylline is 1, 3-
dimethyl xanthine, Caffeine occurs naturally in coffee and tea;
theobromine in cocoa, and theophylline m tea. The latter two
compounds, however, are prepared synthetically, for theophylline,
at least, occurs in nature in such small amounts that it is not com-

H‘filﬁ@o CHjil—(lZ=0 H‘N—(|3=0

< H

0-?2 sﬁ—.,N;\CH 0-C ﬁ—N(::? 0=J: c—N(CHf’
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Xanthine Caffeine Theobromine
CHaN—-C=0 HoCe G-CHoN—C-NHo
o=? ﬁ—N’\H HeC ouc m
CHg——? CHaN—C=0

Theophyline Aminoisometridine

Fig 29. Strueture of xanthine and pyrimidinedione diurencs.

mel:cially feasible to extract. The three compounds are weakly
basic alkaloids and are sparingly soluble in water. They form
soh{ble double salts or addition products with citric acid, with
sodium glycinate, acetate, and benzoate, and with sodium and
calewum salicylates, Theophylline also forms soluble salts with
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ethylene diamine, (ami phylline), isopropanolamine, and choline.
If the N-7 site of theaphylline is substituted with the dihyroxy-
propyl group or with the diethylaminoethy} group, a water soluble
neutral compound results. Aminoisometridine is 1-methallyl-3-
methyl-6-aming pyrimidinedione. It is water soluble and admin-
istered as the parent compound, Insofar as the xanthines and the
aminometridines contain the pyrimidinedione nucleus, they are
structurally related.

Mechanism of Action of Xanthines. Mudge has recently stated
that “the most remarkable thing about the xanthine duwretics is
that so few facts have been clearly established concerning the
mechanism of their action.” This does not imply any early lack
of investigative interest, for during the first few decades of this
centuty, many papers, concerned with their mode of action, were
published. This literature has been reviewed in extenso by Schmite
and by Vogl. However, the xanthines have been studied with the
modern precise tools of renal physiology by relatively few investi-
gators, no doubt because more effective dwretic agents were
introduced at the same time that adequate methods of study were
developed.

The early German workers, including Veil, Ellinger, Meyer,
Ascher, Curtis and others maintained that the xanthines exert their
diuretic effects peripherally by altering the binding of water
to colloids or by increasing the delivery of chloride and other
electrofytes from tissues to blood stream. Such peripheral actions
have not been confirmed in recent studies employing more
adequate experimental methods, Molitor and Pick ascribed the
diuretic action of the xanthines o depression of the hypochalamic
center which regulates water metabolism. In view of the fact that
xanthines primarily increase the excretion of sodium and chloride
and only secondarily affect water output, this view js untenable.

The observation of Schmidt and of Hartwich that caffeine pro-
duces diuresis in the isalated perfused frog kidney and that of
Gremels and of Verney and Winton that it has 2 similar action in
the Statling heart-lung-kidney preparation of the dog, definitely
establishes a direct renal action, although of course it does not rule
out other mechanisms as contributory. This view has been con-
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firmed by Kupfer et al. who have observed that aminophylline
causes diuresis in the pump-lung-kidney preparation of the dog
perfused at constant pressure.

This direct renal action has been variously ascribed to (1)
increased renal blood flow and glomerular filtration rate and (2)
to depression of tubular reabsorption of salt and water, Phillips and
Bradford first observed that caffeine causes the volume of the
kidney ro increase and inferred that diuresis results from renal
vasoddation. Loewi et al. confirmed the observation and concurred
in the interpretation. However Gottlieb, Brings, and Cushny as
well, have pointed out that swelling of the kidney does not
necessanly indicate vasodilation, instead ir may reflect constriction
of efferent vessels. Furthermore, diuresis oceurs ar times in the
absence of change in kiduey volume. Subsequently, more accurate
measurements of renal blood flow in animals with the thermo-
stromuhr and collection of venous outflow have shown that the
xanthines do commonly cause increased renal blood flow. How-
ever, the increase in flow is often of relatively short duration
and is certainly not a requisite of diuresis.

Richards and his coworkers have shown that caffeine increases
the number of patent capillary loops in individual glomeruli and
the rotal number of functioning glomeruli of the frog. Verney
and Winton maintain that caffeine increases glomerular capillary
filtering pressure and hence filtration rate by dilating afferent
glomerular vesels to a greater degree than efferent. Blood flow may
cither increase, remain constant, or decrease depending on relative
efferent tone, yet filtration pressure and filtration rate could, at
least theoretically, increase under all circumstances.

~Vlm Schroeder, who first studied the renal action of theobro-
mine, attributed diuresis to stimulation of the secretory activities
Of_ tenal tubular cells. Barcroft and Gremels supported this view
with the observation that the drug increased renal oxygen con-
sumption. However, others have found little evidence of increased
tenal metabolism, and net tubular secretion of water and salts,
other than potassium, is not accepted roday. Sobieranski in 1903
was the first to suggest depression of tubular reabsorption of salt
and water, hut his evidence can scarcely be accepted as significant,
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even though subsequent work has amply confirmed his conclusion.
Utilizing more or less adequate techniques for measuring glom-
erular filtration rate and for calculating filtered Joad of electrolyte,
a number of investigators have shown in animals and in man that
xanthine diuretics depress tubular reabsorption of sodium, chloride
and water. Walker et al., Davenport et al., Blumgart et al., and
Crutchfield have emphasized depression of tubular reabsorption
and have minimized the significance or denied the occurrence of
changes in renal blood flow and filtration rate. However, in some-
what better controlled studies, Newman, Sinclair-Smith et dl,
James et al, Davis and Shock, and Weston and Escher have
provided convincing evidence both of depression of tubular realz-
sorption and of increase in glomerular filtration. While diuresis
may occur in the absence of an increase in filtration rate, it i
definitely enhanced, if an increase occurs.

As was pointed out above, theophylline is the most potent
cardiovascular stimulant of the xanthine group of drugs. ngcﬂ
administered intravenously as aminophylline, cardiac output in-
creases, central venous pressure drops, and oxygenation of blood
improves. The drug, therefore, exerts some of the favorable efchﬂ
of the cardiac glycosides. Hi ., its actions although immediat
are evanescent. It appeals to the author that insofar as aminoph_yl'
line improves the circulatory dynamics of the patient in congestive
failure, it will antagonize mechanisms of compensatary fuid
retention. Thus it might be expected to increase glomerular filtra-
tion rate and reduce excessive secretion of aldosterone indirectly
through extrarenal mechanmsms responding to improved circula-
tion. Presumably such effects would be mediated throvgh the
volume receptor-neurohormonal effector system and would be
analogous to those induced by digitals, Whether they are of
significant magnitude is questionable,

Relatively litdle information is available concerning the mode of
action of the aminouracils. Katrus et al have shown that I-propyl-
3-ethyl-6-aminouracil is an effecuve diuretic in patients with con-
gestive failure, cirrhasis, and nephrosis. In the dog this drug blocks
a modest fraction of the tubular reabsorption of sodium and
chloride jons without exerting an appreciable effect on either
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glomerular filtration rate or renal blood flow. It does not alter
acid base balance and causes only a modest loss of potassium. The
1-allyl-3-ethyl analogue is equally effective and less irritating to
the gastrointestinal tract. It was marketed briefly as aminometridine
(Mictine), to be replaced by the I-methallyl-3-methy] analogue,
aminoisometridine (Rolicton), a compound equally patent, and
accordingly to Clark and Fagans and to Settel, devoid of untoward
side reactions.

No information is available concerning the nature of the enzyme
systems blocked by either the xanthines or aminouracils, although
i is perhaps reasonable to assume that they have a common mode
of action. The site of action within the nephron is also unknown.
Somewhat more surprising is the lack of information as to factors
which modify the response to these agents, eg. acidosis, alkalosis,
hyponatremia, hypochloremia etc.

Dosage and Route of Administration. Theobromine and theo-
phylline may be administered by rectal suppository, by enema,
orally, int larly, and intr ly. Absorption from
sappositories is notoriously unpredictable. Futhermore, continued
use produces rectal irritation. Absorption of aminophylline by the
lower bowel is adequate when the drug is instilled and retained
following a cleansing enema.

The oral route is certainly to be preferred for maintenance
therapy, However, gastric irritation, anorexia, nansea and vomiting
frequently result when diuretically effective doses of the free
alkaloids are administered. Theobromine on a weight for weight
basis is much less irritating to the gastric mucosa than is theophyl-
line. However, when the two drugs are compared in diuretically
equivalent doses (theophylline is roughly 5 times as potent as
theobromine), there is little reason to choose one in preference to
the other. In general each drug is better tolerated when given in
one of the many solubilized forms than when given as the free
alkaloid.

Theobromine is usually administered as the sodium salicylate or
calcium salicylate complex. Since the effective dosage is high, 3.0
to 5.0 gm. per day in divided doses, and since the sodium content
of the sodium salicylate complex is appreciable, the calcium com-
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pound is preferred. In general the compounds of theophylline are
more widely used today than are those of theobromine because of
their slightly greater activity. The free alkaloid, theophylline, in
total daily dosage of 0.8 to 1.0 gm. (0.2 gm., 4 to § times a day), is
probably the most effective oral form in which a xanthine diuretic
can be given. However, such usage over any significent period of
tme is limited by high incidence and severity of gastric irritation.
If given with colloidal aluminum hydroxide, gastric tolerance is
increased. Less gastric irritation results when theophylline is
administered as one of its soluble complexes. These complexes
include theophylline sodium glycinate (0.3 gm., 3 to 4 times 2
day); dihydroxypropyl theophylline (0.2 gm., 3 to 4 times a day);
and choline theophyllinate (0.2 gm., 3 to 4 tmes a day). Theo-
phylline ethylenediamine (0.2 gm., 3 to 4 times a day) is some-
what less well tolerated orally than the above compounds, but
irritation can be lessened by coadministration of aluminum
hydroxide.

The xanthines are usually administered for periods of 4 con-
sccutive days separated by drug-free ntervals of 3 days. The
rationale is presumably the following. It is claimed that habituation
to xanthines destroys diuretic efficacy and that interrupted courses
of treatment avoid this complication. More certain is the fact thf!t
gastrointestinal complaints increase in severity more or less 1
proportion to magnitude of dose and duration of therapy. It i5
therefore, advisable to determine the smallest dose capable o
maintaining dry weight and to devise some regimen which
provides intermuetant relief for the digestive tract.

Aminophylline, theophyllne sodium glycinate, and certain other
preparations are suitable for parenteral admunistration. In general
the intramuscular route is preferred due to slower absorption,
more prolonged action, and avoidance of the untoward conse-
quences of too rapid intravenous injection. If the compounds are
diluted and given very slowly, intravenous administration has the
advantage of avoidance of the pain which follows intramuscular
injection. However, too rapid intravenous injection causes gid-
diness, anxiety, palpitation, tachypnea and hyperpnea followed by
nausea, vomiting, and syncope, A few deaths following rapid
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intravenous administration have been reported. If the response to
oral therapy is inadequate, it would seem wise to turn to more
effective agents rather than to resort to intramuscular or intra-
venous administration of xanthines. An obvious exception to this
rule is coadministration of intr lar mercurial diureties and
cither intramuscular or intravenous aminophylline in the treat-
ment of the “diuretic-fast” patient, a procedure discussed subse-
quently in Chapter XV in connection with mercurial diuretics

Aminot: ridine is administered orally in a dose
of 0.2 gm, 2 to 4 times a day. For short periods during the
induction of diuresis, as much as 0.5 gm. may be given 3 to 4 times
a day. The large dose may produce anorexia and pausea; the
smaller maintenance doses produce few or no symptoms. Pre-
liminary studies indicare that the drug is equally or more effective
than the theophylline complexes and much better tolerated orally.
Further experience will be necessary to assess the true value of
aminoisometridine.

Toxicity, Signs and symptoms of gastrointestinal irritation from
oral administration of xanthunes and of systemic intoxication from
fapid intravenous administration have been described above. Occas-
fonally signs of excessive central nervous stimulation occur, al-
though they usually constitute no problem with the common
therapeutic doses. Theobromine produces less central nervous
stimulation than theophylline.

Indications and Contraindicati Xanthines and aminoisome-
Lndjne are on the whole relatively benign drugs, useful in oral
maitenance therapy of edematous patients who do not exhibit
overly intense salt and water retentdion. It is stated that the
xanthines are most effective in the congestive failure of arterio-
sclerotic and hypertensive heart disease and less effective in rheu-
matic heart discase, cirrhosis with ascites, nephrosis and the
nephrotic stage of chrome nephris. They are frequently effective
in t}le treatment of pre-ecl: and rual edema and
femsion.  Aminoisometridine has not been used for a sufficient
period to define its therapeutic limits, although it is probable that
they are much the same as those of the xanthines. For several
decades the xanthines were the only agents available for use in
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severely ill patients intolerant to mercurial diuretics, and were
given parenterally in such instances. Now there is a wider choice
of drugs suitable for use in mercury intolerant patients and indi-
cations for parenteral therapy are less frequent.

Intolerance to xanthine diuretics is rare and manifestations of
hypersensitivity are mild. The intravenous use of aminophylline
is to be avoided in patients with recent extensive myocardial
infarcts because the drug stimulates the myocardium intensely and
may induce arrhythmias. The xanthines reduce clotting time and
prothrombin time. It is possible that they might promote phlebo-
thrombosis in severely ill or elderly patients, although there is no
evidence that this is so. Xanthines depress the hepatic conversion
of ammonia to urea in vitro. They probably should not be admin-
istered to patients with marked hepatic insufficiency because of the
possibility of precipitating liver coma.

SUMMARY

Theophylline in one of its numerous solubilized forms is a u'scful
drug for the oral maintenance therapy of edematous patients:
Because it is somewhat more effective than theobromine, it I
probably the drug of choice. The xanthines in general depress 2
modest fraction of the renal tubular reabsorption of sodium, chlo-
ride and water, increase the excretion of potassium slighdy,. hf{VC
no effect on urine pH and ammonia excretion, and cause no 51gnlﬁ'
cant disturbance in acid base balance. Theophylline freque.mly
increases renal blood flow and glomerular filtration rate, especially
in those patients without organic renal disease in whom these
discrete functions are depressed. When filcration rate is incren{cd,
the diuretic response is enhanced. The aminouracils have similar
renal actions except that they have little or no effect on glomerular
filtration rate or renal blood flow. .

Oral administration of theophylline in diuretically effective
doses is frequencly limited by gastroiatestinal irritation. Use of .(hc
more benign solubilized forms or coadministration of co”clfiﬁ]
aluminum hydroxide reduces itritation and permits more effective
therapy. Aminoisometridine is largely devoid of irritating prop-
erties, Xanthines and aminouracils are most effective in thosc
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patients who mildly retain salt and water. For more severely ill
patients, requiring intensive parenteral therapy, other agents are
more effective. In such patients, mercurial diuretics, potentiated
by acidifying agents and by intramuscular or intravenous amino-
phylline, are especially effective.
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Chapter XV1
MERCURIAL DIURETICS

ORGANOMER CURIAL diurerics rank among the most valu-
able of the chemotherapeutic agents in use today, They have
contributed immeasurably to the comfort, useful existence, and life
span of countless patients over 2 period of neatly forty years.
They are the time-proven standard of reference against which
other diuretic agents are compared 25 to efficacy, reliability and
toxicity. However, as is true of all potent drugs, certain {iSkS
attend the use of mercurial diurerics, risks which may be minimized
by careful atrention to such details of therapy as dose, soute of
administration, frequency of exhibition, and conrraindicarions.
Mercury has an ancient, if nor entirely venerable history as 2
diuretic, Paracelsus, early in the 16th Century, deseribed the use
of calomel as 2 purgative and diuretic. Various mixtures of
mercary, calomel, digitalis, and squill were employed in the treat-
ment of congestive heart failure as recently as the first decades of
the present Century. However, mercurialism, with jts artendant
enteritls, stomatitis, renal damage, and occasional faral ourcome,
discouraged any very intensive diuretic therapy with inorganic
compounds of mercury. .
Organomercurial compounds were first introduced as ant-
syphilitic agents, not as diuretcs, In 1920, Sax] and Heilig describ-
ed polyuria followmg each injection of Novasurol during the
course of treatment of a paent for congemtal syphilis. Subse-
quently, the diurctic efficacy of this drug was demonstrated in
patients with congestive heart failure of rheumatic arigin, Over
the past 40 years a succession of organomercurial compounds hf“’c
been produced, of increasing divreric efficacy and diminishing
toxicity. When carefully and conscrvatively used, the organo-
mercurial compounds available roday do not induce mercurialism.

214
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However, fear of this eventuality has no doubt deprived many
patients of the benefits of what as a class are the most effective of
all diuretics.

Chemical Nature of Mercurial Diuretics. The mercurial diu-
retics in common use today as well as those undergoing clinical
trial are substituted mercuripropyl compounds having the follow-
ing basic structure.

HHH
R-C—C~C—Hg~X
H OYH

The most significant feature of the diurenc structure is the terminal
—C—~Hg* linkage which in neutral or alkaline solution is quite
stable. The carbon mercury bond does not dissociate reversibly to
give mercuric ion; if ruptured in acid solution, this bond does not
spontaneously reform. The —Hg—X linkage, in contrast, is an
ionic one; on dissociation, one mercury valence bond is freed to
combine with ussue components. In 5 of the 7 drugs currently
hsted in New and Nonofficial Remedies, X is theophylline, n one,
it Is chloride; and in one, it is thioacetic acid, Theophylline, as the
X substituent, mcreases solubility of the drug, decreases local irrita-
tion at the site of intramuscular deposition, and increases rate of
absorption from that site. Whether it increases rate of urinary ex-
cretion and diuresis except by virtue of the fact that it increases
absorption, is debatable, for the amount of theophylline contained
in the usual therapeutic dose is relatively small. A striking decrease
in cardiotoxicity and a further reduction 1n local irnitation is ob-
served when the X moiety 15 thivaceuc acid as in mercaptomerin
In chlormerodrin, X is chloride, This compound, while reasonably
well absorbed from the gut, 1s irritating when given parenterally,
accordingly, it 15 recommended for oral use only.

The OY substituent on the propyl chain is most commonly
OCH, (methoxy). Its nature is of relatively minor importance in
determing diureuc activity and either local or systemic toxicity.
Its character is related to the solvent m which the mercuration
reaction is carred out, and since the solvent most commonly

employed is methyl alcohol, the methoxy substituent is the usual
one.
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The major structural differences among the several diuretics
listed in Table X are evident in the R substituent. This grouping
is allicyclic in mercurophylline and mercaptomerin; it is aromatic
in mersalyl and merethoxylline; ir is heterocyclic in mercumatilin;
and it is acyclic in meralluride and chlormerodrin, In 6 of the 7

TABLE X
Srructure oF THE Covistonty Usep Oreano-Mercuriar Divrerics

ORGANOMERCURIAL COMPOUND COMPLEXING AGENT NAME
S\ . e Thecphsilin uepcumomirL Sooum
- ~HH~CHy CH=CHg HgOH.
g § T T Sodwm Thoocetate MERCAPTOMERIN SOOUM
(Thiomarin Sodtur)
g wew
0""“"";“"";“0* ‘Theaphylline MERSALYL SOOILM_ AND
-enpgaoei THEOPHTLLINE
onerzgeomme (Salyrgan-Thaophyion}
wf@_o_m Theophyling  and MERETHOXYLLINE PROCAINE
g—kn»w‘r.:;n' Procains {Dicunn Procane)
-CH;CHg OCHy
&EN
=g Hoon
o Theophyiline MERCUMATILIN - SODIM
fone (Cumertin Sodlumt
ota ocH,
i~c~.~c~,—g-m-§-nn-cn‘-én-cnl-ﬂvw Theophytine MERALLURIDE SOOI
H H
[Morcuhydrin  Sodlum]
[
Mg =N OH Cu-Chphg -l — CHLORMERODRIN
{Naohydrin}

compounds listed, the linkage between R and the propyl side
chain is amide; in one it is carbon to carbon. At least one com-
pound undergoing clinical trial has an ether linkage. R is by 'fal‘
the most important determinant of diuretic activity and toxicity.
However, since the drugs accepted for clinical use have been
selected from large numbers of compounds screened, it is not
surprising that they are reasonably comparable so far as potency
and toxicity are concerned. Furthermore, no pattern of R-suruc-
ture has yet emerged which would enable one to design a com-
pound of predicrable properties. Practically any substiruted allyl
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compound (R—CH,'CH:CH,) on mercuration in methyl alcohol
will exhibir diuretic properties. Whether clinically useful must be
determined emperically. It should, however, be pointed out that
many, perhaps most, organic compounds of mercury are not
diuretics. Subsequently, we shall ider two divergent views as
to why certain compounds of mercury are diuretics, why others
are not.

Renal Action of Diuretics. For some ten years after their intro-
duction, organic mercurial diuretics were thought to exert their
action by mobilizing salt and water in the tissues. Govaerts in 1928
observed that if one kidney of a dog is removed at the peak of a
mercurial diuresis, and if its blood vessels are anastomosed with
those of a non-diuretic animal, the transplanted kidney continues
to extubit polyuria. Bartram in 1932 noted that a minute dose of
a mercurial diuretic, introduced into one renal artery, causes a
prolonged increase in the excretion of urine by that kidney alone.
A large dose, however, causes renal shutdown on the side injected
and diuresis in the opposite kidney. These simple experiments
demonstrated three fundamental facts concerning the action of
mercurial diuretics: (1) they act directly on the kadneys; (2) they
are fixed in renal tissue in the course of 2 single transit through
fhe renal vascular bed and exerr a prolonged dretic effect; (3)
in large dosage they are toxic and may cause renal shutdown.
Such experiments do not exclude the possibility of peripheral
a!.:r.ion, but the observation of hemodilution prior to onset of
fimresis, upon which this view was based, has not been confirmed
In more recent studies.

Glomerular vs. Tubsular Site of Action. A summary of a rather
SQPthCated modification of Bartram’s experiment is presented in
Figure 30. The two ureters of an anesthetized dog were separately
catheterized and the animal was infused with creatinine to permit
measurement of glomerular filtration rate. Following two control
periods, shown at the left of the figure, a small dose of chlorme-
rodrin Iabelled with radioactive Hg-203 was injected into the left
renal artery. After a delay of 10 minutes, a brisk diuresis of sodium
and water occurred which was restricted to the left kidney for
some 60 to 75 minutes. Since diuresis developed tithout change
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in filtration rate, it must have resulted from inhibition of tubular
reabsorption of fluid and electrolyte. Uptake of the diuretic by
the left kidney was incomplete; some obviously escaped into the
general circulation, as evidenced by the appreciable concentrations
of mercury in femoral arterial plasma. This accounts for the

GLOMERULAR 40

FILTRAYION
RATE LT
ce /min
30l
PLASMA 10
MERCURY
pontfee

MERGURY o
EXCRETION  4°0)
_pamCumulative goo}

URINE FLOW
ce./min.

SR e pan
53 4 ye 13 )

MINUTES
Injact $mg Ht%3 aq Chlormarodrin
Info Latt Ranal Artery

Fig 30. The direnc response to the administranon of § mg. of Hg™ as chiormet-
odnn into the left renal artery of s dog. (From RF. Prcs: Am. J. Med, 24745,
1958.)

accumulation of some of the diuretic in the right renal cortex, for
its excretion in the urine formed by the nghe kidney, and ‘for
delayed diuresis which gradually developed on the right sndg.
Evidence from a variety of sources indicates that mercurial diurefls
results primarily from depression of tubular resbsorption of fluid
and electrolyre, not from increase in filtered load.

Extent of Tubular Depression of Ion Reabsorplion. In CIiniC:‘l]
practice the maximum dose of a mercurial diuretic, administered in
a single injection, does not ordinarily exceed 2 ml. and contan
not more than 85 mg. of mercury. For the average adult patient
this represents slightly more than 1.0 mg. of mercury per Kg. o
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body weight, Farah has observed that diuresis and natriuresis in
dogs increase with dosage over the range of 0.5 to 5.0 my. of
mercury per Kg, Maximum excretion of sodium was obtained with
doses between 3.0 and 5.0 mg. per Kg. and further increases to
25 mg. per Kg. did not enhance the response. While studics over
such an extended range arc out of the question in man, limited
obscrvations indicate that peak effects are obtained with 2,0 to 4.0
mg. of mercury per Kpg.; thus man and dog exhibit roughly com-
parable scnsitivities to the diuretic effects of these drugs. Since
toxicity is refated to dosage, even quantities of 2.0 to 4.0 mg. per
Kg. cannot be justified in therapy.

The significant finding of thesc studies is that only a limited
fraction of tubular reabsorption of sodium and chloride can be
blocked by even the Jargest tolerated dascs of drug, This fact is
clearly illustrated in the data summarized in Table XL In this
experiment 4 dog was infused with isotonic saline at 2 rate of 10
ml. per min, for a period of 2)4 hr. prior to, and throughout
the course of the observations. Such extensive hydration, by
expanding extracellular fluid volume, makes certain thar diuresis
will not be restricted by limited sale and water reserves, It also
accounts for the high rate of urine flow and high rate of sodium
excretion in the two initial control periods, Duting these periods,
93 per cent of the filtered sodium was reabsorbed, 7 per cent was
excreted. A dosc of 100 mg. of mercury as Mercuhydrin was then
given intravenously. Urine flow increased from 9 to 17 ml, per
min, and sodium reabsorption dropped from 93 to 80 per cent of
that filtered, a decrease of 13 per cent, The dose of mercury was
roughly 5.0 mg. per Kg. body weight, some § times the therapeutic
dose in man, and sufficient to produce d depression of
sodium reabsorption,

In other simifar experiments maximum depression has varied
between 12 and 20 per cent .Obviously, a large fraction, some 80
per cent or more of tubular reabsorption of sodium, is resistant to
the action of mercurial djuretics, Blockade of only 20 per cent of
sodium reabsorption might be related to depression of transport in
a limited segment of the senal tubule, perhaps in the terminal part
of the proximal segment, It might also be related to inhibition of
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in filtration rate, it must have resulted from inhibition of tubular
reabsorption of fluid and electrolyte. Uptake of the diuretic by
the left kidney was incomplete; some obviously escaped into the
general circulation, as evidenced by the appreciable concentrations
of mercury in femoral arterial plasma. This accounts for the

GLOMERULAR 40|

FILTRATION
RATE 35
ce /min.
30
PLASMA 19
MERGURY I
pgmiee,

MERCURY m[
EXCRETION 400
pgmCumulative go

URINE FLOW
ce./mn,

SODIUM
EXCRETION
HEq/min.

a5 ey 18 v 4y 6 18 I
MINUTES
Injoct Smg Hg?03 os Chtorrmaredrin
Into Laft RanalArtery
Fig. 30, The duretic response to the adminstrauon of § mg. of HE™
odrin into the left renal artery of a dog. (From R.F. Puts. 4m ] Med,
1958.)

a5 chlormet-
24745,

accumulation of some of the diwretic in the right renal cortex, for

its excretion in the urine formed by the right kidney: and A or
delayed diuresis which gradually developed on the nght. side.
Evidence from a variety of sources indicates that mercurial diurests
results primarily from depression of tubular reabsorption of fluid
and electrolyte, not from increase mn filtered load. 3
Extent of Tubular Depression of Ion Reabmrplion. In cth.d-‘
practice the maximum dose of a mercurial diuretic, adminisrercd_m
a single injection, does not ordinarily exceed 2 ml. and ccm_ams
not more than 85 mg. of mercury. For the average adulr patent
this represents slightly more than 1.0 mg. of mercury per Kg. of
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an enzyme system which normally supplies 2 limited fraction of
the energy for sodium transport throughout the proximal tubule.
The author favors this latter view. Diuretic responses comparable
1o those shown in Table XI are not seen clinically, nor would
they be desirable, for they would result in the precipitous dis-
charge of excessive volumes of edema fluid, reduction in circulat-
ing blood volume, and circulatory collapse. At the end of this
experiment 100 mg. of British Andi-Lewisite (BAL) was given
intramuscularly, This substance complexes the diuretic and inhibits
diuresis. Its mechanism of action will be considered later.

Effects on Water Reabsorption. It seems fairly certain that in-
creased urine flow following mercurial diuretics is the osmotic
consequence of inhibition of proximal rubular reabsorption of
sodium and chloride ions (vide infra). It is not the consequence of
direct interference with tubular mechanisms responsible for the
formation of hypertonic urine, namely with ion pumps in the
loops of Henle and with facultative control of the permeability of
the distal tubules and collecting ducts to water. In other words
mercurials do not block the mechanism for concentrating the
urine, they merely render it less effective by increasing the
osmotic load of salt. Thus Brodsky has observed identical relation-
ships between urine flow and unnary osmotic load in hydropenic
dogs infused with hypertonic mannitol and those given mercurial
diuretics, Capps has noted in maximally hydrated normal subjects,
exhibiting both water diuresis and mercurial diuresis, that infusion
of antidiuretic hormone produces a decrease in urine flow and an
increase in urine osmolality similar to that produced in control
subjects exhibiting water dmresis atone, Thus the renal mechanisms
which respond to endogenous and exogenous antidiuretic hormone
seem basically unaffected by mercurial dwretics.

Blockade of Reabsorption of Sodium wvs. Chloride. A fair
amount of attention has been devoted to the questions: do mer-
curial diuretics primarily block chloride or sodium reabsorption?
If as many claim, chloride reabsorption is specifically blocked, is
increased sodium excretion merely a consequence of the necessity
for eliminating in the urine equal numbers of cations and anions?
Most would answer these questions in the affirmative for the
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both dog and man, are rapidly removed from the blood stream
and concentrated in the kidneys; more specifically in the renal
cortex. An experiment of Borghgraef 1s summarized in Table XII.
Two dogs were given 1.0 mg. of mercury per Kg. intravenously
in the form of Neohydrin. To facilirate analysis, the diuretic was
synthesized with radiomercury Hg**. T'wo hours later, at the peak
of diuresis blood samples were drawn, the animals were sacrificed,
and portions of representative tissues were removed. During the
two hour period of diuress, each of the two dogs excreted in the
urine 40 per cent of the dose administered. The plasma concentra-
tions of mercury were low, roughly 1.0 microgram (pgm.) per ml.

TABLE XII
C or TiE D or Co b
Tie KIoNEY AN v Repzesentamive Tissues or THE Doc
Dog 4 Dog B
Tissue wgm Hgigm. Tissues rgm. Hgrgm. Tissuet
orfmi. Plasma orrmi. Plasma
Plasma 091 —_— 102 —_—
Kidney
Cortex 163 179 131 128
Papilla 217 238 338 331
Liver 282 3.10 230 226
Spleen 193 212 085 0s4
Intestine 071 078 — —_—
Adrenal 051 056 146 163
Heart 027 030 029 028
Muscle 016 018 150 o1
Exerenon n 2 hours 403% of dose 408% of dose

(From RR.M. Borghgraef and R. F, Prees- J. Clin. Invess,, 35.31, 1956 )
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ft?llo“{ing reasons. Edematous patients undergoing mercurial
diuresis commonly excrete more chloride than sodium in the urine,
the sodium deficit being made up by potassium and ammonia. In
(he.course of repeated diureses, loss of body chloride in excess of
sodium results in hypochloremic alkalosis. If the plasma chloride
d‘rops below 90 to 95 mEq. per liter and if the plasma bicarbonate
rises ab'ove 30 to 35 mEq. per liter, mercurial diuretics become
meffef:'nve. If normal chloride concentration is restored by the

.’ inistration of ium chloride, resp to mercurial
diuretics returns. If hyperchloremic acidosis is induced, the
diuretic activity of mercurials is markedly enhanced.

Strangely these observations do not prove primacy of blockade
of chloride reabsorption. As Weston, Berliner and others have
pointed our, they are compatible with primary blockade of sodium
reabsorption in the proximal tubule, If less sodium is reabsorbed
proximally, more sodium and hence more chloride will be de-
livered into the distal tubules and collecting ducts. If the mecha-
nisms which exchange hydrogen, potassium and ammonia for
sodium are stimulated, as they appear to be in edematous patients,
less sodium than chloride will be excreted and the sodium deficit
will be made up largely by hydrogen (more acid urine), potas-
sium, and ammonia. If, as implied in Chapter IV, sodium transport
is active and chloride transport passive, mercurial diuretics would
of necessity black sadium rather than chloride reabsorption. This
view is copsistent with the finding of Giebisch that mercurial
diuretics partially depolanize proximal tubular cells, ie., Jower
transcellular potentials (see Chapter IV), presumably by slowing
the rate at which the sodium pump ejects sodium from the ce
into the peritublar fluid. However, there is no incontrovertible
evidence in favor of this thesis. There may exist an independent
active transport mechanism for chloride, and mercurials may block
it. However, the author is inclined now, although not previously,
to view sodium reabsorption as active, and in the proximal tubule,
to be subject to partial blockade by mercurial diuretics.

Distribution of Mercurial Diuretics in the Body. It has been
shown by Threefoor, Weston, Borghgraef and their respective
associates, that mercurial diuretics, administered intravenously in
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both dog and man, are rapidly removed from the blood stream
and concentrated in the kidneys; more specifically in the renal
cortex. An experiment of Borghgraef is summarized in Table XII.
Two dogs were given 1.0 mg. of mercury per Kg. intravenously
in the form of Neohydrin. To facilitate analysis, the diuretic was
synthesized with radiomercury Hg**. Two hours later, at the peak
of diuresis blood samples were drawn, the animals were sacrificed,
and portions of representative tissues were removed. During the
two hour period of diuresis, each of the two dogs excreted in the
urine 40 per cent of the dose administered. The plasma concentra-
tions of mercury were low, roughly 1.0 microgram (pgm.) per ml

TABLE XII
Ce or Tux D or Cx ™
e, Kowey axp o Rergesextanve Tissves or me Do
Dog A Dog B
Tissue pgm. Hgrgm. Tissue/ pgm. Hglgm. Tissue]
or/mi. Plasma ortml. Plasma
Plasma 091 —_ 102 —_—
Kudney
Cortex 163 179 131 128
Papilly 207 238 338 331
Liver 28 310 230 226
Spleen 193 212 036 084
Intestine on 078 —_— —
Adrenal 051 056 156 153
Hearr 027 030 029 028
Muscle 016 018 ou (381
Exeretion in 2 hours 403% of dose 40.8% of dose

(From RRM. Borghgraef and R. F. Puess. J. Chim. Imest,, 35 31, 1956.)
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following reasons. Edematous patients undergoing mercurial
diuresis commonly excrete more chloride than sodium in the urine,
the sodium deficit being made up by potassium and ammonia. In
the course of repeated diureses, loss of body chloride in excess of
sodium results in hypochloremic alkalosis. If the plasma chloride
drops below 90 to 95 mEq. per liter and if the plasma bicarbonate
rises above 30 to 35 mEq, per liter, mercurial diurerics become
ineffective. If normal chloride concentration is restored by the
administration of ammonium chloride, responsiveness to mercurial
diuretics returns, If hyperchloremic acidosis is induced, the
diuretic activity of mercurials is markedly enhanced.

Strangely these observations do not prove primacy of blockade
of chloride reabsorption. As Weston, Berliner and others have
pointed out, they are compatible with primary blockade of sodium
reabsorption in the proximal tubule. If less sodium is reabsorbed
proximaily, more sodium and hence more chloride will be de-
livered into the distal rubules and collecting ducts. If the n}ccha~
nisms which exchange hydrogen, potassium and ammoma for
sodium are stimulated, as they appear to be in edematous patients,
less sodium than chloride will be excreted and the sodium deficit
will be made up largely by hydrogen (more acid urine), potzs-
sium, and ammonia, If, as implied in Chapter 1V, sodium transport
is active and chloride transport passive, mercurial diuretics WOU].d
of necessity block sodium rather than chloride reabsorption. This
view is consistent with the finding of Giebisch that mercurial
diuretics partially depolarize proximal wbular cells, ie., Jower
trapscellular potentials (see Chaprer IV), presumably by slowing
the rare at which the sodium pump cjects sodium from the cell
into the peritublar fluid. However, there is no incontrovertible
evidence in favor of this thesis. There may exist an independent
active transport mechanism for chloride, and mercurials may block
it. However, the author is inclined now, although not previously,
to view sodium reabsorption as active, and in the proximal tubule,
to be subject to partial blockade by mercurial diuretics.

Distribution of Mercurial Dinretics in the Body. It has been
shown by Threefoot, Weston, Borghgraef and their respective
associates, that mercurial diuretics, administered intravenously in
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tained. Kessler has shown that at least the last two of these postu-
Tates are not strictly truc in the experimental animal. Thus diuresis
wanes during the maintenance of the plateau of cortical concen-
tration, no doubt limited in part by exhaustion of readily available
extracellular fluid reserves. Perhaps the volume receptor system

Present In Tissues

percent of Dose of Chlormerodrin Mercury

o 20 40 60 80 100 120
Minutes

Fig. 31. The distbution in the body and unnry excreucn of chlormerodnn by

the dog as a function of time followng the intravenous admunistration of 10 mg

of Hg™ per Kg, 15 duretic drug, (From RRAM. Borghgeaef, RH. Kesler and

RF. Puts [ Clm Invest., 35:1055, 1956 )

aperates to protect dwindling fluid reserves by reducing filtration
rate and stimulating mercury resistant reabsorptive systems. Furth-
ermore, Kessler has shown that certain non-diuretic organic com-
pounds of mercury are concentrated in the renal cortex to a
degree comparable to that to which the diuretics are concentrated.
Apparently such simple explanations of onset, intensity and dura-
tion of mercurial diuresis as those proposed at the beginning of this
paragraph are inadequate.
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in the two experiments. In contrase, the concentrations of mercuty
in the renal cortex were high, 163 and 131 #gm. per gm, The
specificity of binding by the cortex s Mustrared by the fact that
the concentrations of mercury in the renal papillae were only 2.2
and 3.4 pgm. per gm., considerably Jess than in the nrine formed
just prior to sacrifice. Tissue/plasma ratios indicate the degree of
concentration in the several tissues relative to that in an equivalent
amount of plasma. It is evidene that only the renal cortex concen-
trates the drug appreciably.

Greif, using methods of homogenization and differential cen-
trifugation, has shown that a part of the diuretic bound by the
renal cortex is combined with mirochondria to form 2 stable non-
dializable complex. However, most of the renal mercury is bound
to soluble cytoplasmic proteins of cortical cells.

It is possible, by catheterizing the renal vein, by simultaneously
collecting arterial blood, renal venous blood and urine, and by
serfally measuring renal blood flow, to describe the distribution in
the body of a mercursal diuretic moment by moment after it is
introduced into a peripheraf vein. Such a description for a dog
given I mg. of mercury per Kg. as chlormerodrin is summm‘.izcd
in Figure 31, taken from the work of Borghgraef. At zero time,
je., immediately after introduction into a vein, the entire dose
of the diuretic is coneained in the plasma compartment, for little
penetrates red cells. It immediately distributes into tissue; nccqrd
ingly, plasma concentration falls rapidly during the first 20 mins.
The kidney removes the drug from the peritubular blood, con-
centrates it withiy the renal cortex and secretes it into the urine.
Afer 40 to 60 mins, the concentration in the renal cortex reaches
a steady state: the diuretic js delivered from general tissue reser-
voirs to the kidney as rapidly as the kidney sccretes it into the
urine. Studies of Weston et al and Threefoot et af indicate that the
distribution of Mercuhydria in man follows a similac pattern and
time course.

Tt is tempting to relare the onset of divresis to the development
of some critical concentration of diuretic in cortical tissue; the
intensity of diutesis to the plateau concentration attained, ?nd the
Juration of diuresis to the time some critical concentration is main-
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integrity of sulfhydryl groups. This reaction is described in the
following equation,

Enz—S—Hg-R + HS — CH,= Enz—SH + R-Hg—~5 —CH,
HS —CH HS —

HO-— (‘:H, HO— (‘:H:
Inhibition of mercurial dwresis by BAL is illustrated in the last
three clearance periods of the experiment presented earlier in
Table X1

Excretion of Mercurial Diuretics. Parenterally administered
mercurial diuretics are eliminated largely by the kidneys, to a
minor degree by the bowel, and to negligible extent in saliva,
sweat and milk, Fecal excretion accounts for one-third or less of
total excretion; the bulk of this moiety enters the gut in the bile.
When mercurials are administered per os, a higher proportion is
eliminated in the feces, for intestinal absorption of most of these
drugs 15 relatively poor. Neohydrin and Cumertilin stand apart,
in that they are better absorbed on oral administration.

Rate of urinary excretion of drug depends on route of adminis-
tration, and is highest after intravenous injection, somewhat slower
after intramuscular and subcutaneous injection and slowest after
oral administration Combination of the drug with theophylline or
thioacetic acid as the X substituent increases solubility, increases
rate of absorption from the local site of deposition, and therefore
increases rate of excretion. Estimates of the rate of excretion of
the several accepted preparations by edematous paticnts range
from 60 to 100 per cent of a single therapeutic dose in 24 hours.
As much as 50 per cent may be excreted in 3 to 6 hours. Rarely is
recovery of the administered dose complete, no doubr in fair part
due to capncious chemical methods. It is certain that the vast
maority of patients, given repeated injections, da not accumulate
the drugs. However, it is equally certain thar patients who do not
give an adequate diuretic response, who are ohguric or anuric, or
who have marked renal insufficiency and nitrogen retention do not
excrete the drugs readily and may show cumulative toxicity if
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Enzyme Inbibition in Diuresis, One of the most characteristic
reactions of inorganic salts of mercury and of those organic com-
pounds with one free mercury valence is the formation of
mercaptides with thiols, It is a reasonable assumption to assign the
diuretic properties of mercurial compounds to their ability
inhibit renal sulfhydryl enzymes by forming inactive mercaptide
complexes. Wachstein and Meisel, Rennels and Ruskin, and others
have noted thar the activity of succinic dehydrogenase, demon-
strable histochemically in the kidney of the rat by the neote-
trazoleum reaction, is inhibited by the prior administration of
mercurial divretcs in extremely high dosage (10 to 30 mg, of
mercury per Kg. body weight). The inhibition is most pronounced
in the third or straight descending segment of the proximal tubule,
Unfortunately, doses equivalent to thezapeutic doses in man have
no demonstrable effect on succinic dehydrogenase activity. There-
fore, intubition of the enzyme may have more pathological than
functional significance. Cafruny, e af,, using quantitative metheds
for histochemical identification of protein bound sulfhydryl groups
in sections of kidney, have abserved reductions in concentration
in proximal tubules, loops of Henle, and collecting ducts following
the administration of mercurial diuretics in amounts within the
therapeutic range. It is possible thar among these protein bound
sulfhydry! compounds are enzymes which supply energy to the
machinery which transports sodium ions.

The following equation, Enz-SH + *Hg-R = Enz-S-Hg-R,
implies thar a mercurial diretic ("Hg-R) seacts seversibly with
sulfhydryl enzymes, to yield inactive complexes. These enzymes
have a greater affinity for diuretics than do monothiols such 25
cysteine and glutathione, but a lesser affinity than do dithiols such
as BAL. This statement derives from the observation of Earle,
Farah and others that mercurial componnds complexed with mono-
thiols retain their diuretic properues; those complexed with dithiols
do not. Dithiopropanol, BAL, admini d av the peak of a
mercurial divresis, promptly reduces sale excretion and urine flow
+0 the control range by complexing the diuretic and restoring the
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dryl pounds, The same applies to the free valence
of the mercury linked to the terminal carbon of the parent
molecule; it too must be largely bound by thiols. The thesis that
rupture of the carbon-mercury bond is a requisite of diuretic
activity has recently been revived by Mudge and his colleagues.
Mudge has observed a relationship between in vivo diuretic activity
and in vitro acid lability in a series of organomercurial compounds.
He explains the well recognized potentiation of mercurial diuresis
by ammonium chloride in terms of the intracellular as well as
extracellular acidosis which it induces. The greater the renal intra-
cellular acidosis, the more the parent compound is broken down
to diuretic mercuric ion. Inhibition of diuresis in metabolic alka-
losis is presumed to result from greater stability of the parent
compound. In view of Muller and Weiner’s results, namely that
most of the drug excreted in the urine is in the form of parent
compound complexed with cysteine or acetyl cysteine, it is neces-
sary to make the following assumption. Only 2 minute fraction of
the drug taken up by the kidney, concentrated in the cortex, and
secreted in the urine is diuretically active, The bulk of the diuretic
serves no pharmacologically useful purpose; only the minute
fraction which is broken down is active. In support of their
thesis, Mudge et al have shown that the diuretic efficacy of
Mercuhydrin (an acid-labile compound) is markedly affected by
alterations in acid base balance; the efficacy of mercuric cysteine
(an ionizable compound) is not. Furthermore, per mg. of mercury
sdministered, the diuretic activity of mercuric cysteine®® is con-
siderably greater than that of Mercuhydrin, for all of its mercury
is potentially available as mercuric ion.

While this thesis has its attractive aspects and may well be true,
certain facts argue against it at the moment. The infusion of acetaz-
leamide and of p ium chloride, procedures which not only
alkalinize the urine but presumably elevate the pH of the contents
of renal tubular cells as well, do not alter the diuretic Tesponse

*This should not be construed as indicating that mercuric cysteine is a clinically
useful diurenc; it is not, for it is highly cotic,
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doses are repeated at short intervals in an attempt to force a
response,

Mercurial diuretics are eliminated in the urine almost entirely
by a process of active tubular secretion, Several lines of cvidence
point to this conclusion. Diurerjes circulating in the blood stream
are highly bound to the SH groups of plasma albumin. To the
extent that they are bound, they are non-filterable through glom-
erular capillaries. The albumin-diuretic complex must however
dissociate to some extent, for during passage of blood throngh
peritubular capillaries, the drug is transferred to twbular cells.
Tubular cells must thezefore have 4 greater affinity for mercuriat
diuretics than do plasma proteins. Muller and Weiner have shown
that mercurial diuretics are eliminated in the urine as complexes
of the parent compound with cysteine or acety! cysteine, Obvi-
ously, energy must be expended in breaking the strong linkage
between diuretic and mbular cell in order to complex it with a
monathiol to which it is less firmly bound, and transfer it into the
urine. Calculations of Borghgraef, from the arterio-venous extrac-
tion studies mentioned previously, indicate that nat less than 90
per cent and probably more nearly 100 per cent of urinary
diuretic is eliminated by 3 process of active tubular secretion. It
Seems certain that a variety of organie compounds of mercury,
having widely different structures, and inorganic mercuric ons a5
well are secreted into the urine as monothiol complexes by a
common tubular mechanism. It is, therefore, fikely that the carrier
system combmes with the free —Hg* valence commen to all.
Perhaps the transport mechanism is 2 basic one devised to rid the
body of the traces of heavy metals which are contamed in ingested
food and water. The older concept that both excretion and diuretic
activity can be explamed in terms of glomerular filtration and
partial tubular reabsorption of the mercurial compounds is patently
incorreet.

The Mechanism of Enzyme Inbibition. Sollman some years ago
postulated that erganic compounds of mercury are diuretics by
virtue of the fact that they decompose in the bady to liberate
mercucic jons. Of course mercuric jons exists in the body in

ishingly low ration b of the ubiquity of sulfhy-
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yl pounds. The same applies to the free valence

the mercury linked to the terminal carbon of the parent
olecule; it too must be largely bound by thioks. The thesis that
pture of the carbon-mercury bond is a requisite of diuretic
tivity has recently been revived by Mudge and his colleagues.
udge has observed a relationship between in vivo diuretic activity
d 7 vitro acid lability in a series of organomercurial compounds.
e explains the well recognized potentiation of mercurial diuresis
; ammonium chloride in terms of the intracellular as well as
tracellular acidosis which it induces. The greater the renal intra-
llular acidosis, the more the parent compound is broken down
' diuretic mercuric ion. Inhibition of diuresis in metabolic alka-
sis is presumed to result from greater stability of the parent
mpound. In view of Miller and Weiner’s results, namely that
ost of the drug excreted in the urine is in the form of parent
»mpound complexed with cysteine or acetyl cysteine, it is neces-
ry to make the following assumption. Only 2 minute fraction of
e drug taken up by the kidney, concentrated in the cortex, and
creted in the urine is diuretically active. The bulk of the diaretic
rves no pharmacologically useful purpose; only the minute
raction which is broken down is active. In support of their
hesis, Mudge et al have shown that the diretic efficacy of
lercuhydrin (an acid-labile compound) is markedly affected by
terattons in acid base balance; the efficacy of mercuric cysteine
an ionizable compound) is not, Furthermore, per mg. of mercury
dministered, the diuretic activity of mercuric cysteine® is con-
derably greater than that of Mercuhydrin, for all of its mercury
s potentially available as mercuric fon.

‘While this thesis has its attractive aspects and may well be true,
ertain facts argue against it ar the moment. The infusion of acetaz-
leamide and of potassium chloride, procedures which not only
Ikalinize the urine but presumably elevate the pH of the contents
f renal tubular cells as well, do not alter the diuretic response

"This should not be construed as indicating that mercunic cysteine is a clinically
iseful diuretic, it is not, for it is highly toxic,
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of the dog 1o Salyrgan or Nechydrin*® Furthermore, the induction
of a marked extracellular and intracelfular acidosis by the inhafation
of 12 per cent CO, does not potentiare the action of mercusial
diuretics, whereas o mild acidosis, induced by ammonium chloride,
does. Finally, if inhibition of sulfhydryl enzymes is of significance
in mercurial diuresis, iv is not immediately apparent why com-
pounds of the character of R—Hg* could nor block them as well
in vivo as in vitro. Mudge, however, maintains that divalent mercury
is necessary to black two adjacent active sites on renal enzymes,
one 2 sulfhydryl group, the other an amino or carboxyl group.
This concepe is illustrated to the left of Figure 32.

A somewhar different view has been outlined by Kessler and
his colleagues, who suggested from their studies of a limited serics
of org cusrial pounds that steric configuration mighe be

VY / Vs
o 8§ AW -G
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\Hq_ol

Mudge etal Kessler etal.

Fig, 32, Mech of enzyme mint by ial divretics.
Left, view of Mudge et al that the organic compound mast be
split to Diberate divslent mercume jon which combines with
adjacent sulfhydey! and cither carboxyl or amino groups.
Right, view of Kessler o al that struerara] configuration of the

! p 15 5 (From RF, Pins:
Am ], Med, 24745, 1959}

of greater significance in determing diuretic activity, They pro-
posed that for the compound to form a stable complex with renat
enzyimes, a terminal atom of mercury must be separated by three
carbons or by an equivalent inter-atomic distance from a hydre-
philic group. This concept is illnstrated ro the right of Figure 32
Although they gnized certain ptions in N 1‘ and
Cumerrilin, they proposed the thesis as a working hypothesis. It
should be pointed out that mercuric cysteine has a structure similar
5 man, the sdministration of leamide depresses fal duuresis, the
admintiseracivn of potassium chloride does nor.
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to that proposed by Kessler, if it be permissible to substitute a
sulfur atom for one of the carbons of the three unit chain. It is
entirely possible that inorganic mercuric 10ns, administered in any
form, ultimately reach the kidney as mercuric cysteine. Mercuric
chloride, a reasonably cffective though toxic dinretic, might
actually be concentrated within the kidney as mercuric cysteine,
and thus fulfill the structural requisites proposed. To avoid be-
laboring the point, it seems best to reserve for the future a decision
as to whether the parent molecule 1s active per se or whether
splitting of the carbon mercury bond is necessary for the develop-
ment of activity.

Site of Diuretic Action and Site of Secretion of Organomer-
curial Componnds. The portion of the nephron within which
organomercurial compounds exerr their diuretic effects has long
been a subject of controversy. One approach has been the study
of the pathological lesions which result from the administraton
of both jnorganic and organic compounds of mercury. When
minimal necrotizing doses of inorganic compounds are given, the
proximal tubule and more specifically its distal portion, shows
evidence of pathological change. It was pointed our earlier that
succinic dehydrogenase is inhibited in this same part of the tubule
by relauvely massive doses of mercurial diuretics. These two
observations have been cited as evidence that mercurials block
reabsorption in the termmal part of the proximal tubule. However,
it is well to remember that an alteration in cell structure produced
by a toxic dose of a compound need not ily indicate the
site at which a specific functional change is induced by a thera-
peutic dose.

In man it has been shown thar mercurial diuretics in therapeutic
doses reduce the capacity of the renal tubules to reabsorb glucose
and 1o secrete para-amnohippurate. Since these functions are
presumed to be localized in the proximal segment of the renal
tubule, the conclusion has been drawn that mercunal duretics
block salt reabsorption in the same segment. Unfortunately for
this thesis, neither the reabsorption of glucose nor the secretion of
para-aminohippurate by the kidney of the dog is significantly
depressed by mercurial diuretics, Mercurial diuretics do not inter-
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fgze with acidification of the urine or with ammonia secretion.
Since both the functions are presumed to reside in the distal
tubules, it has been inferred that mercurial dinretics could not
exert their characteristic effects at this site. The dangers of such
derived arguments are evident if onc considers the face that
mercurial diuretics partially inhibit the sccretion of potassium, a
function no less sure in its distal localization than ammonia and
acid secretion. Clearance observations have been variously in-
terpreted as indicating proximal blockade or distal blockade of salt
reabsorption. the nature of the argument depending more on the
bias of the investigator than on the validity of the reasoning.

Recent studies of Kessler et al and Vander et al, utilizing the
“stop-flow” methed for localizing funcrions in the nephron of the
dog, have provided objective evidence that mercurial diuretics are
excreted by, and exert their major inhibitory effects on jon reab-
sorption in the proximal segment. Figure 33 s a summary of
data illustrating these points. The “stop-flow™ method, originally
described by Malvin, Sallivan and Wilde, is briefly the following.
One ureter of a dog is catheterized through a small flank incission
and an osmotic diuresis is initiated by the infusion of 20 per cent
mannitol containing creatmine and para-aminohippurate, When
the urine flow from the one kidney atrains a value of 8 to 10 mb
per min., the ureteral catheter 1s clamped for a period of 6 to §
min, One minute before the clamyp is released, a gram of imulin
or ferrocyanide is given intravenously. The clamp is released and
over the succeeding 3 minutes some 30 to 40 samples of roughly
1.0 mh are collected in rapid succession.

Ther ing behind this technique is the following. On clamp-
ing the ureteral catheter, pressure builds up rapidly within the
tubular system; filiration ceases or at least slows markedly. An

fally stationary col of fluid js held in contact with the
rwbular epithelium for 6 to 8 min. During this prolonged period of
contact, the tubular epithelivm performs in exaggerated fashion
those operations on the satic column of finid which it normally
performs in Jesser degree on the moving column. When the clamp
is released, urine under pressure is ejected forcibly, the first
samples coming from pelvis and mere distal parts of the nephron,
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Jater samples from more proximal parts. The final samples contain
increasing amounts of ferrocyanide or jnulin, substances which
serve to mark the time of appearance and to quantify the admix-
ture of fresh formed glomerular filtrate, Three blood and urine
samples collected immediately before and three more collected
immediately after the period of clamping serve to control the
procedure.

Two experiments are summarized in Figure 33: one, a control;
the other, performed during a diuresis induced by the intravenous
injection of 1.0 mg. Hg** per Kg. body weight as chlormerodrin.
Plasma, control urine and the fractional urine samples were
analyzed for creatinine, para-aminohippurate, sodium and, in the
experiment in which chlormerodrin was given, for radiomercury
as well. The urine/plasma concentration ratio for creatinine
(U/P,,) shown at the bottom of the figure provides an indication
of the site and degree of water reabsorption. U/Pg, is highest in
the distal part of the nephron, therefore water has been reabsorbed
to the greatest extent in this region.

The U/P ratos for radiomercury, for sodium and for para-
aminohippurate have been divided by the simultaneous U/P ratio
for creatinine. This arithmetic device accomplishes two ends. First,
it corrects for variable water reabsorption in the several parts of
the nephron. Second, such ratios of U/P ratios have the connota-
tion of clearances of the substance in question divided by filtration
rate: if the numerical value is less than 1.0, the substance is reab-
sorbed;® if greater than 1.0, it is secreted.

Mercury is obviously secreted most avidly in the proximal
tubule; i e., the U/Pg,/U/Py, attains a value of 3.0 in this segment.
Depression of sodium reabsorption is also most evident in the
proximal tubule. Thus the U/Py,/U/Pq, in this segment is 0.15 in
the control experiment; following the diuretic, it is 0.30. The distal
mbular reabsorptive mechanism which is capable of reducing
urinary sodium nearly ta zero seems relatively little affected by the

A ratio less than 10 indicates that the sbstance is reabsorbed, providing it is
freely flerable through the glomerular capillartes, However, if the substance is
highly bound to plasma proteins as are mercurial drureucs, a ratio less than 10 is
not necessarily indicative of reabsorption.
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Fig. 33. “Stop-flow” experiments on the dog which localize
infubition of reabsorption of sodium by chiormerodrin 2nd
active tubular secretion of the dwretic drug to the proximal
porxion of the nephron, (From R.H. Kessler, K. Hierholzer,
RS. Gurd, and RF. Pitrs. Am. ]. Physol., 194 540, 1951
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action of mercury. Proximal secretion of parn-aminohippur.ate' is
only moderately depressed, a fact which illustrates the specxﬁf:xty
of action of mercurials on reabsorptive transport of ions. Certainly
the major action of mercurial diuretics is to reduce proximal reab-
sorption of sodium and chloride. Any effects which it may exert
on the distal tubule are minor.

DOSE AND ROUTE OF ADMINISTRATION

Mercurial diuretics have been administered to patients by all of
the several possible routes: rectal, oral, intraperitoneal, subcutane-
ous, intramuscular, and intravenous,

The Intraperitoneal Route has been found unsatisfactory, caus-
ing undue irritation and yielding a poor diretic response.

Administration by Rectal Suppository 15 occasionally effective,
although the duretic response is variable, delayed, prolonged, and
generally unpredictable. At best, absorption through the rectal
mucosa is poor and the dose must be correspondingly large. The
most commonly used drug is Mercuhydrin, marketed in supposi-
tories contaming 190 mg. of mercury. The dose is one suppository
per day inserted at bed time. Efficacy can be somewhat enhanced
if an enema 15 given prior to insertion of the suppository. Mercu-
hydrin produces less rectal irritation than Salyrgan; the latter has
produced ulceration. While rectal administration permits self
medication, a goal worthy of achievement, the use of oral prepa-
rations is more likely to result in adequate diuresis.

Oral Administration. Two preparations are especially recom-
mended for oral use, Neohydrin and Cumertilin. Both are some-
what better absorbed by the gur than are the other diuretics.
Tablets of Neohydrin contzin 10 mg. of mercury; rablets of
Cumertilin contain 20 mg. The dose in either instance is 1 to 4 or
more tablets per day, repeated daily or in interrupted courses.
Some have used Neohydrin in dosage as high as 12 tablers per day
for short periods. Oral use is frequently limited by epigastric dis-
comfort, nausea, vomiting and diarrhea. Since these difficulties
are more common with larger doses, therapy should start with two
tablets per day, increasing as indicated to a maximum of six to
eighr, If eight tablets per day are insufficient, the oral route should
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Fig. 33. “Stop-flow” expeniments on the dog which Jocalize
inhibition of reabsorption of sodium by chlarmerodrin and
active tubular secretion of the diuretic drug to the proximal
portion of the nephron, (From R.H. Kessler, K. Hierholzer,
RS. Gurd, and RF. Pirts: Am. ]. Pbysiol, 194 5§40, 1958)
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Thiomerin. In spite of the fact that theophylline reduces tissue
reaction, intramuscular injection of most mercurial diuretics causes
some burning sensation and local tenderness. Dicurin contains 45
mg. of procaine base in each ml. to minimize local discomfort.
Although the local anesthetic relieves pain, it does not alter tissue
reaction; hence Dicurin should not be used subcutaneously,
Thiomerin and Dicurin cause least local distress; Mercuhydrin is
next best tolerated. Despite these drawbacks, the intramuscular
route is commonly employed. Absorption is prompt, the overall
diuretic response is equal to or greater than that following intra-
venous injection, there is no danger of thrombosis and slough
from accidental infileration of a vein, and the acute cardiac com-
plications of intravenous administration, rare though they may be,
are avoided. There is no circumstance which justifies intravenous
administration of mercurial diuretics, even though the practice is
relatively common.

Time Relations in Diuresis. The time of onset and the duration
of diuresis vary with the route of administration; onset is delayed
and duration is longer with oral and rectal admmnistration than
with parenteral. Following 1 ml. of Mercuhydrin intramuscularly,
diuresis begins within 2 hr., reaches a maximum in 4 to 6 hr. and
lasts for 12 to 24 hr. It is therefore advantageous to administer the
diuretic in the mormng so as to avoid disturbing the patients rest
at night. In young individuals the diuresis is apt to be brisk,
whereas in the elderly and weal, it may be less intense and more
prolonged. The loss of as much as 14 liters of edema fluid in
response to 2 single injection has been described. This is not an
especially desirable therapeutic goal, for rapid loss of fluid increases
the incidence of complications. Loss of 2 to 3 b, per day is
':ldcqua(e, 5 1b., the maximum sought. In normal dogs and man, the
intravenous administration of mercurial diretics initiates a diuresis
in ¥ hr., which reaches a peak in the second hour, and is com-
pleted in about 6 hr. It §s an interesting but unexplained fact that
the onset of diuresis is delayed 10 min, following the injection of

a minute amount of a mercurial diuretic directly into one remal
artery of 2 dog.
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probably be abandoned, because of the high incidence of gastro-
intestinal symptoms with Jarge doses. In practice, oral mercurial
diuretics are frequently ineffective; they rarely produce an ade-
quate diuretic response in the severely ill patients; and in those
patients in whom they are effective, other newer oral diuretics are
equally active and often better tolerated.

Parenteral Administration. Of the three parenteral routes, in-
travenous, subcutaneous and intramuscular, the latter is the pre-
ferred. The accepted diuretics listed in Table X, all contain
from 38 to 43 mg. of mercury per ml, of solution for injection.
The range of therapeutic dosage in the adult is 0.5 to 2.0 mL per
day repeated as needed, ie., weckly, semiweekly, or daily. The
dose should be individualized for each patient in the same sense that
the dose of digitalis is individualized. The patient in mld con-
gestive failure should receive an initial dose of only 0.5 ml, the
patient in severe failure, 1 ro 2 ml., and the amount to be given
subsequently should be adjusted in the light of the response to
the initial dose. The smallest dose giving an adequate response (loss
of 2 to 5 Ib. per day) should be repeated at frequent intervals
until edema fluid is fully discharged.

For children the dose should be proportionally smaller and
should nor exceed 1.0 mg. of mercury per Kg. per day. Several
fatal reactions have been described in children, and in each instance
the dose has been excessive.

De Graff has shown that the combination of the org
curial component with equimolar quantities of theophylline greatly
increases rate of absorption from the site of intramuscular injection
and reduces local tissue reaction. Lehman and his associates have
shown that combination with sodium thioacetate accomplishes the
same end. Accordingly all diuretics recommended for parenteral
nse roday are combined with either theophylline or thioacetate.
Thiomerin, in which the organomercurial component is combined
with thicacetate is the only one of the diuretics sufficiently non-
jrritating to be given subcutaneously. Even it has on occasion
caused necrosis and sloughing of the skin. Except where the
patient is to be instructed in the technique of subcutaneous fclf

jon, the intr lar route is advisable, even when using
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overdigitalization, for they sensitize the myocardium to the actions
of digitalis (see Chapter XIX).

TOXICITY

The toxicity of organic mercurial compounds may be con-
veniently considered under three major headings: (1) the toxic
actions of mercury in orgamc combination; (2) hypersensitivicy
of the patient to the specific diuretic administered; and (3) mani-
festations of toxicity to loss of water and ions,

Toxic Actions of Organic Mercury. Local tissue reactions to in-
tramuscular and subcutaneous injection and to rectal and oral
administration have been considered under dose and route of
administration. They are mitigated but by no means ehminared
by inclusion of theophylline or thioacetate in the solutions for
injection. As mentioned above, Neohydrin and Cumertilin are
somewhat better tolerated on oral administration, largely because
they are better absorbed and hence more effective in smaller
dosage than the other drugs.

The most tragic of toxic manifestations 1s the immediate fatal
reaction. Tt fortunately is rare, only 30 to 40 such accidents have
been described, although it is probable that more deaths have
occurred than have been reported. It has occurred only on intra-
venous administration and for this reason, the intravenous route
should never be employed. The reaction occurs immediately and
consists of pallor and cyanosis, a precipitous falt in blood pressure,
substernal constriction, respiratory distress, carduc irregularity,
convulsions and death in ventricular fibrillation. The vast majority
of patients succumbing have shown some premonitory signs and
symptoms of toxicity on previous mtravenous injections. In the
experimental animal, large intravenous doses of mercurial diuretics
commonly produce cardiac irregularities. Combinarion with mono-
thiols markedly reduces cardiotoxicity, and Thiomerin is stated to
be tolerated in cats in doses up to 160 times the acute lethal dose
of nonthiol-containing drugs. Nevertheless, the fact that the
diuretic response to mtramuscular injection is equal to or better
than to intravenous injection makes it inexcusable to subject the
patient to the hazard of intravenous therapy even with Thiomerin.
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Plasma Composition. Changes in plasma composition are gen-
erally conceded to be the result, not the cause, of diuresis. Due to
more rapid loss of fluid in the urine than replacement from the
interstitial reservoir, the concentration of protein in the plasma,
and the hematocrit and viscosity of the blood increase. For this
reason profound diuresis should be avoided in the elderly and in
those with any thrombotic diathesis. Coronary thrombosis and
cerebral artery thrombosis have occurred following massive
diuresis. However, the complication is not a common one, no
doubt because the edematous patient has a large reserve of exira-
cellular fluid, and because constriction of blood volume tends to
limit the diuretic response. Chloride is commonly lost in excess of
fluid and in excess of sodum so that as the plasma concentration of
chloride falls, brcarbonate increases and a more or less significant
metabolic alkalosis develops. Such changes attain appreciable pro-
portions in patients subjected to intensive diuretic therapy. As
mentioned earlier they progressively limit the response to succes-
sive injections and are a cause of refractoriness in some patients
(vide infra.)

If the patient responds well to diuretic therapy, the loss of
sodium in the urine may also exceed to some extent the loss of
water. As a consequence, plasma sodium may decrease slightly,
perhaps from 140 to 135 mEq. per liter, More commonly, sodium
is actively conserved, and potassium and ammonia balance a sig-
nificant proportion of the urinary chloride. Under these circum-
stances plasma potassium falls, tissue stores of potassium decline,
and sodium replaces some of the intracellular potassium. The degree
of depletion of potassium depends on the duration of dwretic
therapy and the extent to which potassium replaces sodium in the
urine. It has long been known that edematous patients, optimally
digitalized, when subjected to intensive diuretic therapy, may
exhibit signs of digitalis toxicity. This has in the past been explained
as due to concentration of digitalis in the body fluids in conse-
quence of the loss of water in the urine, However, loss of potas-
sjum in the urine, depletion of body stores of potassium and
kalemia) play far more significant roles in

hypop (hyp
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origin and treatment of these conditions will be considered briefly
in Chapter XIX.
POTENTIATION OF ACTION OF MERCURIAL DIURETICS

Acidifying Agents, Tt is now well recognized that the oral
administration of an acidifying agent prior to the injection of 2
mercurial diuretic, greatly potentiates its action. Keith, Ethridge
and many others have noted that ammonium chloride plus a
mercurial diuretic causes a response considerably greater than the
sum of the responses to the two agents given separately. Subse-
quently it has been observed that any agent which induces hyper-
chloremic metabolic acidosis potentiates the action of mercurial
diuretics. Thus potentiation can be induced by the prior adminis-
tration of i chloride, cal chlonde, hydrogen or

jum cycle ion exchange resins, and carbonic anhydrase
inhibitors. Three explanations of potentiation have been advanced.

Mudge claims that acidosis is the significant factor, mcreasing
the breakdown of the parent organomercurial compounds to
liberate dwretically active mercuric ions in greater numbers. In-
creased blockade of sodium and chloride reabsorption results in
enhanced urinary excretion.

Axelrod maintains that hyperchloremia is the significant factor,
increasing the filtered load of chloride delivered into the renal
tubules. If mercurial diuretics specifically whibit some fraction of
active reabsorption of chloride, as many believe, increasing the
filtered load of chloride would cause increased urinary excretion
of this jon.

The author agrees with Axelrod that hyperchloremia is the
significant factor, but differs in holding that the proximal reab-
sorption of sodium is active whereas that of chloride is passive (see
Chapter [V), In hyperchloremic acidosis, the quantity of ehloride
presented to the proximal tubules in the glomerular filtrate per unit
time is increased relative to bicarbonate. Total sodium reabsorption
remains essentially the same. Therefore, a greater than normal
fraction of the sodium is reabsorbed with chloride, a lesser fraction
with bicarbonate. Partial blockade of proximal sodium reabsorp-
tion by a mercurial diuretic will therefore deliver into the distal
segment relatively more chloride and less bicarbonate than under
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There is no doubt that large doses of mercurial diuretics in
experimental animals produce signs of mercurialism not dissimilar
to those produced by inorganic salts of mercury, The adminis-
tration of excessive therapeutic doses, continued administration in
the absence of an adequate diuretic response, administration to
patients with severe renal insufficiently and marked nitrogen
retention, all give rise to accumulation of drug in the body, and
are potential causes of mercurialism, Manifestations of mercur-
ialism include stomatitis, salivation, hemorrhagic colitis, and pro-
gressive renal failure. Mercurialism can be avoided if dosage is kept
within 2 reasonable range and if the drugs are withheld in con-
ditions known to be associated with accumulation. Many patients
have received repeated injections of mercurials over periods of
many years, deriving benefit from them without the development
of adverse reactions.

Reactions of Hypersensitivity. Non-fatal and fatal toxic re-
actions due to an apparent anaphylactoid response to mercurial
diuretics have been reported. These reactions usually occur one t0
two hours after administration. Asthmatic attacks and the develop-
ment of acute pulmonary edema have been described. Other mani-
festation of drug idiosyncracy include dyspnea, substernal pain,
cyanosis and circulatory collapse. Less grave signs of sensi vity
include flushed skin, erythema morbilliformis, pruritis, urticaria,
chills, fever, signs of bone marrow depression and exfoliative
dermatitis. Changing the nature of the mercurial diuretic may
ameliorate minor sensitivitics, With more severe reactions, further
therapy with mercurial diuretics should be avoided. Fortunately
such reactions are relatively rare. Sensitization ro thiomerin scems
more common than to other drugs.

Manifestations of Toxicity Secondary to Loss of lons and
Water are by no means peculiar to mercurial diuresis. They may
be encountered in therapy with any effective agent, They include
acute circulatory collapse following a single profound diuresis,
signs and symptoms of mild to severe hyponatremia .quowing
repeated diureses in patients maintained on a low salt regimen, fmd
evidences of potassum depletion, including digitalis intoxication,
in patients in whom dietary intake of potassium is inadequate. The
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origin and treatment of these conditions will be considered briefly
in Chapter XIX.
POTENTIATION OF ACTION OF MERCURIAL DIURETICS

Acidifying Agents. It is now well recognized that the oral
administration of an acidifying agent prior to the injection of a
mercurial diuretic, greatly potentiates its action. Keith, Ethridge
and many others have noted that ammonium chloride plus a
mereurial divretic causes a response considerably greater than the
sum of the responses to the two agents given separately. Subse-
quently it has been observed that any agent which induces hyper-
chloremic metabolic acidosis potentiates the action of mercurial
diuretics. Thus potentiation can be mduced by the prior adminis-
tration of jum chlonide, caleium chloride, hydrogen or

cycle jon ge resins, and carbonic anhydrase
inhibitors. Three explanations of potentiation have been advanced.

Mudge claims that acidosis is the sigmficant factor, increasing
the breakdown of the parent organomercunal compounds to
Itberate dwretically active mercunic tons in greater numbers. In-
creased blockade of sodium and chlonide reabsorption results in
enhanced urinary excretion.

Axelrod maintains that hyperchlorema is the significant facror,
increasing the filtered load of chloride delivered into the renal
tubules. If mercurial diuretics specifically ihibit some fraction of
active reabsorption of chloride, as many believe, increasing the
filtered Ioad of chloride would cause increased urinary excretion
of this jon.

The author agrees with Axelrod that hyperchloremia is the
significant factor, but differs in holding that the proximal reab-
sorption of sodium js active whereas that of c¢hloride is passive (see
Chapter IV), In hyperchloremic acidosis, the quantity of chloride
presented to the proximal tubules in the glomerular filtrate per unit
time is increased relative ro bicarbonate. Toral sodium reabsorption
remains essentially the same. Therefore, a greater than normal
fraction of the sodium is reabsorbed with chloride, a lesser fraction
with bicarbonate. Partial blockade of proximal sodinm reabsorp-
tion by a mercurial diuretic will therefore deliver into the distal
segment relatively more chloride and less bicarbonate than under
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normal eonditions, Distal reabsorption of sedium can be considered
as the sum of two completely independent processes: (1) the
cxchfmgc of sodium ions for either hydrogen, potassium, or am-
monium fons and (2) the reabsorption of sodium and chloride as
io{\ pairs. If the mechanism responsible for process (2) is limited
with respeet to sodium transport capacity and essentially saturated
under normal conditions, jt will be swamped under conditions of
mercurial diuresis and even more overwhelmed under conditions
of combined mercurial diuresis and hyperchlocemia. Hyperchlo-
remia would therefore be expected to potentiate mercurial diuesis.

Adrenal Steroids. It has been pointed out in Chapter XII that
ACTH, cortisone, hydrocortisone, prednisone, and prednisolone
may induce a primary diuresis in responsive patients, but more
commonly potentiate the action of mercurial diurerics and carbonic
anhydrase inhibitors. Possible causes of this potentiation are dis-
cussed 1n the chapter on steroid therapy.,

Aminophylline, The administration of aminophylline in the
course of mercurial diuresis may significantly enhance the responise.
There is general agreement that this type of potentiation is due,
at least in part, to increased glomerufar filtration rate. Increase in
the filtered load of sodium and chloride, delivered into a nephron
partially inhibited by a mercurial diuretic, results in increased
excretion. Aminophylline also inhibits tubular reabsorption of
sodium and chloride ions and the inhibition which it induces
appears to be additive to that induced by the mercurial diuretic.

Resistance to Mercurial Dinretics. 1t has long been known that
cerrain patients, early in the course of their disease, respond well
to mercurial dinretics, bur as time progresses, become less and Jess
responsive to therapy, eventually becoming completely refracrory.
The patient is said to be mercury-fast. For many years mercury-
fastness was considered synonymous with renal tolerance to
mercury, presumably developed in response to low grade renal
damage repeated with each succeeding dose of diuretic. This view
no doubt had its origin in the observation on experimental animals
that renal tubular epithelium, regenerated following near lethal
doses of bichloride of mercury, is highly resistant to further insults
with the heavy metal. In opposition to this thesis are the following
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facts. Many patients continue to respond in adequate fashion
to mercurial diuretics over periods of many years; a few, who are
severely ill, fail to respond the first time the drugs are used. Often
patients who are mercury-fast can be caused to regain responsive-
ness by altering the therapeutic regimen, Whether true renal
tolerance ever develops is debatable; other factors play greater
roles in mercury resistance.

Two factors are highly significant in the development of
resistanice to mercurial diuretics, First, as a result of progress of the
basic disease or of intercurrent infection or complication, renal
merchanisms of salt conservation are stimulated to such a degree
that diuretics, as previously used, are no longer effective. Second,
as a result of intensive diureric therapy, changes in volume and
composition of the body fluids occur which render diuretic therapy
less than normally effective. In essence both statements imply that
glomerulo-tubular imbalance has increased to such 2 degree that a
formerly effective regimen no longer produces an adequate
duretic response

A reduction in glomerular filtration rate is one of the significant
causes of glomerulo-tubular imbalance leading to inadeqate diretic
response. It may be a result of progress of the primary disease
process, intercurrent infection, or pulmonary embolization and
infarction In the cardiac, it may be a consequence of inadequate
digitalization. It may be jated with the circulatory inadequacy
of the low salt syndrome. It may be a sign of potassium depletion.
In any event the filtered load of sodium and chloride is so re-
duced that essentially all is reabsorbed, even thongh some portion
of the transport capacity of the tubules 15 depressed by the
dwreuc. Such patients are not merely mercury-fast they are
diuretic-fast and fail to respond to any agent.

The filtered load of sodium and chloride is decreased by a
reduction i plasma sodium and/or chloride concentration as well
as by a reduction in filtration rate. Many believe that the hypo-
chloremia which commonly attends intensive therapy with mer-
curial diureucs is 2 significant factos, the reduction in plasma
chloride concentration reducing the filtered load. Others account
for the effects of intensive diuretic therapy in terms of the
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metabolic alkalosis which develops. They maintain that alkalosis
stablizes the carbon-mercury bond of the diuretic molecule and
reduces the availability of diuretically active mercuric jons.

Glomerulo-tubular imbalance is exaggerated by increased tubular
reabsorption of sodium and chloride jons no less than by reduction
in filtered load. Progress of the primary disease, infections, and
complications increase the secretion of salt retaining steroids.
Inadequate digitalization, and circulatory inadequacy due to the
salt depletion, dehydration and hemoconcentration which may
result from diuretic therapy are potent stimuli of aldosterone
secretion.

Treatment of the Mercurial Resistant Patient. A variety of ap-
proaches to the therapy of edema in mercurial resistant patients
is possible. One should always question the adequacy of digital-
ization in the patient with congestive failure who does not respond
satisfactorily to mercurial diuretics despite adjuvant therapy with
ammonium chloride. When increasing the dose of digitalss to the
point of therapeutic response or toxicity, it is advisable to give
oral potassium supplements in the form of 8 ounces of orange juice
or 2 to § gm. of potassium chloride per day. Depletion of myo-
cardial potassium may lead to arthythmias and abnormalities of
impulse conduction which may be interpreted as digitalis toxicity,
even though the dosage of glycoside is less than optimum.

As pointed out above, ammonijum chloride potentiates the
action of mercurial diuretics and adequate dosage frequently causes
the resistant patient to regain responsiveness. Ammonium chloride
must be given in amounts and in a form which will induce hyper-
chloremic acidosis of significant proportions if it is to be effective.
"The required dose is 6 to 10 gm. or more per day, It should not be
given in enteric coated tablets because of uncertain absorption. It
should not be given in solutions more concentrated than 2.5 per
cent because of gastric irritation. The daily dose should be divided
equally and taken immediately before meals. A reasonable regimen
is the following: 9 gm. of ammonium chloride per day for 6 days,
on the fourth, fifth and sixth days, 2 ml. of 2 mercurial duuretic
are given intramuscularly.
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Some pauents caunot tolerate doses of ammonjum chloride
adequate to produce a significant metabolic acidosis. These patients
may be treated with a combination of ammonium chloride and
acetazoleamide for 3 days. Because acetazoleamide interferes with
mercurial diuresis, the drug is withdrawn two days prior to admin-
istration of a mercurial diuretic; the ammonium chloride is con-
tinued. On the fifth, sixth, and seventh days, 2 ml. of 2 mercurial
diuretic are given intramuscularly. According to Luckey, this
regimen is highly effective in mercurial resistant cardiacs. Ammon-
ium chloride should not be given to patients with severe impair-
ment of liver function, because of the danger of ammonia intoxi-
cation and hepatic coma, nor to patients with marked renal
insufficiency, because of the danger of profound metabolic acidosis.

Weston has pointed out that the intravenous injection of 0.25 to
0.5 gm. of aminophylline 2 hr. after the mtramuscular administra-
tion of a mercurial diuretic will frequently cause an adeqaute
diuretic response in an otherwise refractory patient. Two hours is
chosen to correspond to the peak diuretic effect of the mercurial.
Ammophylline increases renal blood flow and filtration rate and
increases the filtered load of ions delivered into the renal tubules.
It also depresses renal tubular reabsorption of jons, Weston favors
the oral adminstration of ammonium chlonde for three days prior
to combined mercural and aminophylline therapy. He advises
absolute confinement to bed for the period of diuretic action to
obtain maximum benefit. The diuretic response to this regimen
can be increased by elevation of the foot of the bed to a 30 degree
angle and by application of elastic bandages to the edematous lower
extremities from toes to thighs. This 1s especially useful in patients
whose tissue turgor 1s low, namely in those who have been in
failure repeatedly. The enure procedure should not be applied
unless there is reason to believe that an adequate diurenc response
will be obtained, because of the danger of precipitating pulmonary
edema.

Others have suggested the slow intravenous mfusion of as much
as 4,0 ml of a mercurial diuretic. This appears to the author to be
hazardous at best, and doubly so in a patient who may well give an
inadequate diuretic response. Diamox, given concurrently, tends
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to reduce the diurctic response to a mercurial rather than to in-
crease it. The actions of chlorothiazide and mercurial diuretics
appear to be additive, perhaps synergistic. However, experience
with combined therapy is limited.

Contraindications to Mercurial Diuretics, Mercurial diuretics
are absolutcly proscribed in acute renal failure and in acute
nephritis, not only because of the danger of mercurial poisoning
due to inadequate excretion, but also because of the possibility of
aggravating the existing rena! lesion, Some maintain that they
should not be used in the nephrotic syndrome. The drugs are con-
taindicated also in patients who have previously exhibited 2 toxic
reaction or who have consistently failed to respond (cumulntiv{c
toxicity). They may be used in chronic renal disease, if there i
evidence of some renal reserve, ie., if uremia does not develop s
a consequence of dehydration.

SUMMARY

Mercurial dwretics act directly on the renal tubules to block 2
fraction of the reabsorption of sodium and chloride ions. In-
creased urine flow and loss of body weight occur in proportion ©
and are the osmotic consequences of loss of ions. Mercurial
diuretics are highly and specifically concentrated in the renal cortex.
They probably depress ion transport by forming inactive mer-
captide complexes with sulfhydryl enzymes which supply energy
to drive the reabsorptive machinery. It is uncertain whether the
parent molecule has diuretic properties, or decomposition t0
mercuric fons is a requisite of dwretic action. It is equally un-
certain whether mercurial diuretics block the active reabsorption
of sodium or of chloride ions, although available evidence is readily
interpretable in terms of the former thesis, Mercurial diuretics are
rapidly eliminated from the body following parenteral adminstra-
tion and are secreted into the urine as complexes of cysteine of
acetyl cysteine. They exert their major inhibitory effects on ton
transport in the proximal tubule and are themselves most actively
secreted in this same segment.

Clinically, mercurial diuretics may be administered by oral or
intramuscular routes. In mild salt retaining states oral administra-
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tion is frequently effective; more severely ill patients require intra-

therapy. Intr injection is hazardous and no more
effective than intramuscular injection, it should not be employed
under any circumstances.

The efficacy of diuretic therapy can be considerably enhanced

by the orsl adnvinisteation of ammoniom chloride or ather acidify-
fng agents prior 1o injection of a dretic; by the administration of
aminophylline at the time of expected maximum diuretic action,
by confinement to bed dunng the phase of diuresis; and by such
ancxllary procedures as clevation of the foot of the bed and
pplication of elasuc bandages to assit in the return of edema
fluid to the circulation. Recently it has been shown that the admin-
wstration of ACTH, cortisone, prednisone, and prednisolone in-
crease the response to metcurial diuretics in resistant patients.
Treatment of intercurrent infection, correction of potassium
deficiency, and 1n the paient with congestive failure, adequate
digimalzation, mmprove the response. Alercurial dmrencs are sull
the most generally effective agents available for the trearment of
edema.
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to reduce the diuretic response to a mercurial rather than to in-
crease it. The actions of chlorothiazide and mercurial diuretics
appear to be additive, perhaps synergistic. However, experience
with combined therapy is limited.

Contraindications to Mercurial Dinretics. Mercurial diuretics
are absolutely proscribed in acute renal failure and in acute
nephritis, not only because of the danger of mercurial poisoning
due to inadequate excretion, but also because of the possibility of
aggravating the existing renal lesion. Some maintain that they
should not be used in the nephrotic syndrome. The drugs are con-
taindicated also in patients who have previously exhubited a toxic
reaction or who have consistently failed to respond (cumulative
toxicity). They may be used in chronic renal disease, if there is
evidence of some renal reserve, i.c., if uremia does not develop as
a consequence of dehydration.

SUMMARY

Mercurial diuretics act directly on the renal tubules to block 2
fraction of the reabsorption of sodium and chloride ions. In-
creased urine flow and loss of body weight occur in proportion to
and are the osmotic consequences of loss of jons. Mercurial
diuretics are highly and specifically concentrated in the renal cortex.
They probably depress ion transport by forming inactive mer-
captide complexes with sulfhydryl enzymes which supply energy
to drive the reabsorptive machinery. It is uncertain whether the
parent molecule has diuretic properties, or decomposition to
mercuric jons is 2 requisite of durenc action It is equally un-
certain whether mercurial dwretics block the acuve reabsorption
of sodium or of chloride ions, although available evidence is readily
interpretable in terms of the former thesis. Mercurial diuretics are
rapidly eliminated from the body followmg parenteral admnstra-
tion and are secreted into the urine as complexes of cysteine or
acetyl cysteme. They exert their major inhibitory effects on ion
transport m the proximal tubule and are themselves most actively
secreted in this same segment.

Clinically, mercurial diuretics may be administered by oral or
intramuscular routes. In mild salt retaining states oral administra-



Chapter XVII

SULFONAMYL DIURETICS

THE sulfonamyl compounds in use today as diuretics are unique
therapeutic agents in that they were synthesized to block reversibly
a specific renal enzyme, carbonic anhydrase. Indeed the only
enzyme known to be inhibited by acetazoleamide (Diamox) and
other similar unsubstituted monosulfonamy! compounds is carbonic
anhydrase, Blockade of this enzyme reduces tubular reabsorption
and increases urinary excretion of sodmm, bicarbonate, and water.
The recently introduced benzothiadiazine sulfonamyl compound,
chlorothiazsde (Diuril)?* has, in addition to properties dependent
on inhibition of carbonic anhydrase, the ability to depress tubular
reabsorpion of sodium and chloride jons. No doubt this action
depends on inhibition of some other enzyme system which either
serves as an jon carrier or supphes energy to a carrier mechanism.
The sulfonamyl diuretics as a class are well absorbed, well tole-
rated, relatively non-toxic, and effective on oral administration.
Accardingly, they fulfill several of the requirements of the ideal
dwretic. However, they do not fulfill all, for they are frequently
ineffective in the most severely 1ll patients. Furthermore, tolerance
develops to some when they are given repeatedly, and all promote
uninary loss of potassium and may deplete body reserves of this
1on. However, these characteristics introduce no insurmountable
difficulry 1n their use in properly selected patients.

The sulfonamyl compounds find their greatest use in the
ambulatory patient for whom self medication is of greatest im-
“Hydrochlorothuzide (Hydrodinl, Endrmx) 15 a recendy synthesized derivanve
of chlorothiszide having no double bond 1n the heterocyclic ring. On 2 weight

for weight basis 1t Is clamed to be at least § tines as potent as chlorothiazide.

Whether it possesses any virtues over this later drug as a therapeutic agent must
awaie further tests

249
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capillary and alveolar walls and mto the alveolar gas. It is obviously
advantageous to accelerate the slow dehydration reaction enzy-
matically. As a matter of fact, enzyme is so abundantly present in
red cells that this inherently slow reaction is no longer rate
hmiting. Instead, the chloride-bicarbonate jon shift across the
erythrocyte membrane is probably the rate limiting step in the
overall transformation and translocation of plasma bicarbonate
into alveolar carbon dioxide Since the reverse sequence of reactions
occurs dunng the brief interval an erythrocyte is in a tissue
capillary, the advantage of accelerating the slow hydration reaction
is again obvious.

Carbonic anhydrase 1s a zinc containing metalloprotein enzyme
having a molecular weght of about 30,000 Mann and Keilin and
later Krebs showed that its activity is strongly and specifically
inhibited by sulfanilamide and other N* unsubstituted sulfonamides.
The sulfonamides commonly used as chemotherapeutic agents are
all N* substituted sulfonamyl compounds and have no anticarbonic
anhydrase activity. The reaction of enzyme and inhibitor is simply
described by the equation, Enz + Inh = Enz*Inh. The affinity of
enzyme for inhubitor is great, so the reaction is driven strongly to
the right. Doses of acetazoleamide used in renal research on dogs
commonly interfere in some degree with pulmonary excrenon of
carbon dioxide, resulting 1n an increased pCO, in arterial blood
and a mild respiratory acidosis In contrast therapeutic doses in
man do not induce sigmficant respiratory acidosis. At least one
reason for this difference between dog and man is the facr that
acetazoleamide 15 highly concentrated within the erythrocytes of
the dog, but to a lesser degree in the erythrocytes of man Chloro-
thiazide has little or no effect on pul y or tissue exchanges of
carbon dioxide in either man or dog, for it is not specifically con-
centrated m red cells.

Carbonic Anbydrase Inbibitors as Diuretics. Shortly after the
introducuon of sulfanilamide as 2 chemotherapeutic agent, South-
wortlt observed that the drug induces metabolic acidosis, associated
with increased urine pH and increased urinary excretion of bicar-
bonate. A year or so later, Mann and Keilin demonstrated the fact,
referred to above, that sulfanilamide and other N* unsubstitured
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portance. Because their diuretic action is less drastic than that of
organomercurials, it is easier to emplay them over long periads in
such fashion as to maintain a stable, edema-free state. They are
especially useful in those patients who, on moderate sale restriction,
requirc occasional injections of mercurial diuretics. Such patients
can take a more liberal diet when on daily doses or intermittant
courses of sulfonamyl diuretics, yer maintain themselves edema-
free. Occasional patients, refractory to mercurial diuretics, respond
with satisfactory diureses to these agents. Although chlorothiazide
has been used for a relatively shore time, clinical experience to
date indicates that it 15 2 more effective and more generally useful
diuretic than leamide. Sulfonamy] compounds have a place
in diuretic therapy of patients with congestive failure, cirrhosis,
nephrosis, nephritis, premenstrual edema, and pre-eclampsia. Rel-
atively speaking, they are benign therapeutic agents.

Nature of Carbonic Anbydrase. Carbonic anhydrase was first
described by Roughton as an enzyme, present in erythrocytes,
which greatly accelerates the areainment of equilibrum in the
reversible reaction of carbon dioxide with water to form carbonic
acid, (1) CO, 4 H,0 = H,CO,. The dissociation of carbonic
acid to hydrogen and bicarbonate jons and the inverse association
of these jons, (2) H,CO, = H* 4+ HCQO,, are ionic reactions,
oeeur i ly, and are uninfl d by the enzyme. Re-
action (1) in an aqueous medium at body temperature is relatively
slow, requiring approximately 200 seconds to come within 10 per
cent of equilibrium, Reaction (1) is greatly speeded by carbonic
anhydrase; the quantity of enzyme present in red cells is sufficient
theoretically to accelerate the rate of reaction in whole blood
7,500-fold.

Most of the carbon dioxide produced in metabolic reactions is
transported from tissues 1o Jungs as bicarbonate ion in the blood
plasma. In the second or so required for an erythrocyte to traverse
a pulmonary capillary, bicarbonate jon must diffuse into the
erythrocyte in exchange for chloride ion and associate with
hydrogen ion to fon‘-m carbonic acid; the carbonic aci.d must de-
hydrate to carbon dioxide and water; and the carbon dioxide must
diffuse out of the red cell, across the plasma stream, through the
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plays an important role in making hydrogen ions available in
twbular cells at 2 rapid rate. In confirmation of this thesis they
noted thar sulfanilamide markedly depresses the rate of excretion
of titratable acid.

Others have adopted the view that hydrogen ions are actively
secrered by a redox 1on pump in which the ferric iron of the
cytochrome system oxidizes hydrogen atoms to hydrogen ions;
4 Fe+-{-4H =4 Fe* -1 4 H*. The ferrous iron is then reoxidized
as follows, to regenerate ferric iron and to produce equivalent num-
bers of hydroxyl ions, 4 Fe** ++ O, + 2 H,O = 4 Fe* - 4 OH~.
The role of carbonic anhydrase m such a system would be that of

ca
neutralizing hydroxyl 1ons; 4 OH- - 4 CO, = 4 HCOy. This
system is one which has also been proposed as the mechanism of
gastric secretion of acid. There is at the moment no definitive
proof of either hypothesis. However, if the transfer of hydrogen
jons into proximal tubular urine is passive and downhill along an
electrochemical gradient as developed in Chapter IV, 1t is obvious
that the first explanation of the role of carbome anhydrase is
correct. However, as was pointed out earlier, hydrogen ions must
be actively transported n the distal tubule in exchange for sodium
ions. The nature of the transport mechansm is unknown.
Subsequently Pitts and Lotspeich noted that sulfamlamide blocks
a fraction of the reabsorption of filtered bicarbonate. They assign-
ed this fraction to the distal tubule, pointing out that the exchange
of hydrogen ions for sedium ions of a solution containing bicar-
bonate, would convert bicarbonate ions to carbonic acid. Dehydra-
ton of carbonic acid to CO, and water and back diffusion of
CO. mto renal capillary blood would be the equivalent of the
reabsorption of bicarbonate 1ons per se. Roughly one-fifth of
bicarbonate reabsorption was presumed to occur in the distal
tubule by such a mechamsm of ion exchange; four-fifths was
presumed to occur in the prouimal segment by a mechanism
which specifically transports bicarbonate 1on. This latter view is
now known to be erroneous Proximal as well as distal bicarbonate
reabsorption is probably effected by a process of Na* for H*
exchange (cf. Figs 13, 14, 15B), bur the demonstration of this fact
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sulfonamides inhibit carbonic anhydrase activity in vitro. This,
coupled with the observation of Davenport and Wilhelmi that the
enzyme is highly concentrated in the renal cortex, paved the way
for an cxplanation of the metabolic acidesis induced by sulfanil-
amide, Hoeber first suggested that renal carbonic anhydrase is in
some way involved in the tubular reabsorption of bicarbonate,
and that sulfanilamide, by inhibiting the enzyme, causes the
excretion of alkaline urine and induces metabolic acidosis.

At the time two views were held as to the nature of the
mechanism for acidifying the urine, both based on the premise
that the acid, ultimately excreted as free titratable acid, enters the
urine in the glomerular filtrate. According to one view, dibasic
phosphate is preferentially reabsorbed from the rubular urine,
leaving monobasic phosphate to be excreted as titratable acid.
According to the other view, bicarbonate is preferentially reab-
sorbed, leaving carbonic acid to react with and to convert phos-
phate and other buffer salts nto urinary titratable acid.

In 1945, Pitts and Alexander demonstrated that acidotic dogs,
supplied with large amounts of buffer by the intravenous infusion
of sodium phosphate or creatinine, excrete far more hydrogen ions
in the urine than are present in the glomerular filerate. They con-
cluded that the renal tubular cells add hydrogen ions to the
glomerular filerate as it flows along the renal tubules. They sug-
gested that tubular cells exchange hydrogen jons, generated within
their substance by the dissociation of carbonic acid, for sodium
ions in the tubular urine. The hydrogen ions and buffer anions are
eliminated as titratable acid; the sodium and bicarbonate ions are
reabsorbed into the peritubular capillaries to replenish the buffer
reserves of the body fluids (cf. Fig. 15A). Since the kidneys of
the dog can excrete titratable acid at a rate equivalent to 6,000 ml
of N/10 acid per day, it is cbvious that an abundant source of H*
ions must be available to tubular cells. Ultimately of course, the
only possible source of hydrogen ions of this magnirude is water.
Pitts and Alexander postulared that carbon dioxide is hydrated to
carbonic acid within the acidifying cells of the distal tubule and
¢hat the carbonic acid so formed supplies hydrogen ions to the
exchange mechanism. According to this view carbonic anhydrase
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amino, or acylamino groups on the benzene ring increases enzyme
inhibitory activity to the same order of magnitude as that of
heterocyclic compounds. chhlorphenamxde (Daranide) is such 2
halogen substituted disulf 1 d. Combination of thia-

diazine and benzene rings with 6 chlom 7 sulfamyl substitution of

COOH
2
§-NH2
o}
O-S'O 0= 5 (o]
NHa Hap NHz
Sulfenitamide Dirnate Dichlorphenamide
——N
|| .
o]
NHg-S C. C- l:l-(I?—CH3 NH2~§
Ny no 3
0%
Acetazoleamide Chlorothiazide

Fig 34. Structure of representative sulfonamyl diuretics.

the aromatic nucleus, as in chlorothiazide, introduces a new prop-
erty, the ability to block sodium chloride reabsorption. According
to Beyer, dichlorphenamide possesses this chloruretic characteristic
in the same sense but to a lesser degree than chlorothiazide. Our
own findings are opposed to this view. In the dog we have observed
essentally no chloruresis with dichlorphenamide or acetazoleamide.
Chlorothiazide, on the other hand, is very significantly chloruretic,
certamly differs quantitatively and possibly qualitatively as well
from the other two.
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by Berliner required the development of carbonic anhydrase in-
hibitors several hundred times more potent than sulfanilamide.

It now became apparent to Schwartz that sulfanilamide might
have potentialities as a diuretic. A study on patients in congestive
failure demonstrated that this drug causes the excretion of an
alkaline urine containing increased quantities of sodium, bicarbo~
nate and potassium ions and thar weight loss ensues. However,
the required dosage was large and undesirable side reactions were
marked. It was on the basis of thesc obscrvations that Roblin and
Clapp synthesized a series of highly active heterocyclic sulfonamide
inhibitors of carbonic anhydrase, including acetazoleamide, in the
hope of finding a clinically useful and orally effective diuretic.

CHEMICAL NATURE OF CARBONIC ANHYDRASE
INHIBITORS

A common feature of the carbonic anhydrase inhibitors
employed as diuretics is the unsubstituted sulfonamyl group,
—SO,NH.. However, the nature of the molecule to which this
group is attached greatly affects enzyme inhibitory and diuretic
properties. Roblin and Clapp observed fughest enzyme inhibitory
action among heterocyclic ds such as acetazoleamide (sc¢
Fig. 34), a compound which is some 300 times as potent in vitre
as sulfanilamide. Even more potent is benzothiazole — 2 — sulfo-
namide, some 800 times as active as sulfanilamide. However, in
vivo it is completely devoid of diurctic properties due to rapid
metabolism and conjugation, Methazoleamide, in which a methyl
group is attached to one of the heterocyclic ring nitrogens of
acetazoleamide is a highly active enzyme inhibitor, penetrates eye
and brain rapidly and accordingly is a potent antiglaucoma and
anticonvulsant drug. However, it possesses no virtues as a diuretic
over acetazoleamide.

The aromatic monosulfonamy! compounds such as sulfanilamide
and Dirnate have a relatively Iow order of activity. The latter,
after brief exploitation as a diuretic, has been withdrawn from
use. Sprague, Beyer and their associates have observed 2 high order
of activity among aromatic disulfonamyl compounds, especially
those of 1, 3 configuration. Furthermore, substitution of halogen,
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suppresses a different series of reactions which furnish some 10
per cent of the energy. Since their actions are additive, the two
drugs together suppress about 30 per cent of sodium and chloride
transport, There remains, however, in the doubly blocked renal
tubules from 60 to 70 per cent of normal jon transport capacity.
The energy for this moiety is presumably supplied by metabolic
reactions not sensitive either to mercurial diuretics or chloro-
thiazide.

RENAL ACTIONS OF SULFONAMYL DIURETICS

Acetazoleamide. Maren has described the diuretic effects of
acetazoleamide in normal dogs in the following terms. When the
drug is given in a single daily dose of 5 to 10 mg. per Kg,, it
promptly atkalinizes the urine. The excretion of sodum, potassium,
and bicarbonate is increased, that of ammomna and titratable acid is
sharply reduced. The duration of action is relatively short (6 hr.
or less), and during the remainder of the day the losses of ions are
made up from dietary intake, and the acidosis which results from
bicarbonate loss is corrected by enhanced ammonia and titratable
acid excretion. Under such conditions, the drug exerts 2 more or
less constant action from day to day; ie., tolerance does not
develop. However, if dosage 1s increased and especially if multiple
doses are administered, imin2l ion losses are greater, effects are
more prolonged, and after a period, the ammal becomes refractory
to the drug.

Table XIII summarizes an experiment of Piws et al. which
illustrates the acute response of a dog to a relatively large dose of
acetazoleamnide adminstered intravenously. The animal was pre-
hydrated with saline in order that the diuresis might not be cur-
tailed by deplenon of extracellular fluid reserves. The first two
collection periods describe control observations; the succeeding
four, describe observations made immediately following the intra-
venous administration of 10 mg. per Kg. of acetazolearnide as a
priming dose and the addition of drug to the infusfon in amounts
sufficient to provide 15 mg. per Kg. per hr. Liutle consideration
should be accorded urine flow in such experiments as these, for it
is the least relizble index of diuretic activity.
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Enzyme Inhibitory Actions of Sulfonamyl Compounds. The
heterocyclic and aromatic lfonamyl compounds and the
aromatic  disulfonamyl pound, dichlorpt ide, exhibit 2
major, if not a single, enzyme inhibitory action, namely, that of
blocking carbonic anhydrase. The concept of Roblin that enzyme
inhibition results from steric similarities between the sulfonamyl
group and carbonic acid is illustrated in Figure 35. The inhibitor

CARBONIC ACID INHIBITOR
i
0 C=0~H, -N-
- *6-0 ; : L
, -k, : 0 H,
B . ; S

‘ VI {

ST vl Shhrin . /

. 7,0 v
v . R A A

\ ENZYME /

Fig. 35, Concept of Dr. RO Robhn of the mechamsm of action of carbonic

anhydrase inhibitors based on stenc similarities between carbonic acid 2nd the

uhsubstituted sulfonamyl group. (From J. M Sprague: Ann. New York Aced.
Sc, 71:321, 1958)

has a stronger affinity for the active sites on the enzyme molecule
than does carbonic acid so that the later is displaced and enzymatic
activity abolished.

Chlorothiazide probably possesses an enzyme inhibitory action
in addition to that of blocking carbonic anhydrase. The nature of
the enzyme affected is unknown, excepe that it is concerned with
the renal tubular reabsorption of sodium and chloride. Chloro-
thiazide blocks sodium chloride transport to a significant degree,
but whether by interfering with 2 carrier mechanism or with
some metabolic process which supplies energy to a carrier
mechanism is uncertain, Pites and his associates favor this latter
view. They suggest that chlorothiazide, like organomercurial com-
pounds, interferes with the sodium pump of proximal tubular cells.
Mercurials suppress metabolic reactions which furnish roughly 20
per cent of the energy required to drive the pump; chlorothiazide
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It is apparent that the drug reduced plasma pH and increased
urine pH within the first 10 minutes after the start of intravenous
infusion, The decrease in plasma pH resulted from an increase in
the pCO; of arterial blood due to interference with liberation of
CO, in the lungs. The increase in urine pH resulted from a marked
increase in excretion of bicarbonate, from contfol values of 32
and 17 pEq. per min. to well over 400 uEq. per min. Increased
excretion of bicarbonate was due to depression of tubular reab-
sorption from 99 per cent of that filtered to 64 per cent. The
increased urinary bicarbonate was balanced in part by sodium
and in pare by potassium. Chloride excretion was little changed
either 1 terms of absolute rate of excretion or in terms of per
cent of the filtered moiety reabsorbed.

It should be remembered thar potassium is both reabsorbed from
and secreted into the tubular urine. Apparent depression of tubular
reabsorption from some 90 per cent to 14 to 40 per cent may
actually represent an increase in tubular secretion, Berliner believes
that reabsorption of potassium is nearly complete in the proximal
tubule, and that variations in excretion, such as those induced by
acetazoleamide, are in truth variations in tubular secretion of potas-
sium in the distal segment,

In the expenment summarized in Table XIII, the dog was
moderately acidotic 1 the control periods (plasma pH 7.3; plasma
BHCO,, 18 mFEq. per liter). This acidosis, metabolic 1o narure, was
dilutional in origin, and due to the large amount of saline admin-
istered prior to the start of the experiment. Had the plasma bicar-
bonate been more within the normal range (24 to 28 mEq. per
liter), urinary losses of bicarbonate would probably have been
greater.

Dichlorphenamide 1s ;n many respects symlar in its renal actions
to acetazoleamide, depressing reabsorption and increasing urinary
excretion of sodium, potassium and bicarbonate ions. Due to in-
creased excretion of bicarbonate, the urine becomes alkaline.
According to Beyer, dichlorphenamide exerts a more prolonged
and profound depression of 1on reabsorption at comparable dose

levels, is more active under conditions of low salt mtake, and is
loce enbicrt ve she dewal C oenl
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It is apparent that the drug reduced plasma pH anfi increased
urine pH within the first 10 minutes after the start of intravenous
infusion, The decrease in plasma pH resulted from an increase in
the pCO, of arterial blood due to interference with liberation of
CO, in the Jungs. The increase in urine pH resulted from a marked
increase in excretion of bicarbonate, from control values of 32
and 17 xEq. per min. to well over 400 pEq. per min. Increased
excrenon of bicarbonate was due to depression of tubular reab-
sorption from 99 per cent of that filtered to 64 per cent. The
increased urinary bicarbonate was balanced in part by sodium
and in pare by potassium. Chloride excretion was little changed
either in terms of absolute rate of excretion or in terms of per
cent of the filtered moiety reabsorbed.

It should be remembered that potassium is both reabsorbed from
and secreted into the tubular urine. Apparent depression of tubular
reabsorption from some 90 per cent to 14 to 40 per cent may
actually represent an increase in tubular secretion. Berliner believes
thar reabsorption of potassium is nearly complete in the proximal
tubule, and that variations in excretion, such as those induced by
acetazoleamide, are in trurh variations in tubular secretion of potas-
sium in the dista) segment,

In the experiment summarized in Table XIII, the dog was
moderately acidotic in the control periads (plasma pH 7.3; plasma
BHCO,, 18 mEq per liter). This acidosis, metabolic in nature, was
dilutional in origin, and due to the large amount of saline admin-
istered prior to the start of the expeniment, Had the plasma bicar-
bonate been more within the normal range (24 to 28 mEq. per
liter), urinary losses of bicarbonate would probably have been
greater,

Dichlorphenamide is in many respects similar in its renal actions
to acetazoleamide, depressing reabsorption and increasing wrinary
excretion of sodium, potassium and bicatbonate jons. Due to in-
creased excretion of bicarbonate, the urine becomes alkaline.
According to Beyer, dichlorphenamide exerts 2 more prolonged
and profound depression of jon reabsorption at comparable dose
levels, is more active under conditions of low salt intake, and is
less subject to the development of tolerance than acetazoleamide.
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It is apparent that the drug reduced plasma pH and increased
urine pH within the first 10 minutes after the start of intravenous
infusion. The decrease in plasma pH resulted from an increase in
the pCO, of arterial blood due to mterference with liberation of
CO., in the lungs. The increase in urine pH resulted from a marked
increase in excretion of bicarbonate, from control values of 32
and 17 4Eq. per min. to well over 400 xEq. per min. Increased
excretion of bicarbonate was due to depression of tubular reab-
sorption from 99 per cent of that filtered to 64 per cent. The
increased urinary bicarbonate was balanced in part by sodum
and in parr by potassium. Chloride excretion was httle changed
either in terms of absolute rate of excretion or n terms of per
cent of the filtered moiety reabsorbed.

It should be remembered that potassium is both reabsorbed from
and secreted into the tubular urine. Apparent depression of tubular
reabsorption from some 90 per cent to 14 to 40 per cent may
actually represent an increase in tubular secretion. Berliner believes
thar reabsorption of potassium is nearly complere in the proximal
tubule, and that variations in excretion, such as those induced by
a;ctazoleamide. are in truth variations in tubular secretion of potas-
stum 1n the distal segment,

In the experiment summarized in Table XIII, the dog was
moderately acidotic i the control periods (plasma pH 7.3; plasma
BHCO,, 18 mEq. per liter). This acidosis, metabolic in nature, was
dilutional 1n origin, 2nd due to the large amount of saline admin-
istered prior to the start of the experiment. Had the plasma bicar-
b.ona(e been more within the normal range (24 to 28 mEq, per
liter), urinary losses of bicatbonate would probably have been
greater,

Dichlorphenamide is in many respects similar in 1ts renal actions
to acetazoleamde, depressing reabsorption and increasing urinary
excretion of sodmm, potassium and bicarbonate ions. Due to in-
creased excretion of bicarbonate, the urine becomes alkaline.
According to Beyer, dichlorphenamide exerts a more prolonged
and profound depression of 10n reabsorption at comparable dose
levels, is more active under conditions of low salt intake, and is
less subject to the development of rolerance than acetazoleamide.
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Since the two drugs inhibit carbonic anhydrase in vitro to nearly
the same degree, greater in vivo activity of dichlorphenamide
might resule from greater concentration in, or more ready penetra-
tion of renal tissue. Such properties have not been demonstrated.
It is claimed that dichlorphenamide depresses reabsorption and
increases excretion of chloride to a significantly greater extent than
does acetazoleamide.

Chlorothiazide. Beyer and his associates have shown that chlo-
rothiazide exhibits properties both of carbonic anhydrase inhibitors
and of mercurial divretics. Due to the free sulfonamyl group, it
inhibits carbonic anhydrase in vitro, and in relatively large doses
m vivo, alkalimzes the urine, depresses the reabsorption of bicar-
bonate, and promotes the secretion of potassium. In addition 1t
causes natriuresis and chloruresis, actions similar to those of
mercurial divretics. In fact in the usual orally effective doses, the
major response 15 natriureses and chloruresis. The urine may fail
to become alkaline, although potassium excretion is enhanced.
However, the basic mechanisms of chlorurenic action of chloro-
thiazide and of the organomercurial compounds differ in the sense
that their actions are additive when the two are given together,
each in mazimally effective dosage. Furthermore, BAL (dithiopro-
panol) blocks the action of mercural diuretics, whereas it has no
effect on chlorothiazide While chlorothiazide can induce diuresis
in the presence of flud retention induced by corticosteroids, it is
not a competitive antagonist in the sense of the antialdosterones,
for it enhances rather than reduces the potassium loss character-
isucally mnduced by these steroids.

Table XTIV summanzes an experiment of Pitts et al which
tllustrates the acute response of a dog to a relatively large dose of
chlororhiazide administered intravenously. The animal was pre-
hydrated in exactly the same manner employed in the expetiment
summarized in Table XIII. The two experiments are, therefore,
as nearly comparable as any two are likely to be on different
mongrel dogs. v

It is apparent that the drug increased urine pH within the first
10 mins. after intravenous administration, yet had no discernable
effect on plasma pH. The increase in urine pH resulted from a
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Since the two drugs inhibit carbonic anhydrase in vitro to nearly
the same degree, greater in vivo actiity of dichlorphenamide
might result from greater concentration in, or more ready penetra-
tion of renal tissue. Such properties have not been demonstrated.
It is claimed that dichlorphenamide depresses reabsorption and
increases excretion of chloride to a significantly greater extent than
does acetazoleamide.

Chlorothiazide. Beyer and his associates have shown that chlo-
rothiazide exhibits properties both of carbenic anhydrase inubitors
and of mercurial diuretics. Due to the free sulfonamyl group, it
inhibits carbonic anhydrase in vitro, and in relatively large doses
in vivo, alkalinizes the urine, depresses the reabsorption of bicar-
bonate, and promotes the secretion of potassium. In addition it
causes natriuresis and chloruresss, actions similar to those of
mercurial diaretics. In fact in the usual orally effective doses, the
major response is nattwreses and chloruresis. The urine may fail
to become alkaline, although potassium excretion 1 enhanced.
However, the basic mechanisms of chloruretic action of chloro-
thiazide and of the organomercurial compounds differ in the sense
that their actions are additive when the two are given together,
each in maximally effective dosage. Furthermore, BAL (dithtopro-
panol) blocks the action of mercurial dwretics, whereas it has no
effect on chlorothiazide,. While chlorothiazide can nduce diurests
in the presence of fluid retention nduced by corticosteroids, 1t is
Dot 2 competitive antagonist 1 the sense of the antialdosterones,
for it enhances rather than reduces the potassium loss character-
istically induced by these steroids.

Table XIV summarizes an experiment of Pitts et al which
illustrates the acute response of a dog to a relatively large dose of
chlorothiazide administered intravenously. The animal was pre-
hydrated in exactly the same manner employed in the experiment
summarized in Table XIII, The two experiments are, therefore,
as nearly comparable as any two are likely to be on different
mongrel dogs. N

It is apparent that the drug increased urine pH withm the first
10 mins. after intravenous administration, yer had no discernable
effect on plasma pH. The increase in urine pH resulted from a
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significant increase in excretion of bicarbonate, from control values
of § and 3 xEq. per min. to as much as 200 xEq. per min. Even
more striking was the chloruresis induced by the drug, the rate of
excretion of chloride increasing from 560 pEq. per min. to over
1000 pEq. per min, The increase in excredon of chloride wis
roughly balanced by an equivalent increase in excretion of sodium.
Both chloruresis and natriuresis resulted from depression in tubular
reabsorption, from 95 per cent of that filtered to 89 per cent.
Reabsorption of potasisum was diminished and excretion enhanced.
The same rescrvations with respect to the meaning of diminished
potassium reabsorption, as were outlined above for acetazoleamid_e,
apply to chlorothiazide. Again the moderate dilutional metabolic
acidosis reduced in some degree the extent of bicarbonate excretion
in comparison with that which would have obtsined had the
plasma level been within a more normal range.

Comparison of Renal Actions of Acetazoleamide, Dichlorphen:
amide, and Chlorothiazide. In vitro, acetazoleamide and dichlof~
phenamide are significantly more potent inhibitors of carbonic
anhydrase than is chlorothiazide. This is reflected in 2 more pro-
nounced inhibition of reabsorption and a greater increase 1t
excretion of bicarbonate following acetszoleamide and dichlor-
phenamide than chlorothiazide. A somewhat different but related
expression of carbonic anhydrase inhibition is promotion of uriniary
potassium loss. Again the activity of acetazoleamide and dichlor-
phenamide exceeds that of chlorothiazide. Still a third expression of
this property is depression of blood pH due to interference with
CQ, elimination in the lungs. Acetazoleamide is the most active of
the drugs in this respect. Chlorothiazide possesses 2 property which
distingusshes it quantitatively and probably qualitatively as well
from acetazoleamide and dichlorphenamide, namely, the ability
to block the reabsorption of sodium and chloride ions.

From the above noted considerations, one would predice that
chlorothiazide would be a more effective diuretic for clinical use
than either acetazoleamide or dichlorph ide, 1e., it would
cause less disturbance in electrolyte pattern of the body fluids, it
would cause less depletion of body stores of potassium, and 1t
would cause greater loss of sodium and chloride jons All three
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drugs depress glomerular filtration rate when administered intra-
venously in large doses. FHowever, when given orally in the usual
therapeutic doses, they have no significant effect on glomerular
function.

SITE OF ACTION OF ACETAZOLEAMIDE,
DICHLORPHENAMIDE, AND CHLOROTHIAZIDE

Acetazol 33

If one negl depression of glomerular
fileration rate which commenly results when large doses of aceta-
zoleamide are given intravenously, all renal actions of this drug
can be explained in terms of a specific depression of mechanisms
for exchange of hydrogen ions for sodium 10ns. This action, exerted
on proximal tubules, reduces reabsorption of bicarbonate (cf. Fig.
13). Exerted on distal tubules, 1t further reduces bicarbonate reab-
sorption and wmhibies acidification of the urine {cf. Fig. 15 AB).
Since the urine becomes alkaline, the distal secretion of ammonia
is reduced (cf. Fig. 15C). The mechanism for hydrogen and
sodium exchange is also concerned with potassium and sodium
exchange. The overall activity of this joint mechanism in reabsorb-
ing sodium is only moderately depressed by acetazoleamide.
Accordingly, blockade of hydrogen exchange by the drug facili-
tates potassium exchange, and exhibition of acetazoleamide in large
doses frequently causes net potassium secretion. The drug has
little effect on other renal transport mechanisms, such as reab-
sorption of glucose and secretion of para-amnohippurate,

Figure 36 illustrates both the nature and the localization within
the nephron of these actions of acetazoleamide. These data were
derived from an experiment on 2 dog utilizing  the “stop flow”
method of localizing tubular functions described in Chapter XVI.
The experiment was performed in two parts, the first consisted of
a control series of observations, the second consisted of a series
following the administration of 10 mg. per Kg. of acetazoleamide
as 2 priming dose and the addition of the drug ro the infusion in
amounts sufficient to provide 15 mg. per Kg. per hr. In each of the
two series of observations the ureteral catheter was clamped for
a period of four minutes.

If one surveys Figure 36 from top to bottom, the significant
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significant increase in exeretion of bicarbonate, from control values
of 5 and 3 uEq. per min. to as much as 200 pEq. per min, Even
more striking was the chloruresis induced by the drug, the rate of
excretion of chloride increasing from 560 4Eq. per min. to over
1000 aEq. per min. The increase in everetion of chloride was
raughly balanced by an equivalent increase in excretion of sadinm.
Boch chioruresis and natriuresis resulred from depression in tubular
seabsorption, from 95 per cent of that filtered to 89 per cent
Reabsorption of porasisum was diminished snd excretion enhanced.
The same reservations with respect to the meaning of diminished
potassium reabsorpuion, as were outlined above for acctazbleﬁmfdf:
apply to chlorothiazide. Again the moderate dilutional mctabf'!hc
acidosis reduced in some degree the extent of bicarbonate excreion
in comparison with that which would have obtained had the
plasma level been within 2 more normal range.

Comparison of Renal Actions of Acetazoleamide, Dichlorphen-
amide, and Chlorathiazide. In vitro, acetazoleamide and dichlor-
phenamide are significantly more potent inhibitors of carbonic
anhydrase than is chlorothiazide. This is reflected in 2 more pro-
nounced inhibition of reabsorption and a greater increase in
excretion of bicarbonate following acetazoleamide and dichlor-
phenamide than chiorothiazide. A somewhar different but related
expression of carbonic anhydrase inhibition is promotion of urinary
potassium loss. Again the activity of acetazoleamide and dichior-
phenamide exceeds that of chiorothiazide. Still a third expression of
this property is depression of blood PH due to interference with
CO, climination in he lungs. Acetazoleamide is the most active of
the drugs in this respect, Chlorothiazide possesses a property which
distinguishes it quantitatively and probably qualitatively as well
from ac leamide and dichlorpt ide, namely, the abikty
to block the reabsorption of sodium and chloride jons.

From the above noted considerations, onc wauld predice that
chiorathiazide would be a more effective diuretic for clinical use
than either leamide or dichlorph ide, ie., it would
cause less disturbance in electrolyte pattern of the body fluids, it
would cause less depletion of body stores of porassium, and it
would cause greater loss of sodium and chloride ions. All theee
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drugs depress glomerular fileration rate when administered intra-
venously in large doses. However, when given orally in the usual
therapeutic doses, they have no significant effect on glomerular
function.

SITE OF ACTION OF ACETAZOLEAMIDE,
DICHLORPHENAMIDE, AND CHLOROTHIAZIDE

Acetazoleamide. 1f one neglects depression of glomerular
filtration rate which commonly results when large doses of aceta-

1 are given intr ly, all renal actions of this drug
can be explamed 1n terms of a specific depression of mechanisms
for exchange of hydrogen ions for sodium ions. This action, exerted
on proximal tubules, reduces reabsorption of bicarbonate (cf. Fig.
13). Exerted on distal tubules, it further reduces bicarbonate reab-
sorption and inhibits acidification of the urme (cf. Fig. 15 AB).
$ince the urine becomes alkaline, the distal secretion of ammonia
is reduced (¢f. Fig. 15C)., The mechanism for hydrogen and
sodium exchange is also concerned with potassium and sodium
exchange. The overall activity of this joint mechanism in reabsorb-
ing sodwum is only moderately depressed by acetazoleamide.
Accordingly, blockade of hydrogen exchange by the drug facih-
tates potassium exchange, and exhibition of acetazoleamide in large
doses frequently causes met potassinm secretion. The drug has
little effect on other renal transport mechanisms, such as reab-
sorption of glucose and secretion of para-aminohippurate.

Figure 36 illustrates both the nature and the localization within
the nephron of these actions of acetazoleamide. These data were
derived from an experiment on a dog utilizing  the “stop flow”
method of localizing tubular functions described in Chapter XVI.
The experiment was performed in two parts, the first consisted of
a cantral series of observations, the second consisted of a series
following the administration of 10 mg. per Kg. of acetazoleamide
as a primng dose and the addition of the drug to the infusion in
amounts sufficient to provide 15 mg per Kg. per hr. In each of the
two series of observations the ureteral catheter was clamped for
a period of four minutes,

If one surveys Figure 36 from top to bottom, the significant
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actions of acetazoleamide are readily apparent, The control experi-
ment is identified by circles, the acetazoleamide experiment by
triangles. Urine samples obrained from the distal part of the
nephron, i.e. those to the nght of the graph, were acidified from 2
bascline value of pH 8.0** to roughly pH 5.0 in the control experi-
ment, Following acetazoleamide, distal acidification was blocked.
In the control experiment, ammonia was secreted into the distal
urine samples, in highest concentration at the site of maximum
acidification. Following acetazoleamide, and as a direct conse-
quence of failure of acidification, ammonia secretion was inhibited.
In contrast, the distal secretion of potassium, relatively slight in
the control experiment, was greatly exaggerated by acetazo-
leamide.** Distal reabsorption of sodium was relatively unaffected
by the drug.

This experiment graphically portrays the reciprocal relationship
between the exchange of hydrogen and ammonium ions or potas-
sium ions for sodium, and illustrates the fact that a carbonic
anhydrase inhibitor, by depressing distal hydrogen and ammonia
exchange, facilitates potassium exchange. It should be pointed out
that distal reabsorption of sodium (U/Py,/U/Pq, < 0.05) can by
no means be ascribed solely to potassium, hydrogen and ammonia
exchange. Simple calculations indicate that most of the sodium is
reabsorbed in the distal segment in association with chloride fons
Only a small, albeit significant, fraction of the total is exchanged
for H*, K* and NH*, Furthermore, it is apparent that the site of
most avid reabsorption of sodium 1s slightly more proximal than

#Gince 1t was mnpossible with the exp hnig p. d to prevent
loss of €Oy, all specimens were equilibrated with air prior to measurement of
pEL This exaggerates pH differences, for it causes those samples which contain
bicarbonate (proxsmal) to become more alkaline, whereas those with negligible
bicarbonare (distal) do not change reaction.

*The high U/Px/U/Pc. values in the proximal tubule cannot be interpreted with
any degree of assurance. The ratio of 15 to 2.0 might be considered as ndicating
potassium secrenon in the proximal segment. However, samples held in contact
with proximal epithelm for the 4 min. period of clamping must pass through
the distal segment en route to collection. It is, therefore, probable that much of
the potassium i these samples was added during eransit through the distal pare of
the mephron Any atempe o quantify a proximal contribution to potassium

tion is so dependent on P as to render it of doubtful value,
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the sitc of maximum exchange of sodium for hydrogen, ammonia,
and potasisum.

One additional finding apparent in Figure 36 possibly has sig-
nificance. Values of U/Py,/U/Pc, in specimens from the proximal
segment are uniformly higher after acetazoleamide than in control
experiments; i.e., proximal reabsorption of sodium is inhibited to
some extent by the drug. It is probable that the inhibited fraction
is that ordinarily reabsorbed in exchange for hydrogen and thus
represents sodium bicarbonate. The effect is small because sodium
bicarbonate reabsorption accounts for no more than one-fifth of
total proximal sodium reabsorption and the dose of acetazoleamide
is by no means adequate to block all.

Dichlorphenamide produces the same alterations in renal func-
tion at the same sites within the nephron as does acetazoleamide.
Figure 37 describes a control experiment and an experiment per-
formed immediately after the administration of dichlorphenamide.
Both the control and dichlorphenamide experiments were per-
formed on the same kidney of the same dog. It is evident that
dichlorphenamide blocks ammonia secretion and acidification of
the urine, and enhances the secretion of potassium, all functions
of the distal porrion of the nephron. The drug has litle effect on
sodium or chloride reabsorption in either the proximal or distal
nephron. It 1s impossible in expeniments such as these to distinguish
between the actions of dichlorphenamide and acetezoleamide, if
indeed any differences exst.

Chlorothiazide. Figure 38 illustrates both the nature and local-
ization within the nephron of the actions of chlorothiazide. The
data were derrved from an experiment identical with those of
Figures 36 and 37, except that following the control series of
observations, chlorothiazide was administered intravenously in the
same dosage employed for acetazoleamide. Smce the dose of
chlorothiazide was large 1 comparison with that admmistered
clinically, the qualitative and even quantitative manifestations of
carbonic anhydrase inhibition are essentially the same as those
following acetazoleamide and dichlorphenamide. Thus depression
of ammonia secretion, depression of urine acidification, and en-
hancement of potassium secretion in the distal nephron are essen-
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dally as complete following chlorothiazide as acetazoleamide or
dichlorphenamide. The distal reabsorption of sodium and especially
the distal reabsorption of chloride are little if at all affected by
chlorothiazide. In this respect also chlorothiazide is similar to
acetazoleamide and dichlorphenamide. However, proximal reab-
sorption of sodium is much more significantly depressed by chloro-
thiazide than by the other two diuretics. Furthermore, it is evident
thac proximal depression of sodium reabsorption is associated with
a nearly equivalent depression of chloride reabsorption. Proximal
reabsorption of bicarbonate may well be depressed by chlorothia-
zide burt is impossible to identify this action becauseof the greater
effect on chloride. It is obvious that chlorothiazide is secreted by
the proximal tubules, the U/Pey,/U/Py, ratio attaining values as
high as 11.0. The mechanism which secretes chlorothiazide is the
same as that which secretes paraaminohippurate, pentcillin, diodrast,
phenol red, etc.

Absorption, Distribution, and Excretion. According to Maren,
doses of acetazoleamide within the therapeutic range are com-
pletely absorbed from the gastrointestmal tract of the dog within
2 hr. Some 70 per cent of the administered dose is excreted in the
urine as active drug within 24 hr., the greater proportion within
the first 6 hr. In man, over 90 per cent of the dose is excreted in
the urine. Acetazoleamide is distributed in a volume equivalent to
40 per cent of body weight in the dog; m a slightly smaller volume
in man. It penetrates intraoccular flurd and cerebrospinal fluid
(transcellular fluids) but distributes in a concentration consider-
ably lower than that of plasma. It is filtered through the glomeruli
and partially reabsorbed by the renal tubules, the clearance of
acetazoleamide averaging about two-thirds that of the simul-
taneously determined creatinine clearance The drug is somewhat
concentrated in kidney, pancreas and erythrocytes. When given
in single daily doses, the plasma concentration drops each day to
indeterminate levels after 6 hr.; the red cell concentration, in con-
trast, plateaus at such a level as to interfere in some degree rhroug!l—
out the day with carbon dioxide transport in lungs and tissues (in

the dog but not in man).
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u'.nlly as complete following chlorothiazide as acetazoleamide or
dichlorphenamide. The distal reabsorption of sodium and especially
the distal reabsorption of chloride are little if at all affected by
chlorothiazide. In this respect also chlorothiazide is similar to
acetazoleamide and dichlorphenamide. However, proximal reab-
sorption of sodium is much more significantly depressed by chloro-
thiazide than by the other two diuretics. Furthermore, it is evident
that proximal depression of sodium reabsorption is associated with
a nearly equivalent depression of chloride reabsorption. Proximal
reabsorption of bicarbonate may well be depressed by chlorothia-
zide but is impossible to identify this action because of the greater
effect on chloride. It is obvious that chlorothiazide is secreted by
the proximal tubules, the U/Peyu/U/Pe, ratio attaining values 2s
high as 11.0. The mechanism which secretes chlorothiazide is the
same as that which secretes paraaminohippurate, penicillin, diodrast,
phenol red, ctc.

Absorption, Distribution, and Excretion. According to Maren,
doses of acetazoleamide within the therapeutic range are com-
pletely absorbed from the gastrointestinal tract of the dog within
2 hr. Some 70 per cent of the administered dose is excreted in the
urine as active drug within 24 hr., the greater proportion within
the first 6 hr. In man, over 90 per cent of the dose is excreted in
the urine, Acetazoleamide is distributed in a volume equivalent t0
40 per cent of body weight in the dog; in a slightly smailer volume
in man, It penetrates intraoccular fluid and cerebrospinal fluid
(transcellular fluids) bue distributes in a concentration consider-
ably lower than that of plasma. It is filtered through the glomerult
and partially reabsorbed by the renal tubules, the clearance of
acetazoleamide averaging about two-thirds that of the simul-
tancously determined creatinine clearance The drug is somewhat
concentrated in kidney, pancreas and erythrocytes. When given
in single daily doses, the plasma concentration drops each day to
indeterminate levels after 6 hr.; the red cell concentration, in con-
trast, plateaus at such a level as to interfere in some degree through-
out the day with carbon dioxide transpore in lungs and tissues (in
the dog but not in man).
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tally as complete following chlorothiazide as acetazoleamide or
dichlorphenamide. The distal reabsorption of sodium and especially
the distal reabsorption of chloride are lirtle if ar all affected by
chlorothiazide. In this respect also chlorothiazide is similar to
acetazoleamide and dichlorphenamide. However, proximal reab-
sorption of sodjum is much more significantly depressed by chloro-
thiazide than by the other two diuretics. Furthermore, it is evident
that proximal depression of sodium reabsorption is associated with
a nearly equivalent depression of chloride reabsorption, Proximal
reabsorption of bicarbonate may well be depressed by chlorothia-
zide bur is impossible to identify this action becanseof the greater
effect on chloride. It is obvious thar chlorothiazide is secreted by
the proximal tubules, the U/Pgu/U/Pe, ratio attaining values as
high as 11.0. The mechanism which secretes chlorothiazide is the
same as thar which secretes paraaminohippurare, penicillin, diodrast,
phenol red, etc.

Absorption, Distribution, and Excretion. According to Maren,
doses of acetazoleamude within the therapeutic range are com-
pletely absorbed from the gastrointestinal tract of the dog within
2 hr. Some 70 per cent of the administered dose is excreted in the
urine zs active drug within 24 hr., the greater proportion within
the first 6 hr. In man, over 90 per cent of the dose is excrered in
the urine. Acetazoleamide is distributed in a volume equivalent @
40 per cent of body weight in the dog; in a slightly smaller volume
in man. It penetrates intraoccular fluid and cerebrospinal flnid
(transcellular fluids) but distributes in a concentration consider-
ably lower than that of plasma. It is filtered through the glomeruli
and partially reabsorbed by the renal tubules, the clearance of
acetazoleamide averaging sbout two-thirds that of the simul-
taneously determined creatinine clearance. The drug is somewhat
concentrated in kidney, pancreas and erythrocytes. TVhen given
in single daily doses, the plasma concentration drops cach day to
indeterminate levels after 6 hr.; the red cell concentration, in con-
trast, plateaus at such a level as to interfere in some degree through-
out the day with carbon dioxide transport in Jungs and tissues (in
the dog but not in man).
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is exchanged for sodium and drained from tssues. Hypopotas-
semiz and depletion of celiular stares of potassium resvir.

The extent of the changes in plasma and tissue composition
depends on the magnitude and frequency of the dose, on the
nature of the drug administered and on the adequacy of dietary
intake of ions. Since acetazoleamide and dichlorphenamide are
more powerful inhibitors of carbonic anhydrase than js chloro-
thiazide, significant aberrations in body fluid composition are more
prone to follow their use. However, significant potassium depletion
occurs when chlorothiazide is administered in repeated doses if
dietary intake is inadeqaute. Acidosis is less 2 problem with chloro-
thizzide than with acetazoleamide and dichlorphenamide. In fact
certain patients develop 2 mild hypochloremic alkalosis while on
continued therapy with chlorothiazide due to perferential loss of
sodium and chloride ions.

Drug Refractoriness with respect to effects on excretion of
sodjum and bicarbonate jons derives in part from the abovc men-
tioned changes in plasma position. Metabolic acidosis, result-
ing from urinary loss of bicarbonate, reduces the ﬁJtcred load of
bicarbonate delivered into the renal tubules, Even though avail-
ability of hydrogen ions to the proximal and distal exchange
mechanisms is reduced by carbonic anhydrase inhibitors, the
uncatalyzed rate of hydration of carbon dioxide to carbonic acid
may be adequate to provide for the complete reabsorption of a
reduced amount of filtered bicarbonate. Accordingly, depression
of reabsorption of sodium bicarbanate is self-fimited. It is claimed
that development of refractoriness to dichlorphenamide is much
fess 2 limiting facror in its use a5 a diuretic than is that to acem-
zoleamide. Why this should be is not clear ro the author. Since
the major therapeutic effect of chlorothiazide is depression of
sodium and chloride reabsorption, refractoriness in the semse
described does not occur.

Enhanced excretion of pota.mum is consxdcmbl) less self
limited, and when sulf 1 compounds are inistered daily,
potassium loss may continue, even though sodium and bicarbonate
excredon are sharply curta.ded :nd the urine remains acid. If
dietary intake of t is d as a qI of

q
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Little is known concerning rate of absorption, volume of dise
tribution and mechanism of excretion of dichlorphenamide, for no
chemical methods are available to quantify the drug in blood,
vrine, or tissue. However, dichlorphenamide must be rapidly
absorbed in the gut, for diuresis begins within an hour after its
oral administration, Since its action is more prolonged than that
of acetazoleamide, it is Jikely that its rate of absorption or rate of
excretion is lower,

According to Beyer, chlorothiazide is rapidly absorbed from the
gut. It appears in the blood stream in determinable amounts within
15 min, after an oral dose, reaches peak concentrations within 4§
min., and declines over 6 hr. or more, On an average, 50 per cent
of an oral dose is excreted in 6 hr.; over 95 per cent of an intra-
venous dose is eliminated in the same petiod of time. The renal
clearance of chlorothiazide is high, approximating effective renal
plasma flow. As pointed out above, it is secreted by the same renal
tubular mechanism which secretes paraaminohippurate, diodrast,
phenol red, and penicillin. However, secretory transport may be
dissociated from diuretic activity by the administration of pro-
benecid, a drug which blocks tubular transport without affecting
diuretic activity. Little or no chlorothiazide penctrates muscle, fat,
brain or aqueous humor. However, it is secreted into the bile in
appreciable amounts following oral administration, In contrast to
acetazoleamide, chlorothiazide is not concentrated in erythrocytes,
cellular concentrations in general are less than plasma concen-
tration and drug js not retained in any tissue. Acetazoleamid;,
dichlorphenamide, and chlorothiazide all exert their major diuretic
effects within the first 6 hrs. after oral administration.

Alterations in Body Fluid Composition. Characteristically car-
Dbonic anhydrase inhibitors depress plasma pH; first, because they
interfere with pulmonary excretion of carbon dioxide (in the dog
more than in man, and acetazoleamide more than chlorothiazide);
second, because they induce urinary excretion and reduce plasms
concentration of bicarbonate. They hkewise promote urinary loss
of postassium, presumably by interfering with the supply of
hydrogen ions to the exchange mechanism of distaf tbular CFHS-
Lacking hydrogen ions, potassium ions are substituted; potassiumt
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is exchanged for sodium and drained from tissues. Hypopotas-
semia and depletion of cellular stores of potassium result.

The extent of the changes in plasma and tissue composition
depends on the magnitude and frequency of the dose, on the
nature of the drug administered and on the adequacy of dietary
intake of jons. Since acetazoleamide and dichlorphenamide are
more powerful inhibitors of carbonic anhydrase than is chloro-
thiazide, significant aberrations in body fluid camposition are more
prone to follow their use. However, significant potassium depletion
occurs when chlorothiazide is administered in repeated doses if
dietary intake is inadeqaute. Acidosis is less a problem with chloro-
thiazide than with acetazoleamide and dichlorph ide. In fact
certain patients develop a mild hypochloremic alkalosis while on
continued therapy with chlorothiazide due to perferential loss of
sedium and chloride ions,

Drug Refractoripess with respect to effects on excretion of
sodium and bicarbonate ions derives in part from the above men-
tioned changes in plasma position. Metabolic acidosis, result-
ing from urinary loss of bicarbonate, reduces the filtered load of
bicarbonate delivered into the renal wbules. Even though avail-
ability of hydrogen ions to the proximal and distal exchange
mechanisms is reduced by carbomc anhydrase inhibitors, the
uncatalyzed rate of hydration of carbon dioxide to carbonic acid
may be adequare to provide for the complete reabsorption of a
reduced amoune of filtered bicarbonate, Accordingly, depression
of reabsorption of sodium bicarbonate is self-bmted. Tt 1 claimed
that development of refractoriness to dichlorphenamide 1s much
less 2 limiting factor 1n its use as a diuretic than is that to aceta-
zoleamide. Why ths should be 15 not clear to the author, Since
the major therapeutic effect of chlorothiazide is depression of
sodum and chloride reabsorption, refractoriness in the sense
described does not occur.

. Enhanced excrenon of potassum is considerably less self
limited, and when sulf yl pounds are administered daily,
Potassium loss may continue, even though sodium and bicarbonate
elfcrcn'on are sharply curtailed and the urine remains acid. If
dietary intake of porassium is inad 25 a of
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Little is known concerning sate of absorption, volume of dis
tribution and mechanism of excretion of dichlorphenamide, for no
chemical methods are available to quantify the drug in blood,
urine, or tissue. However, dichlorphenamide must be rapidly
absorbed in the gut, for diuresis begins within an hour after its
oral administration. Since its action is more prolonged than that
of acetazoleamide, it 1s likely that its rate of absorption or rate of
excretion is lower,

According to Beyer, chlorothiazide is rapidly absorbed from the
gut. It appears in the blood stream in determinable amounts within
15 min. after an oral dose, reaches peak concentrations within 43
min,, and declines over 6 hr. or more. On an average, 50 per cent
of an oral dose is excreted in 6 hr, over 95 per cent of an intra-
venous dose is eliminated in the same period of time. The renal
clearance of chlorothiazide is high, approximating effective renal
plasma flow. As pointed out above, it 15 secreted by the same renal
tubular mechanism which secretes paraaminohippurate, diodrast,
phenol red, and penicillin, However, secretory transport may be
dissociated from diuretic activity by the administration of pro-
benecid, a drug which blocks tubular transport without affecting
diuretic activity. Little or no chlorothiazide penetrates muscle, fat,
brain or aqueous humor. Hewever, it is secreted into the bile in
appreciable amounts following oral administration. In contrast t0
acetazoleamide, chlorothiazide is not concentrated in erythrocytes;
cellular concentrations in general are less than plasma concen-
tration and drug is not retained 1 any tssue. Acerazoleamide,
dichlorphenamide, and chlorothiazide all exert their major dwreuc
effects within the first 6 hrs, after oral 2administration.

Alterations in Body Fluid Composition. Characteristically car~
bonic anhydrase inhibicors depress plasma pH; first, because they
interfere with pulmonary excretion of carbon dioxide (in the dog
more than in man, and acetazoleamide more than chlorothiazide);
second, because they induce urinary excretion and reduce plasma
concentration of bicarbonate. They likewise promote urinary loss
of postassium, presumsbly by interferng with the supply of
hydrogen ions to the exchange mechanism of distal tubular c.ells.
Lacking hydrogen ions, potassium ions are substituted; potassium
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net effect is a modest daily loss of sodium and chloride ions
although the drug per se causes loss of sodium and bicarbonate
ions.

A somewhat less desirable regimen is the administration of 0.25
to 0.5 gm. tid. for a period of 2 to 3 days, whereupon the
average patient becomes refractory. The drug is withheld for 2 to
3 days, and the course repeated. Correction of acidosis and excre-
tion of chloride occurs in the drug free interval. Where production
of hyperchloremic acidesis as a means of potentiating mercurial
diuretics is the desired end, Luckey advises the daily administration
of 0.7§ gm. of acetazoleamide and up to 10 gm. of ammonium
chloride in divided doses for 3 days; acetazoleamide is withdrawn
but ammonium chloride is continued on the 4th and Sth days; and
2 ml of Mercuhydrin are given on the Sth, 6th, and 7th days.
This regimen has been particularly effective m diuretic resistant
patients in congestive failure. Most agree that the administration of
acetazoleamide and a mercurial diuretic on the same day reduces
the response obtained with either agent. Luckey finds the peak
diuretic response to mercury 48 hr. after the last dose of acetazole-
amide. Where 1! is ini d for its primary
diuretic action, ammenium chloride is of cours: contraindicated,
for it merely hastens the development of refractory acidosis,

It has been pomted out in Chapter X1 on steroid therapy that
the admimstration of ACTH, cortisone, hydrocortisone, predni-
sone, and prednisolone potentiate the dwretic actions of both
ory ial and sulf yl ds. The mechanism of
this potentiation is by no means clear. However, the administration
of predmsone or predmsolone increases the response to acetazole-
amide in the patient otherwise refractory to the drug. It seems
likely that these steroids would also potentiate the action of
dichlorphenamide and chlorothiazide.

Dichlorphenamide has been little studied clinically. Hence
there 15 nsufficient experience upon which to base dosage and
therapeutic regimen. It is probable that this drug should be em-
ployed m much the same manner as acetazoleamide.

Chlorothiazide is ordinarily admimstered in a total daily dose
of 0.5 gm. to 2.0 gm., in the lower range as a single dose, in the
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anorexia or dietary fad, potassium may be drained from tissues to
urine. Cells become depleted of potassium and gain sodium.
Abdominal distension, weakness, lassitude, and cardiac irregularities
develop. Whenever carbonic anhydrase inhibitors are used, jt is
wise to ensure an adequate potassium intake, e.., 8 ounces or more
of orange juice or 2 to § gm. of KCl per day.

All refractoriness to carbonic anhydrase inhibitors, does not
derive from metabolic acidosis. Undoubtedly a significant factor is
the reduction in glomerular filtration rate which occurs in re-
sponse to a reduction in extracellular volume. Reduction in extra-
cellular volume no doubt stimulates aldosterone secretion and
enhances tubular reabsorption of sodium. Both responses increase
glomerulo-tubular imbalance and favor retention of salt and water.
The hypokalemia which develops in response to continued exhibi-
tion of a potent carbonic anhydrase inhibitor seems actually to
stimulate the distal tubular mechanisms for acidification of the
urine and for ammonia secretion, and hence contributes to the
development of refractoriness.

Dosage and Route of Administration, A leamide, dichlor-
phenamide, and chlorothiazide are readily and rapidly absorbed
on oral administration. While it is true that diuretic responses afre
more immediately impressive when a given dose is administered
intravenously than when administered orally, one of the major
virtues of these agents is lost if one resorts to parenteral therapy.
If response to oral therapy is inadequate, it is better to tum t0
more potent agents rather than to intravenous administration.

Acetazoleamide may be administered in one of two ways 2
avoid, in whatever degree possible, the development of drug
tolerance. A dose of 0.25 to 0.75 gm., preferably 0.5 gm., can be
given once a day in the morning. The diuretic response lasts for 6
hr. or less, and during the remainder of the day disturbances in
acid base balance are corrected by increased excretion of ammonia
and titratable acid. Thus a response may be obrained each day
under favorable circumstances, i.e., tolerance may not develop. The
rationale of such treatment is the following: sodium and bicar-
bonate jons are excreted during the period of diuresis; chloride is
excreted along with ammonia during the drug free interval. The
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net effect is a modest daily loss of sodium and chloride jons
although the drug per se causes loss of sodium and bicarbonate
ions.

A somewhat less desirable regimen is the administration of 0.25
to 0.5 gm. tid. for a period of 2 to 3 days, whereupon the
average patient becomes refractory. The drug is withheld for 2 to
3 days, and the course repeated. Correction of acidosis and excre-
tion of chloride occurs in the drug free interval. Where production
of hyperchloremic acidosis as a means of potentiating mercurial
diuretics is the desired end, Luckey advises the daily administration
of 0.75 gm. of acetazoleamide and up to 10 gm. of ammonium
chloride in divided doses for 3 days; acetazoleamide is withdrawn
but ammonium chloride is continued on the 4th and 5th days; and
2 ml. of Mercuhydrin are given on the 5th, 6th, and 7th days.
This regimen has been particularly effective in diuretic resistant
patients in congestive failure, Most agree that the administration of
acetazoleamide and a mercurial diuretic on the same day reduces
the response obtamed with either agent. Luckey finds the peak
diuretic response to mercury 48 hr. after the last dose of acetazole-
amide. Where is inistered for its primary
diuretic action, ammonium chloride 1s of course contraindicated,
for it merely hastens the development of refractory acidosis.

It has been pointed out in Chapter XII on steroid therapy that
the administration of ACTH, cortisone, hydrocortisone, predni-
sone, and predmsolone potentiate the diuretic actions of both
or curial and sulf yl pounds. The hanism of
this potentiation 1 by no means clear. However, the administration
of prednisone or prednisolone increases the response to acetazole-
amide in the patient otherwise refractory to the drug. It seems
likely thar these steroids would also potenuate the action of
dichlorphenamide and chlorothiazide.

Dichlorphenamide has been little studied clinically. Hence
there is msufficient experience upon which to base dosage and
therapeutic regimen, It 1s probable that this drug should be em-
ployed in much the same manner as acetazoleamide.

Chlorothiazide is ordmarily admmistered in a total daily dose
of 0.5 gm to 20 gm,, in the lower range as a single dose, in the
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higher, divided into 4 doses per day. As much as 8.0 gm. per day
has been given for short periods with no adverse effects. However,
no greater response is obtained with 8.0 gm, than with 2.0 gm. Tol-
erance does not develop to chlorothiazide in the same sense that it
does to acetazoleamide, i.c., as a consequence of development of
metabolic hyperchloremic acidosis. The reason is clear; chlorothia-
zide is a rather ineffective inhibitor of carbonic anhydrase and in
the usual daily dose does not cause the excretion of appreciable
quantities of bicarbonate. The clinical diuretic efficacy of chloro-
thiazide depends on its capacity to promote sodium and chloride ex-
cretion, not sodium and bicarbonate excretion. There is some
y for chlor ide to cause the development of hypo-
chloremic alkalosis of insignificant proportions. The alternation of
courses of chlorothiazide and acetazoleamide or dichlorphenamide,
the coadministration of the drugs or even the combination of
chlorothiazide with small doses of ammonium chloride might be
expected to correct this abnormality and render drug action more
effective. Bayliss, Laragh and others recommend the coadministra-
tion of chlorothiazide and mercurial diuretics in divretic resistant
patients.

Chlorothiazide is of course as susceptible to nonacidotic mecha-
nisms of drug refractoriness as any other diuretic. That is, low
glomerular filtration rate, high rate of aldosterone secretion and
hypokalemia all conspire to reduce diuretic activity.

Toxicity, The longer a drug is used, the broader becomes the
spectrum of its toxic manifestations. Toxic actions of acetazole~
amide are therefore recognized as more than are those
of chiorothiazide and dichlorphenamide, if for no other reason,
because it has been used for a longer period of time,

If as much as 1.0 gm. of leamide is administered per day
for any significant period of time, minor toxic manifestations are
prone to develop, including anorexia, nausea, vomiting, diarrhea,
paresthesias of face and extremities, lassitude, and drowsyness.
Qccasionally light sensitive skin rashes and rarely bone marrow
depression results, Chlorothiazide, in comparison, has been described
as jonally producing gastric di fort, mild p ias
and skin rashes, but, in general, to be remarkably free of adverse

q
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side reactions. Animal studies i that dichlorph ide is
a remarkably benign agent. However, it has not been sufficiently
used in man to define its toxic manifestations when employed in
diuretic therapy. All three drugs can produce potassium depletion
and signs and symptoms of hypokalemia. Depletion of potassium
is especially marked in patients with cirrhosis and evidence of
marked liver dysfunction. Acetazoleamide and probably dichlor-
phenamide and chlorothiazide cause 2 significant increase in blood
ammonia in patients with chronic liver disease. These two factors
may precipitate hepatic coma in patients with impending pre-
coma. Sherlock advises suppl ion of dietary potassium in all
patients with cirrhosis and ascites treated with acetazoleamude or
chlorothiazide as a prophylaxis against potassium depletion and
hepatic coma. Potassium supplements should also be given when
chlorothiazide is used in the treatment of hypertension, for pro-
longed therapy with sulfonamyl compounds may cause potassium
depletion in non-edematous as well as edematous patients. Digitalis
toxicity is especially prone to occur in patients treated with
sulfonamyl compounds. It is therefore wise to supplement potas-
sium intake upon institution of dwmretic therapy. Hyponatremia
may develop as a consequence of salt restriction and excessive
fluid intake and is managed as described in Chapter XIX. Daily
floses of acetazoleamide may produce a marked metabolic acidosis
in patients with severe renal insufficiency, a complication less apt
to occur with chlorothiazide because it is less effective as an
inhibitor of carbonic anhydrase. Dichlorphenamide will probably
prove similar to acetazoleamide in this respect.

Comparison of Potentialities of Acetazoleamide, Dichlor.
bh ide, and Chlorothiazide, A leamide, dichlorphena-
mide, and chlorothiazide are useful drugs when properly employed
m.se]ecrcd patients, Experience with dichlorphenamide and chloro-
thiazide has been insufficient to justify a truly valid comparison,
although himited clinical experience indicates that the latter drug
is considerably more potent and more widely effective than aceta-
zoleamide. Acetazoleamide finds its greatest use in states of
mod.ex:atc salt retention, not in severely ill patients maxmally
retaining sodium, The nature of the disease process scems much

™
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less significant than its severity. The need for a potent diuretic is,
of course, related to intensity of salt retention, thus to severity 0
the disease process. However, the usefulness of an oral diuretic
agent is related to its freedom from undesirable side reactions, its
at.nli(y to control moderate salt retention, thus 10 Jiberalize the
dietary regimen, and its capacity from day t© day to mainuin 3
stable cdema free state, In cereain patients, acetazoleamide accom
plishes these ends admirably. General experience has been that
the severely ill patient responds inadequately.

Chlorothiazide gives promise of greater efficacy in patients with
more intense salt retention. Ford, Laragh, Schreiner, Bayliss and
others find it effective in 2 variety of edematous States and in some
patients refractory 1o other forms of dwretic therapy- ‘Whether
it will supplant mercurial diuretics, potcntiatcd with ammonium
chloride, aminophylline, and/for corticosteroids in the treatment of
severely ill patients must be decided on the basis of wider clinical
trial.

Certain physmlogical considerations incline one t@
thiazide over acerazoleamide or dichlorphenamide as 3 diuretic
apart from the ultimate criterion of clinical efficacy. A diuretic
which blocks reabsorption of chloride and sodium sons should be
more cffective in the treatment of edema than one which blocks
reabsorption of bicarbonate and sodium jons. The reasons for this
are simple. (1) The filtered load of chloride is some four times
the filtered load of bicarbonate. Were one to block 10 per cent
of the reabsorption of chloride and sodium, four tumes as MBS
edema flud would be removed as if one were to block 10 per cent
of bicarbonate reabsorption. @I instead one considers the effect
of the urinary loss of 140 mEq. of sodum as bicarbonate, the dis-
tortion of the acid-base patern of the extracellular fluid woul
be greater than if the same amount of sodium were lost as chloride.
(3) The distortion of the acid-base pattern produced by Toss of
sodium and chloride (metabolic alkalosis) can be easily corrected
by administration of ammonium chloride, which in effect adds
neither anion nor cation to the body fluids, but merely substitutes
chloride for bicarbonate. The distortion produced by loss of
carbonate can be corrected only by giving sodum

favor chloro-

sodium and bi
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bicarbonate or some sodium salt with a metabolizable anion
(neither procedure is desirable) or by relying on the kidneys to
correct the imbalance, which they may do with little or no net
loss of fixed cation.

SUMMARY

N’ unsubstituted sulfonamy] compounds inhibit carbonic an-
hydrase and thus depress the hydration of carbon dioxide to form
carbonic acid. It is probable that these drugs reduce the availability
of hydrogen ions to both proximal and distal tubular jon exchange
mechanisms, The proximal tubular mechanism exchanges hydrogen
ions for sodium jons in the process of reabsorbing sodium bicar-
bonate, Enzymatic blockade of this system results in the excretion
of sodium and bicarbonate ions. The distal mechanism exchanges
either hydrogen or potassium jons for sodium ions in processes
concerned with reabsorption of bicarbonate, with acidification of
the urine, and with secretion of potassium and ammonia. Enzy-
matic blockade of this system resules in alkalinization of the urine,
in the excretion of additional sodium and bicarbonate ions, and in
the secretion of potassium rather than hydrogen ions or ammonia.

Inhibition of carbonic anhydrase depends on the presence
within the drug molecule of an unsubstituted sulfonamyl group,

~50,NH,. Heterocyclic compounds, such as leamide, or
halogen substituted disulfonamides, such as dichlorphamide, are
most active. Sulf yl b hiadiazi such as chlorothiazide

and perhaps dichlorphenamide as well possess an additional prop-
erty, namely, the ability to block the proximal rubular reabsorption
of sodium and chloride jons. The clinical efficacy of chlorothiazide
as a dwretic depends on this latter property, its capacity to inhibit
carbonic anhydrase 1s weak and it rarely causes excretion of
bic:.ubonare or alkalinization of the urine when given orally to
patients.

Acetazoleamide, by blocking the reabsorption of sodium bicar-
bonate, produces metabolic hyperchloremic acidosis. Acidosis 1s a
major cause of the refractoriness which develops when acetazole-
amide is administered in repeated doses. Chlorothiazide, by block-
ing the reabsorption of sodium chloride produces metabolic hypo-



278 THE PHYSIOLOGICAL BAS!IS OF DIURETIC THERAPY

chloremic alkalosis. This disturbance of acid base balance is rela-
3 o . 2

tively mild and does not seem to alter drug efficacy. It is readily
correctible by dministration of ac leamide, dichlorphen-
amide, or small doses of ammonium chloride. Dichlorphenamide is
claimed on the basis of animal experiments to induce drug refrac-
toriness to a lesser extent than acetazoleamide. Whether this will
be borne out in clinical usage is unknown, Reduetion of ﬁlr.ratio_n
rate and excessive secretion of aldosterone contribute to refractori-
ness to all sulfonamyl compounds. Mercurial diuretics may be
a2dministered in association with chlorothiazide but not with aceta-
zoleamide. Acetazoleamide, chlorothiazide and dichlorphcnamnde
are relatively benign and when given in proper dosage produce
few side reactions. However, all sulfonamyl compounds may cause
depletion of body stores of potassium, and it is imperative that
dietary intake be adequate when these drugs are administered over
prolonged periods of time. .

A leamide produces adequate diuresis in mild salt retaining
states but is frequently ineffective in more severely ill patients.
Limited clinical experience indicates that chlorothiazide may pro-
duce diuresis in more severely ill patients. The severity Of_ 'rhe
disease process rather than its nature appears to be the limiting
factor in the therapy of edema with any of these agents. Clini(:‘al
usage of dichlorphenamide has not been sufficient to assess 1t
potentialities.
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Chapter XVIHT
POTASSIUM SALTS

POTASS[UM salts are among the oldest of diuretics. Thomas
Willis in 1679 firse 1 ded the administration of potasst
nitrate in dropsy, and even today the nitcate is accepted as the
most effective salt. The erder of efficacy is claimed ro be nitrate,
chloride and bicarbonate, acetate, and citrate, she Jast three having
equal diurctic potency. ANl of these salts may produce loss of
sodium and water and decrease in body weight when administered
in adequate dosage to sus patients. B many patients
respond in an inadequate fashion, potassium salts are rarely used
today as primary diuretics. However, they are valuable adjuvants
in therapeutic regimens which include more potent diuretics, for
such drugs increase urinary excretion of potassium. M dietary
intake is inadequate to cover urinary losses, hypokalemia and
depletion of cellular stores of potassium occur, Muscular weakness
cardiac isregularities, anorexia, and sbdominal di jated
with diuretic therapy, are frequent results of depletion of

sium stores. Digitalis intoxication in the cardiac opumally digital-
ized prior to diuretic therapy and precipitation of hepatic coms
m the cirrhotic can likewise be assigned in many instances 10
porassium depletion. Potassium supplementation is especially neces-
sary when daidy doses of acetazoleamide, chlorothiazide, or dichior-
phenamide are administered.

Mechanism of Diuretic Action. According to Berliner, most of
the potassium entening the renal tubule m the glomerular filtrate
is reabsorbed in the proximal segment; that which is excreted in
the urine is in Jarge part added in the distal portion of the nephren.
It is probable that some porassium is secreted in the collecting
duct. As pointed out in Chapter IV, potassium jons are secreted
into the urine in exchange for sodium ions by the same distal

potas-
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mechanism  which secretes hydrogen jons. When potassiem
chloride is administered in 2dequate dosage, the urine becomes
alkaline and ins increased of pe , bicarbonate
and sodium. Chloride excretion is only slightly increased. 1f
potassium npitrate or sulfate arc administered, somewhat more
chloride is eliminated,

These findings are most adequately explained by the now gen-
eraly accepted thesis that hydrogen and potassium 10ns compete
for a common distal transport hanism. If large bers of
p ions are supplied to the exch hanism, potassi
rather than hydrogen is transported, and the urine becomes alka-
fine. According to Berliner, Kennedy and Orloff, competition
between potassum and hydrogen jons for the common exchange
mechanism is not on a one to one basis; instead it is roughly on
1 two to three basis. Thus for the secretion of every two potassium
ions, three hydrogen ions are displaced from the exchange mecha-
nism. One less sodium ion and three fewer bicarbonate jons are
reabsorbed, There results a net loss of one sodium ion from body
stores for each two potassium ions secreted. The excess cations
are largely climinated as bicarbonate. Because hydrogen ion ex-
change is depressed and the urine becomes alkaline, ammonia
excretion declines. Continued oral administration of potassium
salts therefore results in the development of a mild hyperchloremic
metabolic acidosis. The acidoss is self-limited, for in the course of
2 few days chloride replaces bicarbonate in the urine, The diuretic
action of potassium salts is also evanescent; within a few days
sodium loss in the urine ceases.

Potasium salts also act as osmotic diuretics (cf. Chapter XIV).
Such efficacy as they may have in this respect is due to their rapid
elimination by tubular secretion. In the postabsorptive state, the
pouassm clearance of the normal individual is Jess than one-
Quarter the rate of glomerular filtration, a fact which indicates
extensive tubular reabsorption. Following ingestion of a potassium
salt, clearance rises sharply with relatively little increase in serum
concentration to approach and even to exceed glomerular filtration.
dos’:,:fges' t’massium salts have be.r:n administered orally in daily

0 10 gm. of the chloride; 8 to 12 gm. of the nitrate,
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and up to 20 gm. of the citrate. They may be given in divided
doses 3 to 4 times daily in 10 per cent solution or in capsules. In
general, the greater the dosage, the more adequate the response,
but ac best results are not impressive. Within the dose range noted
above, potassium salts are well tolerated by most patienrs, and
cause only minimal changes in serum concentration. This latter
finding results from the fact that potassium penetrates cells readily,
hence distributes throughout total body water; intracellular con-
centration increases in proportion to the increase in extracellular
concentration. However, in some patients, potassium salts cause
gastric irritation. Because of their brief diuretic action, potassium
salts are commonly administered for 3 to 4 days, followed by 3
rest period of equal length. When given prophylactically, they
are administered daily.

Contraindications. Potassium salts should not be given to
patients with markedly impaired renal function and elevated serum
potassium levels, because of the danger of potassium intoxication
with its manifestations of cardiac conduction disturbances and
cardiac arrest. Renal disease per se is not a contraindication to use
of potassium salts for the capacity to excrete potassium is well
maintained until late in the disease process.

SUMMARY

Potassium salts are weak diuretics by virtue of the fact that the
exchange of hydrogen ions for sodium ions in the distal portion
of the nephron is depressed to a greater degree than the exchange
of potassium ions for sodium 1ons is enhanced. “They also act s
mild osmotic diuretics. The major use of potassium salts in diuretic
therapy 15 in prophylaxis of hypokalemia and depletion of cellular
potassium reserves.
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Chapter XIX

HYPONATREMIA AND POTASSIUM
DEFICIENCY

REDUCTION of the sodium concentration of extracellular
fluid (hyponatremia) and depletion of body reserves of potassium
(associated with hypokalemia) are plications which may anise
in the course of therapy with any effective diuretic agent. These
alterations in composition of the body fluids mcrease disability,
interfere with reduction of edema, and when severe, jeopardize
life. Within limits, they can and should be avoided; if they occufs
they should be recognized and treated appropriately.

HYPONATREMIA

Hyponatremia in clinical parlance means a reduction in the
plasma or serum concentration of sodium to a value less than 135
mEq. per liter, the lower limit of normal, although the term
literally means a reduction in the sodium concentration of bleod.
Actually hyponatremia is a clintcally significant cause of symproms
and signs (low salt syndrome) only when concentration falls below
125 mEq, per hrer. Furthermore, as Albrink et al have paiﬂ!Cd
out, some degree of hyponatremia 1s entirely normal m marke
hyperlipemia. Lipid occupies volume in plasma, sodiunt is dissolved
n water. Accordingly, the sodium concentration in the aqueous
phase of plasma, hence in extracellular fluid, may be normal, yet
concentration per liter of plasma may be subnormal in proportion
to volume occupied by lipid. Even in true hyponatremia, symp-
toms and signs referable to this abnormalicy are conditioned both
by the rate at which it develops and by its inciting cause. We shall
confine this discussion to hyponatremia associated with edema
and/or ascites which develops in the course of and often as a con-
sequence of therapy. Welt distinguishes three types of hypona-

.04
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tremia, chronic hyponatremia, acute hyponatremia without c.vi-
dence of reduction in plasma volume, and acute hyponatrema with
evidence of peripheral circulatory failure. All are fundamentally
dilutional fn origin, i., water is retained in the body in excess
of sodium, or conversely sodium is excreted in excess of water.

Chronic Hyponatremia develops gradually and is most fre-
quently observed in nephrosis, cirrhosis with ascites, and in severe
and long standing congestive circulatory failure, Tt also occurs lare
in the course of many severe debilitating diseases unassociated with
edema, eg., advanced pulmonary tuberculosis and generalized
carcinomatosis. It may be an expression of wide spread depression
of metabolic functions of all cells. Since cachexia is ofren a com-
mon factor, it has been loosely termed the “sick cell” syndrome.
Chronic hyponatremia per se is singularly asymptomatic. Little
evidesce of cellular edema exisis and attempts to correct the
obvious hyp lality of extracellular fluid by the infusion of
hypertonic sadium chlotide causes intense thirst; when water is
ingested, body fluids are rediluted. Those patients unable to
excrete 3 s3lt load, i.e., those with edema or ascites, expand extra-
cellular and transcellular fluid volumes. Those patients capable of
excreting a salt load do so and return to their pretreatment con-
dition. In any event chronic hyponatremia is 2 grave sign.

The cause of chronic hyponatremia is not known with any
certainty. However, one may speculate that it represents a primary
reduction in osmolality of cells and an associated secondary reduc-
tlon in labity of extracellalar fluid, B bly the osmotic
activity of the contents of the intracranial osmoreceptors, like
that of other cells, is reduced, Therefore, they respond to concen-
trazon and dilution of extracellular flnid in an abnormal fashion;

} e, Ithe osmostat (analogous to a thermostar) is resct to a lower
evel,

Laragh has shown that the oral administration of 4 to 22 gm. of
K(.:).m chronically hyponatremic edematous patients may cause 2
striking _increasc in the extracellular sodium concentration without
the ad_mmistration of exogenous sodium and without Joss of warer.
Porassium enters cells in exchange for sodium. If more potassium
enzers than sodiom leaves, cellular osmolality increases, and water
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enters by osmosis. The transfer of sodium and possibly hydrogen
ions to extraccllular fluid in exchange for potassium and the
migration of extracellular water into cells both conspire to increase
extracellular osmolality and to raise plasma sodium concentration
How universally potassium therapy will correct hyponatremia is
not known. The procedure is not without hazard for it appears
that the chronically edematous hyponatremic patient is less capable
of excreting an excessively large potassium load than is the non-
hyponatremic patient. Elevation of plasma potassium is therefore
prone to occur.

Chironic hyponatremia is commonly associated with resistance
to diuretic therapy, the usual regimens causing neither loss of water
nor loss of sodium. As was pointed out in Chapter XII, Schemn
first observed that cerrain edematous, hyponatremic, and moribund
patients, resistant to all common forms of therapy, could be made
responsive by treatment with ACTH and cortisone. Subsequently
others showed that prednisone and prednisolone were also effective
in potentiating diuretic activity. Often steroids first induce water
diuresis, restoring osmolality toward normal, then in combination
with organomercurial or sulfonamyl compounds induce sodium
and water diuresis, causing further reduction of edema. Itis not
known if the primary action of steroids is to promote the excretion
of water by a direct renal action, resulting secondarily in an in-
crease in extracellular and cellular osmolality, or if their prmary
action is to increase cellular osmolality, including 2 resetting of
the resulting ily in a loss of water from the
extracellular compartment.

As has been pointed out in preceding chapters, various pro-
cedures may be employed to increase diuretic efficacy in resistant
patients, including those with chronic hyponatremia. However,
addition of salt to the diet or the infusion of hypertonic saline is
relatively ineffective either in correcting hyponatremia or in
restoring responsiveness to diuretics.

Acute Dilutional Hyponatremia Without Reduction in Plasma
Volume commonly develops at an intermediate rate in patients
maintained on a low salc diet, subjected to intensive diuretic
therapy, and encouraged to drink excessive amounts of water.
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Except for the presence of edema, the condition is akin to that
which develops in normal subjects maintained on a low salt intake,
depleted of sodium by profuse sweating, and allowed free access
to water, as described by McCance and others. Hemoconcentra-
tion and signs of peripheral circulatory failure are absent, but the
patient is restless, complains of muscle cramps, exhibits muscle
twitching, becomes lethargic or comatose, and finally convulses.
Symptoms and signs are those of water intoxication and in large
part may be assigned to cellular edema. Superimposed on this
picture may be evidence of progressive renal failure, with reduced
glomerular filtration rate and elevated blood urea nitrogen.

It was pointed out in Chapter V that osmolahty and volume
of extracellular fluid are regulated by independent mecha-
nisms. However, it was further stated that interaction occurs and
that precise regulation of osmolality may be sacrificed in the
interest of partial maintenance of volume. The patient with an
absolute or relative reduction in plasma or extracellular fluid
volume exhibits thirst, drinks water and partially restores volume
at the expense of reduced extracellular and cellular osmolality.
Two possible causes of water retention have been suggested. First,
the volume receptor mechanism acting through the esmoregulatory-
antidivretic hormone mechanism, stimulares retention of water,
even though osmolality of the body fluids is depressed. Second,
the volume receptor mechanism, acting through autonomic or
h 1 effector hani reduces glomerular filtration rate.
As Berliner and others have shown, a reduction of filtration rate
of sufficient magnitude will cause over-reabsorption of water and
formation of small velumes of hypertonic urine, even though the
body fluids are excessively diluted. It is not known which of the
two mechanisms is the more significant; both might well play a
role.

If the symptoms and signs of acute dilutional hyponatremia
are mild, withholding of water, ion of diuretic therapy, and
Iiberalization of salt intake may be all that is required. If moderate,
hypertonic urea may be given by gavage to abstract water from
the body osmotically. If severe, hypertonic saline, given intra-
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venously, is necessaty and often provides immediate and dramatic
relief.

Acute Dilutional Hyponatremia With Evid of Peripheral
Circulatory Failure develops shortly after massive paracentesis,
profound diuresis, and severe vomiting or diarrhea. The clinical
picture resembles that described above but includes in addition,
symptoms and signs of peripheral circulatory collapse. Fall in
blood pressure, rapid, weak, thready pulse, cold, clammy cyanotic
skin, oliguria or anuria, and hemoconcentration are added to the
signs of water intoxication.

The removal of large volumes of ascitic fluid reduces intra-
abdominal pressure. Tr dation occurs at an accelerated rate and
plasma volume is reduced. Thirst drives the patient to replace his
fluid deficit, but most of the water mgested enters cells, interstitial
fluid, and the peritoneal cavity. Body fluids are diluted, only 2
small fraction of the water is retained in the vascular bed, and
peripheral circulatory failure resules. Massive diuresis, vomiting,
or diarrhea may similarly result in reduced circulating blood
volume, thirst and dilution of body fluids. The factors which limit
the excretion of water and restoration of osmolality of body fluids
are those described above. Treatment is that for acute didutional
hyponatremia without evidence of reduction in plasma volume.

The occurence of acute dilutional hyponatremia with or with-
out evidence of peripheral circulatory collapse can frequently be
avoided by repeated paracentesis of small volumes of fluid (2 or
3 liters) rather than by a single massive abdominal tap. Similacly,
diuretics should be administered to ively ed us patients
in such amounts as to remove not more than 2 to 3 liters of edema
fluid per day. The more profound the diuresis, the greater is the
incidence of complications.

Hypeﬂnm't Saline in the Treatment of Hyponatremia in ed-
ematous patients should be employed with caution and only in the
presence of symptoms and signs of frank water intoxication:
lethargy, coma, muscle twitching, or convulsions. In less critical
situations, the withholding of fluids, cessation of diuretic therapy,
and liberalization of salt intake will ameliorate the condition.

According to Welt the quantity of sodium required to restore
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osmolality of the body fluids to normal is equal to the deficit in
concentration per liter of plasma multiplied by the estimated
number of liters of toral body water. This does not imply, as one
might surmize, that sodium is distributed throughout body water,
cellular as well as extracellular. Rather it implies a uniform osmol-
ahry throughout all body fluids which demands that an mcrcase
in the concentration of sodium in extracellular fluid be accompli

ed by the same increase in total solute concentration in the cell
water. This increase m intracellular concentration will be accom-
plished by the mavement of water from the cells in response to the
addition of hypertonic salt to the extracellular fluid. Although
the administered salt will, for the most part, be confined to the
extracellular compartment, 1ts osmotic effect is distributed through-
out both compartments. In terms of mEq, 1t is advisable to
administer one-fifth of the dose as sodium bicarbonate, four-fifths
as sodium chlonde to avoid acidosis. It must be given intravenously
at a slow rate in hypertoruc solution, 3 to 5 per cent, and water
must be withheld for the succeeding 6 to 12 hr. to prevent
redilution and increased edema. It is preferable to give only a part
of the calculated dose and to note the response. Marked clinical
improvement will occur with partial correction of hyponatremia
of symptoms and signs are in truth due to this abnormality of body
fluid composition,

HYPOKALEMIA AND POTASSIUM DEFICIENCY

Depletion of body stores of potassium is also a potential com-
plicadon of all forms of dwretic therapy. It is most prone to
develop n the course of prolonged or mtensive treatment with
mercurial diuretics, hydrogen and ammonium cycle resins, am-
monium chloride, and sulfonamyl compounds, especially if ano-
rexia or vomiting limit dietary intake or if diarrhea causes increased
fecal loss. Under most circumstances, hypokalema, 1 e., reduction
of the plasma concentration of potassium to a value less than 3.5
mEq. per liter, is indicative of potassum depletion. However, the
extent of the reduction in plasma potassium is no adequate gauge
of the magnitude of total body deficit.
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Mﬂn{'fcﬂaﬁons of Potassium Depletion include the neuromus-
culnt. signs of diminished deep reflexes, weakness progressing to
flaccid paralysis, and mental confusion; the gastrointestinal signs of
anorexia, diarrhea, abdomunal distension, and ultimarely paralytic
ileus; the cardiac signs of rapid rate and irregular thythm; and the
anaI signs of isosthenuria, and less frequently, reduction in filtra-
tion rate and azotemia.

Potassium depleted parients arc highly sensitive to the digitalis
glycosides. Those who are on mamtenance doses and who are
adequately digitalized show signs of tovicity if potassum stores
are even modestly depleted. Electrocardiographic abnormalities of
potasstum depletion and/or digitahs meoxication include low or
inverted and broadened T waves, prolongation of the Q-T interval,
and sagging and finally depression of the S-T segment. Increased
excitability and abnormahties of mmpulse mitiation and conduction
may b evident Potassium 1ons antag the effects of
digitalis glycosides on the hearr; calcuim jons potentiate them.
Therefore either potassium depletion or calcium excess will induce
digitalis toxicity.

Isosthenuria, polyutia, and insensitivity to ADH are the major
functional manifestations of renal potassum depletion and are
more or less reversible with therapy. Potassium depleted kidneys
seem especially vulnerable to the development of pyelonephritis
Reduced glomerular filtranon rate, azatemia and even scute renal
faiture have been described as resulting from potassium depletion
and 83 responding favorably to potassinm repletion,

In animals experimentally depleted of potassium, lesions have
been described in skeletal muscle, cardiac muscle, and the Parkinje
system, Muscle fibers exhibit edema and fragmen:, focal areas
of necrosis develop, and the degenerated regions become fibrotic,
Fibers of the Purkinje system show granulation and vacuolation.
Somewhat similar lesions have been observed in patients who
succumb in disbetric ketosis, diarcheal diseases, and other con-
ditions associated with potassium depletion Renal lesions are
confined mainly to the rbular epithelium and include swelling,
hyperplasia, granulation, and vacuolation. Changes are most mark-
ed and appear earlier m the collecting ducts. In the experimental
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animal, swelling and hyperplasia of clear cells and proliferation
of intercalated cells may obstruct collecting ducts and lead to
dilation of more proximal portions of the nephron. Cytological
changes are observed in the proximal and distal tubules in long
standing potassium depletion. Despite the functional derangements
of the gastrointestinal tract and central nervous system, no striking
pathological changes occur in gut, brain or spinal cord.

In severe hepatic insufficiency the capacity of the liver to re-
move ammonium ion from the portal blood is reduced and accord-
ingly the concentration of this ion in systemic blood increases. In
hypokalemia the partial pressure of free ammonia (PNH,) rises
due to the associated alkalosis. Apparently toxicity 15 more related
to PNH, than to total ammonia plus ammonium 10n concentration,
for cells are far more permeable to free ammonia than to the ion.
Porassum deficsency is a predisposing cause of hepatic coma in
liver disease and its deleterious effect is 1n part due to alkalosis and
increased PNH,.

Maintenance of Normal Intracellular Potassium Ion Concen-
Urations depends on the continuous active transport of potassium
into cells and the continuous active extrusion of sodium from cells,
processes discussed in some detail in Chapter IL If potassium is lost
from extracellular fluid nto urine, vomitus, or feces, the normal
steady state relationship 1s disturbed As Darrow and others have
shown, potassium ions move out of cells to replace extracellular
losses and sodium and hydrogen ions enter cells These ion shifts
result in extracellular hypokal Ikalosis and intracellul:
acidosis If on the other hand an acid load 1s imposed on the body,
the acid is buffered in part by the entry of hydrogen ions mto
cells 1n exch for p ions. The p ium lost by cells
is excreted in the urine.

Depletion of Cellular Stores of Potassium in the Course of
Diuretic Therapy may be explamed in terms of one of the other
of the two mechanisms outlined above. Ammonium or hydrogen
cycle resins have a greater affinity for potassium than for sodium.
As pointed out in Chapter X, they bind significant quantities of
potassium in the gut. Furthermore, the colonic mucosa of edema-
tous patients actively conserving sodmm s stimulated by the high
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titre of circulating aldosterone to exchange potassium derived
from extracellular fluid for fecal sodium bound to resin. Potassium
lost in the feces is replaced from cellular stores. To prevent pro-
gressive depletion of cellular potassium, ar least one-third of the
dose of resin is commonly administered in the potassium cycle.

Ammonium chloride is converted in the liver to urea and
hydrochloric acid. As pomted out in Chapter XI, an appreciable
fraction of this acid is neutralized by intracellular buffers, hydrogen
ions entering cells in exchange for potassium jons. The potassium
is excreted in the urine to maintain extracellular concentration
within the narrow limits of normal. Accordingly, cellular stores
are reduced, and if dietary intake is inadequate, serious depletion
may result.

Mercurial diuretics inhibit a2 limited fraction of the proximal
tubular reabsorption of sodium and chloride jons. In edematous
patients, circulating aldosterone stimulates the ion exchange mecha-
nisms Jocated in the distal tubule and collecting ducts. The excess
sodium which enters the terminal part of the nephron from the
proximal segment may be exchanged in large part for potassium,
hydrogen and ammonum ions, The chloride is excreted in associa-
tion with these ions rather than sodum, Osmotic diuretics, which
interfere with proximal reabsorption of sodwum and chloride ions,
may likewise induce the excretion of potassium because of en-
hanced distal exchange.

The sulfonamyl mhibitors of carbonic anhydrase more directly
promote potassium loss by reducing the availability of hydrogen
jons to the exchange mechanism. Blockade of exchange of hydro-
gen and ammonium ions for sodwm jons is compensated by
increased exchange of potassum ions. The more intense the stimu-
lation of the exchange mechausm by circulating aldosterone, the
greater is the depletion of body stores of porassium.

Treatment and Prophylaxis of Potassium Deficiency. The ex-
tent of depletion of postassium stores cannot be estimated in any
way applicable to the routine management of patients. It can be
measured in the course of balance studies by determining the
quantity of potassium retained when daily oral supplements are
administered over a prolonged period of time. It may also be
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estimated by isotope dilution methods. There is, however, no
need for exact knowledge of deficits; if any of the symptoms or
signs of potassium depletion appear, supplementation of intake
with 250 ml. or more per day of orange juice or 3 to § gm. per day
of KCI will induce a remission of symptoms well before the deficit
is corrected. The correction of large deficits, of the order of 400
10 1000 mEq. must be done slowly over a period of weeks. Pre-
vention of potassium depletion by insuring adequate dietary intake
is far preferable to treating deficiency when it occurs. Although
potassium salts per se are not especially potent diuretics, their
routine use along with more effective agents does no harm and
guards against the development of deficits. Whenever sulfonamyl
dinretics are used, potassium supplemnents should be given. This is
equally true in the use of these agents in hypertensive therapy for
sizable doses are administered daily over prolonged periods of ume.
Only in severe renal disease with basally elevated plasma potassium
levels should potassium salts not be used. Under such conditions,
there is usually no cause for diuretic therapy of any sort.

SUMMARY

Hyponatremia and depletion of body stores of potassium may
occur in the course of therapy with any effective diuretic agent.
These alterations in jonic composion of the body merease dis-
ability, render treatment ineffective, and when severe, jeopardize
life.

Acute hyponatremia may develop rapidly 1n response to massive
paracentesis or profound dwresis or at an intermediate rate m
the course of intensive diurenc therapy. It results from stimulation
of antidiretic mechanisms by reduction m circulanng blood
volume, and may be associated with signs of peripheral circulatory
collapse. Thirst, ingestion of water, and infubition of water diuresis
cause dilution of body fluids. The condition may be avoided by
less intensive dwretic therapy and by repeated abdominal taps
of small volume rather than a single massive tap. Mild to moderate
hypor‘latremia can be adequately managed by withholding water,
Stopping diuretic treatment, and liberalizing salt intake. Only if
signs of water intoxication are severe should hypertonic saline be
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given. Chronic hyponatremia develops gradually late in the
course of severe congestive failure, nephrosis and circhosis with
ascites. In this form, hyponatremia is resistan to therapy and 2
grave prognostic sign.

Depletion of body stores of potassium during diuretic therapy
is a consequence either of primary loss of extracellular potassium
in feces or urine with replacement from cells, or of primary loss
from cells with increased vrinary excretion to stabilize plasma con-
centration, The former is the more common mechanism. Thus
cation exchange resins increase fecal excretion of potassium, Mer-
curial diuretics, osmotic diuretics and sulfonamyl compounds
ncrease urinary excretion of potassium. Fecal and urinary ex-
cretion resule secondanly in cellular loss of potassium and gain
of sodium and hydrogen 1ons. Acidifying agents such as ammonium
chloride cause prnimary loss of cellular potassium, hydrogen jons
entering celfs in exchange for potassium. An increase in extra-
cellular potassium results in increased urinary excretion.

Potassium depletion causes symptoms and signs referable to the
neuromuscular, gastrointestinal, circulatory and excretory systerns
It is more apt to occur if diuretic therapy is intensive and if dietary
intake of potassium is inadequate, Whenever diuretics are admin-
istered over any extended period of time, the adequacy of potas-
sium intake must be assured.
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of, 137 .

effects on capillary hydrostatic
pressure of, 138

high cost i therzpy, 138 .

hypertension from, in nephrosis
139, 140

in nephrosis, 137-140

1n cirrhosis with ascites, 136, 137

increase mn asatic flud prorend
followng, 137 i

increase 1 glomerular fileration
from, 138 .

increase m salt and water excretion
following, 137-139

ratc of asestes formanon followng,
137

reduced aldosterone excretion fol-
lowing, 139

urinary loss in nephrosis, 138
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Alcohol dmresis
inhobiton of ADJH., secreton as
cause of, 112
lack of, in edems, 112, 187
Aldosterone
andsecrerory agents, 133, 134
ampherione B, 169-171
control of secretion by diencepha-
ke mechanism, 173, 178
effects of hydration on wrinary
excretion of, 186
effects on excretion of sodium and
potassun of, 173
effects on fecal, salivary and sweat
sodum of, 117
excess, and potassium depleuon,
1, 292
excessive secretion of, as cavse of
Tesistanice to mercurial dwreucs,
24
excretion of conyugate of, 173
hepatic metabolism of, normal and
eurhone, 121, 173, 185
increased secremon of, in edema,
110, 111, 115-121, 168, 173
increased wrinary excreuon of,
in cirthous with ascites, 116-
121, 168, 173
m congesuve falure, 116-121,
168, 173
m nephrosss, 116-121, 168
in preeclampsia, 116-121, 168,
173

inhibinon of renal acmon of, by
. $Cs5233 and SC8109, 174
inbibrion of synthesis of, by am-
phenone, 171
magnitede of tubular effects of,
92, 117, 118
potency relauve 1o D CA, of, 173
proportion of gland secreton of,
exereted in urme, 121
mlez lof urinary excretion of, 116-
in cirrhosis, 173
in congestive falure, 173
reduced destrucnion of, m edema,
168, 173 '

role of, in salt balance, 92
secrecion of, i relation to extra.
cellular volume, 173
site of action on renal tubule of, 92
stimulation of sodmm absorption
in colon by, 150
strucrure of, 172, 173
Aldosteronism, primary, 118
Aldosterone secretion
ACTH stimulation of, 96, 97
and bedy potassium stores, 121, 122
and extracellolar volume, 95
and plasma sodwm concentration,
2
diurnal variations in, 95
effects of exracts of subpineal
region of diencephalon on, 97
effects hypophysectomy on, 96, 97
in hemorthage, 95
in sl loading, 119-122
in salt deprivanon, 119-121
in warer loading, 121, 122
in water prvanon, 121, 122
madequacy of, as complete expla-
nauon of salt retention a edema,
95
mechanisms regulating, 121
set of regulatory mechanism of, in
health and disease, 121
Alkalosis #nd potassium depletion, 291
Allopregnane, structure of, 171-172
Ammophylline
potentiation of mercurial dwretics
by, 204, 211, 242
See Theophyllne, also Kanthine
dretics
Aminoisometridine
chemical structure of, 205, 206
depression of reabsorpuen of salt
and water by, 200
effects on GFR. and RPF. of,
208, 20
solubihity of, 205
Anunometridine, 208
Aminouracils, See Aminometridines
Ammonia
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amino acids as precursors of uri-
nary, 8!

buffering of hydrogen ions in
urine by, 81, 163

glutamine as precursor of urinary,

passive diffusion trapping in urine
of, 163

proportion of urinary acid buf-
fered by, 81

role as uninary buffer of, 81

sie of secretion in nephron of,
81, 263269

Ammonia intoxication

in ammomum chlonde therapy,
165, 166

in resin therapy, 154-156

relation to potasstum depletion of,
291

Ammonia secretion
mechanism of, 80-82
role of, in correction of acidosis,

161-163
role of adapuve increase in glu-
tamunase acuvity n, 163, 164
time course of mcrease 1 acidosis
of, 161, 163
b,
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contraindications for, 166

diuresis, mechanism of, 162, 163

dosage regimen as ducetic of, 165

duration of diuredc action of,
161-163

effects on cellular osmolality of, 160

effects on potassium excretion ofy
161, 162

effects on sodum excretion of,
161, 162

factors Limiting drureitc responst
o, 163, 165

form of administration of, 165

fulminating acidosis from use of,
165, 166

hepatic metabolism of, 151, 158

in Schemm regimen, 164, 185

intravenous, m metabolic alkalosss,
165 o

loss cell sodmm and potassium i
use of, 160

loss cell water in use of, 160

masking taste of, 165

PH of plasma, effect on, 159

potassium  deplepion from  pro-
longed use of, 161, 162, 289 291,

92
i )! m therapy

'PF 4
of, 266, 267

" with, 166, 292, 293
jon of fal dimreucs

PP Y
266, 268, 269
b of,

i by, 164, 245, 273
ion cell pH, from use of, 160

'PF Y
257, 263-265
Ammoenium chlonde

absorption of, 158

adapuve ncrease of renal
zymes in use of, 163, 16+

adjuvant in dwreuc therapy,
of, 164

bicarbonate of plasma, effect
159, 162

breathing, effect on, 159, 165

chloride excretion resultng from,
160-162

chlonde of plasma, effect on, 159,
162

chronic acidosis from use of, 166

clinical use of, 164, 165

en-

use

on,

renal compensations to use O
160-164
toxicity of, 165, 166
Amphenone, 169-171
duresis m Cushing's syndrone, 171
enlargement of thyroid by, 170
enlargement of adrenals by, 170
suppression synthesis adrenal cor-
tical and thyroid hormones by,
170, 171
toxicity of, 171
Anasarca, volume of intersudal flnid
in, 9
Angrotonin and control renal vascola-
ture, 114
Anoxia, renal, in edema, 110, 111
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Anhydremia, 1n edema, 38

Antagonism, 11-17 ovysteroids and
ADH, 177
Antaldosterone steroads, 133
Antidwrests
and increased osmolaliry of blood,
98, 99

in hydropenu, 93, 99

in response to drugs, %9

maxmal urine osmolal concentra-
tion in, 101

minimal urine volume in, 101

Antidwretic hormone

action on frog skm of, 103, 104

action of, unaffected by mercurial
drencs, 221

and extracellular volume, 95

and tubnlar water permeabihty, 56

cellular mechamsm of action of,
103, 104

contro] of tubular permeability by,
103, 104

dilation of agueous pores m distal
nephron by, 177

in edema, excess secretion of, 110~
13

in edema, reduced destruction of,
111, 12

m edema, role of, author’s concept,
1, 13

mhibition of secrenon of, by al-
cohol, 187

nsensitivaty to, i potassium deple-
tion, 290

nature of, 100

neurosecretory protem and, 190

release by drugs of, 99

rate of secretion of, 102, 103

sole 1 control of osmolality of
body fluds of, 100-103

site of action of, 103, 104

site of formanon of, 99, 100

sumulation of secremon of, by
ferntin, 112

structure of argimne
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suppression of secretion of, by
intravenous albumm, 138
water retention, salt loss and, 185
Anudiuretic substances
mn edema, plasma concentration of,

rate of excretion of, in edems, 111
rate of excrenon of, normal dog,
m
uncertain nature of, in urine, 112
Aqueous pores, in distal and collectng
duct cells, contel of, by ADH,
103, 104
Arteriolar dilation and increased ca-
pillary filtrauon, 36
Arteriovenous fistula, effects on salt
excreuon of, 94
Ascites
compensatory nature of fluid re-
tention in, 125
deal treatment of, 131
Ascutes, clinical, adrenalectomy, effects
on, 117, 168
Ascites, experimental
adrenalectomy, effects on, 117, 168
producnon of, 112
1n dogs with diabetes msipidus, 112
Asage flud
composition and ongm of,
protein content of, increased by
imtravenous albumin, 137
Avogadro’s number
and 1on equivalents, 12
and osmolar concentration, 22-23
Azotemta, m potassum depletion, 290

B

Backward falure of heart, 38
Bartram's experiment, 217, 218
Basement membrane

of glomerular capillaries, structure

of, 48-50

of tubular cells, structure of, 85
Bicarbonate

buﬁ'er, mle as, 159

of

100
structure of lysine-vasopressin, 100

of, by
sulfonamyl compounds, 249, 253,
254, 257-278
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distal reabsorption of, mechanism Body water compartments, 3-10

of, 77-82
cffects sulfanilamide on reabsorp-
don of, 253
extracellular store of, 27
exchangeable store of, 27
in relation to cation anion balance,
26
inhibition of reabsorption of, by
diuretics, 132-134
intracellular, 19, 27
plasmz concentranon of, 13
proximal reabsorption of
effect of carbonic anhydrase
intubitors on, 76
effect of pCO, on, 76
role of catbonic anhydrase in,
76
mechanism of, 71, 74-77
quantity of
fittered per day, §4, 55

reabsorbed per day, 54, 55
role carbonic anhydrase on re-
sbsorption of, 253, 254
role of 1on exchange in reabsorp-
tion of, 253, 254

total body store, 27
uniqueness of, as jon species, 26
Binding of jons to protein, 14
Bleeding, salt and water excretion fol-
lowng, 125
Bleeding ume, prolongation by dextran,
140

Blood flow, in urinary papdla, 67, 69
Blood volume
discrepancies in esumation of, 7
effective and volume receptors. See
also Volume regulation and re-
ceprors, 125
estimation by tzgged plasmz pro-
teins of, 6, 7
estimation by chrome tagged red
cells of, 7
Body fluids, composition, ionic, 11-29
Body water, ionic content. See Body
faids, composition

in ascites, 9

in edema, 9

extracellular, 3, 5, 7

intracellular, 3, 4

methods of estmarion of volume,
5-8

plasma, §

transeellular, 3, 4

Body water total

estimation of changes by weighing,

6

estimation of, with isotopic water,
56

errors of estimation, 6

of infant, 3

of normal adult, 3

of obese adulr, 3

Body weight, constancy of, 89
Bone

apatite crystals of, 25
role zs buffer, 159, 160
Briush Anti-Lewisite, effects on mes-
curnal drresis, 220, 221, 226, 227
Bromidism, treatment of, I35
Bufagin, 142
Buffer
bicarbonate, role as, 159
bone, role as, 159
cell proteins, role as, 159, 160
hemoglobin, role as, 159
orgamic phosphates of cells, role
as, 159, 160
plasma prorein. role as, 159
total body content of, 156, 159

(e}

Caffeine

chemical structure of

effects on frog kxdney ui 206, 207

effects on glomerulzr fiferadion race
of, 207

effects on isolated dog kidney of,
206, 207

effects on kidney volume of, 207

occurrence in nature of, 205

pharmacological actions of, 204
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See also Xanthine direrics
soluble salts of, 205
cium

binding to protemns of, 47

interstitial concentration of, 13

plasma concentration of, 13
Capallaries

morphelogy of, 33

papillary,  counter-current

change in, 6769

peritubular, structure of, 85

pore dimensions of, 32
Capillary endothelinm

permeability to jons and water of,

a3

restrane of plasma proteins by, 14
Capillary filtranon, vasomotion and, 33
Capillary impermeabiliry, loss of, m

edema, 37

Capillary permeability

factors affecting, 37

to colloids, 6, 20, 31

to crystalloids, 21, 24, 31

to proteins, 34

to water, 24
Capillary reabsorption, vasomotien and,

33

ex-

Carboresin, 154
Carbonate, bone store of, 27
Carbamino CO,, intracellular coneen-
tration of, 19
Carbon dioxide, permeability of cell
tembranes to, 19
Carbonue acd
filrration  of, in acrdification of
wrine, 252
wneracellolar concentration of, 19
Carboruc anhydrase
acceleranon of CO; hydretion
blood by, 250
chemical nature of, 251
chermical seacture of inhibitors of,
254256
enzymatic properties of, 250
1n renal correx, 252
inhibition by sulfanilamide of, 251,
252
inhibitors of, as diuretics, 251-254
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mechanism of jnhibition of, by
sulfonamyl compounds, 256
molecular weight of, 251
relative potencies of infubitors of,
254, 258, 261, 262
reversible inhibition by sulfonamyl
compounds of, 251, 252
role of
mn CO, elimination in Iengs,
250, 251
in distal tubular reabsorption
of bicarbonate, 78-80, 253
in neutralzing hydroxylions,
53
in proximal tubufar reabsorp-
tion of bicatbonare, 75, 76,
253, 254
in titratable 2cid formation,
252, 253
in uptake CO: from tissues, 251
Carbonic anhydrase inhibitors
effects on bicarbonate reabsorp-
tion of, 75, 76, 79, 80
See also Acetazolearmude, Chloro-
thiazide, Dichlorphenamide, Sol-
fonamyl diurencs
Carduc glycosides
depression of salc and water reab-
sorption by, 142-144
interference with 1on pumps of cell
membranes by, 145
Cation exchange resins
effects on aldosterone excretion of,
119, 120
effects on body weight of, 119, 120
See also Resmns, Ion cxchange
Cell membrane, coupled carrier mech-
anism of, 17
Cell pH, and renal glotaminase ac-
uviry, 163-165
Cellular jon concentrations, methods
of measurement, 15
Cerebrospinal fluid, 4
Chemucal equivalence, definition of,
11-12
Chem{cal powential of water, and os-
motic pressare, 22
Chloride
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bicarbonate shift in red cells, 250,

51
blockade of reabsorption by mer-
curial diurencs of, 221, 222
collagen, sbsorption of, on, 26
distal tubular reabsorpuon of, 78
effects of ammonium chlonde on
excrenion of, 160-162
exchangeable store of, 26
extracellular store of, 26
inhibition of reabsorpuon of, by
dweretres, 132-134, 219-221, 249,
255, 256, 260, 261
in various tssues, 26
interstitial concentration of, 13
neracellular concentration of, 15,
16, 19, 26
plasma concentration of, 13
proximal ubular reabsorption of,
71-74
quanuty filtered per day by glo-
meruli of, 54, §.
quantity reabsorbed per day by
IJndney tubules of, 54, 5§
rate of excretton i water diuresss
of, 184
reabsorpuon, tubular,  fraction
blocked by mercunal dwretics,
219-221
total body store of, 26
urmary concentration of, in water
diuresis, 184
Chlormerodrin
distribution in ussues of dog of,
222-224
dwreuc potency of, m dog in re-
lstion to intracellular alkalmity
and acidity, 229, 230
dose and route of admunistration
of, 235, 236
effects of Injecuon into renal
artery of, 217, 218
rate of excretion n dog of, 223
See alsp Mercurial direncs
site of blockade of sodwm reab-
sorption by, 232-235
site of secretion within  nephron
of, 233, 234
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structure of, 215, 216
use as oral diuretic of, 215, 227,
235, 236, 239
Chlorothiazide
absorption m gut of, 270
alkalnization of urine by, 260, 261,
266, 268, 269
alterations in body fvid composi-
tion by, 270, 271
and cofreatment with mercurial
duuretics, 246
chemical structure of, 255
chloruretic zction of, 249, 255, 261
comparison of duretc acuvities of,
with  acetazoleamide and di-
chlorphenamide 262, 275-277
distribution in body of, 270
dosage regimens for, 273, 274
effects of, on urinary excreuon of
bicarbonate, 260-262
chloride and sodum, 260-262
potassium, 260-262
excrenon of, m bile, 270
excretton of, in urine, 268-270
infubition of ammonia secretion by,
266, 268, 269
infubition of catbonic anhydrase
by, 249, 261
interference with sodwm pump of
proximal tubule by, 256, 257, 268,
269
mechanism of secreton of, 268
269
mechanism of inhibiton of edr-
bonic anhydase by, 256
mechanism of infubition salt and
water reabsorption by, 256, 257
ongin of refractoryness o, 271, 272
potassiam  depletion caused by
292, 293
reasons for chmeal efficacy of, 262
See also Sulfonamyl dmretics
similanties to mercurial duuretics
of, 256, 261
site of durenc action of, 266, 268,
269
site of secretion of, 268, 269
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sumulation of potassium secreted
by, 266, 268, 269
rotic manifestations of, 274, 275
Chrome-tagged red cells, 1n measure-
ment blood volume, 7
Chronic inflammaten and edema, 37
Circnlstion of interstidial fluid m tis-
sues, 31
Curhosis
alvered renal function in, 136
ammonia todcity from use am-
monium chloride in, 166

30§

of plsma and distribotion of
fluid, 23, 24, 31, 46
of plasma, critical Jevel in edema
and ascites, 136
protem concentration and, 23, 24
Colloid-therapy
of cirrhosis with ascites, 136, 137
of nephrosis, 137-140
complications of, 139, 140
Colloids as diuretics, 132, 133, 136-141
Colon, exchange of potassium for sodi-
um by, 151

and ascites, id therapy
of, 179

edemz and ascites formation 1n,
106, 111, 112, 16, 117, 125

elevated portal and intrshepauc
pressure in, 136

hepatic coma during sulfonamyl
duretic therapy of, 275

lack water dwresis in response to
aleohol in, 187

potasstum depletion during sulfo-
namyl diretic therapy in, 275

relation  of hypoproteinemia to
ascites in, 136

with ascites, 1on exchange resms,
use of, 155

Cisterna chyl, 34
Clearance

negative free water, definition of,

193

osmolal, see osmolal clearance
renal plasma, 50-52
See also Glomerular filtration rate
CNS. lesions, salt wastng and reten-
non 1, 9%
Collecting duct, see Tubule, collecung
Collotd osmotic pressure
as force responsible for bulk re-
absorpuion of flud m proximal
rubule, 123,124
in reabsorption of proumal flud,
6162, 63
in relaton to hydrostane pressure,

14
of plasma and edema formatton, 36

p body water, See Body
water compartments
Compensations, renal, for acidosss fol-
lowing smmomum chloride, 160-162
Compensatory nature of flud retention
in edema, 124-126
Concentration of urine, counter-cur-
sent multplier, role m, 57
Congesave heart falure
dwrenc therapy of, See Mercural
duretics, Sulfonamyl duuretics,
etc.
edema formation in, 106, 109, 111-
113, 116, 117, 119-121, 123-125
expenimental in dog, 108-110
wnweraction volume 2nd osmolality
regulation 1n, 97
lack water diuresss 1 response 10
alcohol in, 187
venous pressure increase in, 36
Corticosteroids
complicattons of therapy wath, 181
constriction of aqueous pores n
distal nephron by, 177
dose and route of administration
of, 178, 181
effects of, on
glomerular fileration rate, 177,
1

permeability o protem  of
glomerular capillaries, 177
TuG and T.PAH, 178
n nephrosis, effects of, on
aldosterone excreton, 177
glomerular filrawon rare, 177
protemn evereton, 177
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in nephrosis,
necessity for rigid salt restric.
tion, 178, 129
porentiation of action of dra.
retics, 178, 179
in therapy of
curthosis and ascites, 179
congestive failure, 179
preeclampsia, 179
mechanism of action of, in ede-
mas ather than nephrotic, 180,
£
nateral and synthedc, 168, 169, 171
182

nature of divcetic response to, in
edemas other than nephrotc,
179, 180
nephrosis, 176
potentiation of diureties 1 ede-
mas other than nephrotic by, 179
ratiopafe of use of, in nephrotic
edema, 176
zegimen of, in nep
178, 179
Cortisone, 168, 169, 175, 176, 178 179
m treatment of chronic hypona.
temia, 286
potentiation  of mercurial  diu-
retics by, 178-180, 242, 273
potenuation of sulfonamy} drre.
tics by, 178-180, 242, 273
Counrer current exchange
in papilfary capiliaries, 67-69
preservation of osmotic gradient
by, 67-69
T*'=H;0, reladon to, 193
thermal model of, 63
Counter cnrrent muldplication
evidence for, 6469
mechamsm of urine concentration
by, 57, 64-69
T*=H,0, relation to, 193
Coupled cartier in cell membrane,
17-19
Compenrion of K+ and H+ for tu-
bular trzasport, 77, 78, 82, 83

h
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Coneentration differences in relation w
ion eransport, 71
Creatine phosphate in cells, 16
Creatinine
clearance of, in man and dog,
significance of, 50
secretion of, in man, 50
Cumernlin, sce Mercumatilin
Cushing’s syndrome .
diuresis indueed by amphenone in,
171
induced by ACTH and cortisone,
186, 117
Cysteine, complexes of mercorl dm-
retics in urine, 228
Cytoplasmic lamellze, in renal rbolar
cells, 85
D
Daranide, See Dichlorpheaamide
Dehydration
from forcing fuids, 184
in presence of edema, 18%
Desoxycorticosterone
inhibidon of action of, by SCSI33
and SCB109, 174
presence in adrenal venons blood
of, 172
renal effects of, 172 .
sumulation of sodium absorpde
in colon by, 150
strucrure of, 172
Dextran, intravenous
allergic manifestations from, 140
hyperteasion from rapid infusion
of, mn nephrosis, 139, 140
aa nephrosis, use of, 139, 140
prolongation of bleeding dme in
nephrosis, 140
Deutetium oxide, in estimating toral
body water, 5,8 .
Dubetic Letosis, porassium depletion
in, 25, 200
Diamox, See Acetazoleamide
Diasrhes
and acute dijutional hyponatsefia,
288

potassium depletion in, 25, 290
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Dichlorphenamide
absarption, distriburion and excre-
tion of, 270
alteranons 1 body finid composi-
ton by, 270, 271
cathonie anhydrase inhibitory ac-
tivity of, 261
chemical swucture of, 254, 255
chlorureric action of, 253, 261
comparison of diuretic activities of,
with acetazoleamide and chloro-
thiszide, 262, 275277
depression of ammonia secretion
by, 266, 267
differences of diuretic effects to,
and acetazoleamude, 259, 261
dioresls, potassium depledon in,
292, 203
dosage regumen of, 273
whititon of umnary acidification
by, 266, 267
ongu of refractoryness to, 271, 272
Sec also Sulfonamyl dwrenics
similarines of dwiredic effects to,
and acerazoleamide, 259, 261
site of acnon of, 266, 267
stimnlation of potassrum secrenon
by, 266, 267
toxic manufestations of, 274, 275
Dicurin, Se¢ Merethoxyllne
Dleuc:phahc center
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of solutes, rate of, across capil-
laries, 32
of water across rens} tobule, 55-74
of water, rate of, across capil
laries, 32
Digestive disturbances in edema, 9
Digestive secretions, potassium content
of, 151
Digitalis glycosides
direct renal dwrettc zcrion of, 142-
145
effects of, on work capacity of
heare, 131
possible snualdosterone action of,
144, 145
primary carduac action of, 142
See also, Ouabain, Digonn, Stro-
phanthun
Digitalss  jntoxication, and potassiom
depletion, 154, 275, 280, 290
Digoun
inavenous, rapid dwresis from,
in congesuve failure, 142-144
suppression of ton transport by, in
erythrocytes, 145
unilateral dwresis from, on injec-
ton into renal artery, 144
Dilution of body fluids, tesponse of
osmoreceptors to, 98
Disnate, chemical structure of, 254, 258
Distal tubule, See Tubule, distal

for aldosterone secretion, 90, 93, §7
for osmoregulation, 50, 9%, 9
of thurst and sale craving, 89, 90, 97
Diet
acid ash, 160
palatability and sodm content of,
147, 183
resiction of sodiem content of, in
edema, 147, 183
Differences in tome composinon of
cells and extracellular flmd, 15-20
mantenance of, 16
Diffusion
of snions across renal tubule, 71-78

Di: of water, sud osmotic
forces, 20

Dithiols, affinity for mercurial drure-
tics, 220, 226, 227

Diurests

conditioned reflex, 99

dilunons body fluds as cause of,
10

for mechanisms of, see types of
duretic agents, e, g. mercurial
duretics, sulfonamyl  diuretics,
etc.

from aleohol, 99

in cirthosis and nephrosis with
low plasma proteins, 136

magnitude of, in relation to GFR,
187
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mavimal race of, 104
on distension left atium, 99
on hypratc suggestion, 99
on ingestinn water, 98, 99
osmatic, Ser Osmotic dorests
profound and dilurional hypons-
tremis, 286-288
Diuzetic agems
s inhubitors of son reabsorpion,
133, 14
contrzindications to use of, 133
definition of, 131, 132
functional classification of, 132-134
idea, properties of, 132
physiolegical, 132-134
pharmacological, 133, 134
See also classes of, and mdsvidual
drugrs
therapeunic use of, 131295
Diucetic resistance, reversal of, by
acidifying agents, 281, 242, 243, 245
aminophylime, 242, 245
corticosteroids, 168, 178, 179, 242,
W
Diugl, see Chlorothiande
Dotter-Lukas catheter, m experimental
control GFR, 114, 115
Dropsy, winecooper, 183

E

Edema

capillary permeatuticy and forma-
tian of, 37, 3

capillary pressuee and formation
of, 36, 38, 39

concentrauon plasma proteins and
formation of, 16

distribution of, 41

distuthances of, function m, 9

in nepheosss, 39

in relation to vascular and inter
stirial fluid gxchanges, 3043

indications for steroid therapy of,
169

low rae of glomeralar Slwauon

i, 40 .
tymphatic drainage and formation
of, 37
pathegenesis of
eatly concepts, 38, 39
modem concepts, 3942
pirting, volume of interstitial foid
in 8,9
prerenat diversion of fuid and
formatian of, 38, 39
sreduced crreularing blood volume
and formadion of, 39
reduced plasma oncotic pressure
and formacon of, 38
remission of, in nephrosis fotlow-
ing colloids, 140
renal factors in, 106127
renal serention of salt and water
0, 40
role of colloid vsmotic pressurt
of peritubular blood 1, 123, 12¢
xole of water loading in therepy
of, 1
salivary sodium xeduced i, 168
sodium retention in, 25
swear sodium reduced in, 148
tissue distensibihey snd forsmaton
of, 37
tubular preponderance in, 108
unmary sodium redoced in, 168
use of nacursl nd  symehedc
steroids in weatment of, 188
175-182
and fe of, 35

excessive renal tubulor reabs
tion in, 40

fecal sodium reduced m, 168

formation, compensatory element
of, 124-126

ideal treatment of, 131

in cisthosis, 3¢

in hypoprotéinemia, 3¢

in mephrits, 39

warer diuresis In, 184

Efferent renal asterioles

consncnon of, and renal hemo-
dyazmics, 113

control by nerves and harmones,
113, 114

Binstes.Stokes diameters, of fons, of

water, of proteins, 47
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Electron mucroscopic  structure  of
renal tbular cells, 83-85
Endothelial cells of glomeralae capil-
laries, 48, 49
Energy expenditure o perfusion of
capillaries, 31
Environment of body, true, 3
Enzyme inhubition by mercurial diu-
reacs, 226-228
Equivalent weights of fons of biologi-
cal ymportance, 12
Erect posture, effects on GFR and
salt excretion, 113
Erysipelas, edema in, 37
Escaping tendency of water and os-
motic pressure, 22
Eddnx, see Hydrochlorathiazide
Esophageal varices, bleeding in therapy
with corticosteroids, 181
Evans blue, in measurement plasma
volume, 7
Fxchange
ammonia for sodium in distal
nephron, 92
and path length, 32
between plasma and nterstieal
fuid, 3, 30, 3243
deuterium with labile hydrogen in
body constituents, 6
gases from blood to alveol in
edema, 9
of hydrogen for sodium
in acidification of unmne, 59,
€0, 79-82, 252
in buffering of acid by bone,
160-163
m dustal nephron, 70, 77-83, 92
n proximal tubule, 7476
in reabsorption of bicarbonate,
7478, 253, 254
of ifons across cell membranes, 16
of ions 2c1d base
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nephron, 70, 77, 82, 83, 92
enhancement in edema, 222
of sodium across intestinal mucosa,

149, 150
of solutes across capillanes, rate
of, 32
of water across capillaries, rate
of, 32
Exchangeable
bicarbonate, 28
chloride, 28
ions of body, isotope dilution
methods for measurement, 27
potassium, 28
sodmm, 28
Excrenon
of 1ons and water, mechanisms of,
44-88
of 1ons, primary acuon of dmrencs
on, 132
of salt and water
reduction by decreased GFR,,
114-116
see individual drurenc agents
of salt 1n osmotic diurests, 189, 194-
200
of water m osmonce dwresis, 189~
200

of water, secondary action of diu-
retics, 132
Excretory capacity
for salt

in edema, 106, 107, 109, 110
1 experimental heart fadure,
108, 109
for water
n edemz, 106, 107, 109, 11D
mn expermental heart falure,
108, 109
Exercise, effects on GFR. and salt
evcrenon, 113
flud

bdmce, 70, 77—31

of puuments between blood and
cells in edems, 9

of potassium for hydrogen in cell
buffering of acid, 160-163

of potassum for sodium m distal

compartment, volume of in normal
man, 3, 107
estimation of volume
methods for, 5-8
properties 1deal substance for,
7,8
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hypotonicity
following paracentesis, 97, 284-
8

following profuse sweating, 97,
98, 28+-289
following  vigorous
therapy, 97, 284-289
osmolality, regulanion of, 89, 98-105
regulation of volume of, 89-98
total osmolal conceneration of, 16,
23
volume, depletion of
and salt and water retention,
125
and glomerular fileration rate,
94, 95
volume of
and aldosterone secretion, 95,
121, 122
compensatory nature of expan-
sion, 124-126
expansion in edema, 107
F
Fecal sodmum, reduced content in
edema, 117, 168
Ferritin, stimulation AD.H. secrenon
by, 112
Fever therapy, adrenal response to, 176
Filariasis, edema in, 37
Filtered load of chloride
1n ammontum chloride diuresis, 162,
163
in normal man, §3-55
Fultered load of jons, increase of, by
diuretics, 132, 133
Filtered load of sodmum
and mantenance of balance of,
107, 108
effects of water loadng on, 186
in normal man, 53-55
Filtrand, 44
Filtration, definition of, 44
Filtratton fracuon, and salt and water
retention in edema, 123, 124
Fultration in capdlaries human forearm,

duretic

31
Filtration of carbonic acid, possible
role in acidification of urine, 252
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Filtration of lons, measurement of
quantities, 53

Filtration pressure

in glomerular capilanes, 46

net, in systemic capillaries, 31
Flux

active of ions, in ussue cells,

energetics of, 17
opposing diffusion equltbrium,
17

acuve, of
potassium, in tissue cells, 17, 18
sodium, in ussue cells, 17, 18
sodium, in renal tubules, 5§
of 1ons, bidirectional in nephron,

63
of sodium across intestinal wall
149, 150
passive of
bicasbonate, in renal tubules,

55
chloride, 1n renal tubules, 55
potassium, in tissue cells, 17, 18
sodium, m tissue cells, 17, 18
ratio of sodum, along intestine
149, 150
Forward failure of heart, 38, 41
Foxglove, 142
Free water clearance, negative, defini-
tion of, 193
Functional organization of nephron in
reabsorption of ions and water, 57-89

G

Gelatin, intravenous in nephrosis, Use
of, 139
Gibbs-Donnan rule, 14, 19, 45, 55, 74
Glomerular capillaries
electron microscopic strucrure of,
48-50
mechamism of protein impermeabil-
ity of, 4749
operattonal concept of structure of,
46, 47
pore dimensions of, 47
properties of membrane of, 45-50
permeability to water of, 47
towal surface of, 47
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mn

balance, 107-108, 116
comrpensatory reduction steroid se-
cretion when GFR. decreses,

Gl Lr flerare, composition i re- G ol
Yazion to plaswa, 45
Glomerular fileration
m following intravenous al- 118, 119
bumin in nephrosis, 138

wechanicn of, 44-53
properties of substrace to measure,
51

Gloeeralar filtration rate

compensatory imerease in GFR.
when 2drena] steroids mereased,

ns
failure of compensatory mechm-
foms in edm, ll& 118, 119
bl

Gl 1,

cfects of acure reds of, on
silt excretion i dog, 114, 115

effects of chronic reduction of, om
sile excretion in dog, 115

effeess of coricosteroids on, 177,
178

2s cause of wlt Joss in hyperhy-
dration, 186
aad refractoryness o sulfonzoryl
diuretics, 272
and resistance to merczrial divre-

efects of hyperhydration on, 185 tics, 243, 244
effects of salfonamy] diaredics on, correction by comicosteroids of,
262, 263 177, 180
effects on dinresis of changes in, correction by diwredcs of, 132-134
187 i pephrosis, 138
in normal hoenan, 45, 50 Glucose infesion, extracellolar potas-
increase by aminophylline, 2s mznm.u
eamse of potentiarion of mercuri-
al diaresis, 242

increase of, by duretics, 132, 133

adaptive increase of, in acidosis
relation w sodivm depletion,

principles of messarement, $1-53 163-165
reduction of x:!zuau to el pH, 163-165
and £ 1¥P Gk h i cells, 16
wrime, 287 Goitre, due to amphenone, 170
35 cawse of resistance o mer-  Goviars' tment, 217
curial dieretics, 243 Gur motility in edems, 9

as cause of reistznce to sulfo-
nmamy] divretics, 272

in acore dilutional hyponatre-
mia, 287

in edema, 107, 103, 110, 113,
114-116

in hypopotassemiz, 290

relation of, to exracellolar volume,
9

soditmn reabsorption in relation w,
9

wrine flow in relarion to, 187

urine osmolality, in relation to, 187

mof 50

xaothine diuredics, effects on, 207-
209

H

Heart failure
adynamic pressure i, 42
blood valume in, 38, 42
high output i, 41
inadequacy of oux;mx for metabo-
lic dereznds ia, 4
in, 41
Hear, b;m’?u_t intersticial flrid  volume
and, 36
Hematoerr, fn centsal d peripheral
blood, 7

facrors in

of edems, 110
Hemoglobin, buffer, role a5, 159
Hemalysis, 20
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Henle’s loop, See Tubule, Henle's loop
Hepatic cirrhosis, edema in, 36
Hepatic coma,

ammonia toxicity n, 154-156, 165,

in therapy with cortico-steroids,
179, 181
potassium depletion during sulfo-
namyl diuretic therapy of, 275
Hypertonic saline in acute dilutional

for, 287, 288

166, 291
and potassium depletion, 280, 291 hyponarretnia
Hepatic bolism, of ald 173 ind
Hi ine injection, 1 fluid

required, 288, 289

volume and, 36
Homeostasis of body neutrality
role of blood buffers in, 159
role of bone buffers in, 159, 160
role of cell buffers in, 158, 159,
161, 163
role of extracellular buffers i, 159
Hydremia, i edemz, 40
Hydrochloric acid, formation from
ammonwum chloride, 151, 158
Hydrochlorothiazide, 249
Hydrocortisone
potentiztion of mercurizl diuretics
by, 2492, 273
potentiation of sulfonamyl diure-
tics by, 242, 273
structure of, 172
Hydrodiuril, Sez Hydrochl
Hydrogen bonds, in lattic structure of
‘water, 49
Hydrostatic pressure
m glomerular capillartes, 46

Hypertonic urme, hypotheses of for-
mation, 64-69
Hypocalcemia in jon exchange resin
therapy, 152
Hypochloremia as a cause of resistance
to mercurial dwretes, 243, 244
Hypokalemia
and potassiam deficiency, 289-204
as cause refractoryness to sulfo-
namy! drurencs, 272
during resin therapy, 152
symptoms and signs of, 260
Hypokalemic alkalosts, 82, 92
Hyponatrenua, 284-289
2s a complication of diuretic thera-
py, 284
definition of, 284
hazard of potassium therapy i, 286
n edema, 111-113
in hyperlipemia, 284
in therapy with sulfonramyl diure-
tcs, 275
H; ia, acute dilutsonal

m systemic capil and distri-
bution of fluid, 30
Hyperaldosteronism
prumary, 92
secondary, 92
Hyperchloremic actdosis
ammomum chloride and, 159, 162
1on exchange resms and, 151, 152,
158
sulfonamyl duretics and, 158, 245,
270273
Hyperemia, taterstiial flud  volume
nd, 35, 36
Hyperkalemic acidoss, 82, 92
Hypertension 5
in collod therapy of nephrosis,
139, 140

“avoudance of, 288

from forcing fluids . edematous
pattents, 184, 185

hypertonic sabne 1, 287-289

hypertonic urea, i, 287

mteraction volume snd osmolal
regulation in, 287

hiberalizanion of salt intake in, 287,
288

ongn of, 286-288

progressive renal falure in, 287

reduced glomerular filtration m,
287

symptoms of, 287, 288

treatment of, 287-289 .

with peripheral curculatory failure,
288
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withholdmg of fluids in, 287, 288
Hyponatremia, chronic, 285, 286
abnormal response of osmo-recep-
tors, in, 285
and cachexia, 285
asymptomatic nature of, 285
in cirrhosis with ascites, 285
in congesuve heart failure, 285
in nephrosis, 285
osmolality of cells in, 285
potassium chloride in treatment of,
235, 286
Tesistance of
to diuretic therapy, 286
to hypertome saline therapy,
285

treatment  with
sterouds, 286

Hyponatremia, dilouonal, in 1on ex-
change resin therapy, 154

Hypo-osmolzhry of body fluids, intez-
action volume and osmolal receptors
25 cause of, 97, 125

Hypophysectomy, effects on aldoster-
one secretion, 97

Hypopitwtarism, effects on salt excre-
uon, 96, 97

H

adrenal corncal

ionic composition of,

in edema, 8,9

normal, 13, 14
lymphauc  removal of proten

from, 35
magnesium concentration in, 13
organic anion concentration of, 13
osmolality of, 23
phosphate concentration of, 13
potassium concentration of, 13
sodium concentration of, 13
sulfate concentration of, 13
Interstinal fluid volume
capillary permeabiliry and, 37
capillary pressure and, 36
concentration of plasma proteins
and, 36
edema, changes in, 8, 9
esnmation, methods of, §
factors favoring expansion of, 35-37
Iymphatic drainage and, 37
tissue distensibabity and, 37
vasomotion and, 3§
Intracellular flud

chloride concentration of, 15
compartment, volume of, 4
1omc composition of, 15, 16

POp 2 2 Y

factor mn edema and ascites, 39, 136

Hypotonicity of evtracellular flurd and
interaction volume and osmolal regu-
Taten, 97, 125

1

Impermeabulity, effective, of cell mem-
branes to 10ns, 18-20
Infecuon, suppression of reaction to, by
corticosteroids, 181
Inflammation, cardinal signs of, 36
Tntersurial fluid
bicarbonate concentration of, 13
calcrum concentration of, 13
chlonde concentration of, 13
circulauon of, 30, 31
compartment, volume of, 1 not-
mal man, 3
distribution of, i edema, 9

g of, 15
methods of estimation of volume

of,
otganic phosphate  concentration
of, 15, 16
osmotality of, 23
porassum concentranon of, 16
protein concenwration of, 15
sodrum concentration of, 1§
total osmolal concentration, 16
Intracellular pH, 19
Intraoccular flurd, 4
Inuli, propernes of, for measurement
GFR, 51
Inuln clearance
as measure glomerular filtration
rate, 50-§3
calculation of filtered flnid from,
52, 53
Todinated plasma proteins, m measure-
ment plasma volume, 7
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Ton exchange, in acidification of urine,
5§8-60, 78-82, 252
Ton exchange resins, See Resins, ion
exchan,
Ton pump, renal tubular, 55, §7-78
lon pump of
cell membranes, 16-19
erythrocytes, 16-19
muscle cells, 16-19
nerve eells, 16-19
Tonic dimensions, and glomerular per-
meability, 47
lToas
binding to prozein of plasma, 47
mechamsms of excretion, 44-88
mechamsms of glomerular filtra-
tion, 44-53
hanisms of tubular reabsorp

tion, 53-88
quantities filtered, 53-55
See also Sodmm, Potassium, etc.
total body stores of, 24-27
isorope didutton methods of
megsurement, 27, 28
tubular reabsorption of, §3-88
Integrative mecharusms for
osmolality regulation,
efferent outflow from, 99, 100
locus of, 99
volume and osmolalty regulation,
mnteraction of, 89, 99, 97, 98, 112,
113
volume regulation,
efferent outflow from, 90, 93
locus of, 90
Interacuon, volume and osmolality
regulatory mechanisms, 89, 90, 97, 98,

12, 113
Isosmotic reabsorption, m proximal tu-
bule, 55-51
Jsosmotic solutions, 20
h n poassi depl
290

Isotome solutions, 20
Isotope dilution
Jeurerium, in estimaung body wa-
cer, &
in estimation of potasstum deficien-
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ey, 292, 293
jodinated albumin, in estimanng
plastma volume, 7
methods of measuring jon content
of body, 27

L

Lamina densa, of glomerular capillaries,
9, 50
Lamina fenestra, of glomerular capi-
laies, 48, 49
Lattice structure of water, 49
Liver, metabolism of aldosterone, 173
Liver coma
ammonta toxicity in, 154-156, 165,
166, 291
from ammonium chloride therapy,
166
ion exchange resins and, 155, 156
potassium depletion 2s contributory
facror, 280, 291
Low output heart falure, 41 }
Low sale syndrome, Se¢ Hyponstremia
Lung complince in edema, 9
Lymph
centripetal flow, factors m, 35
protein content of
from gut, 34
from hver, 6, 34
from muscle and skin, 6, 24, 34
rate of flow, 35
volume of, 3
Lymph edema, 37
Lymph glands, functions of, 34
Lymph hearts, 35

Lymphancs
absorption of materials into, 34

as protein drainage canals, 34, 35
morphology of, 33
permeabilicy of, 34

M

Magnestum
binding to proteins of, 47
interstitral concentration of, 13
intracellular concentration of, 15
Plasma concentration of, 13
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Maintenance of fluid balance, renal
factors 1, 3942
Malnutrition, hypoproteinemia  as
cause of edema, 39, 136
Mannital, volume of distribution of, 8
Mechanisms, of 10n transport in cell
membranes, 16-19, 57-78
Meralluride
2cid lability of, 229
adminsstration by rectal supposi-
tory of, 235
duuretic action of, in dog, 219-221
dose and route of admunistration
of, 235-237
See also Mercurial dwretics
structure of, 215, 216
time relations of dwresis follow-
ing, 237
Mercaptomerm
reduced cardiotosicity of, 215
See also Mercurial druretics
structure of, 215, 216
Mercuhydrin, see Merallunde
Mercumatilin
dose and route of admumstration,
235-237
See also Mercurial druretics
structure of, 215, 216
use of, as an oral dmretic, 227,
235, 236, 239
Mercurial diuresis
alterations of plasma composition
m, 238
and aldosterone secrenon, 121, 122
cerebral and coronary thrombosis
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intibition of, by British And-
Lewisiee, 220, 221, 226, 227
magnitude of, in relation to cort-
cal concentration, 224-226
onset of, m relation to critical
renal concentration, 224-226
optimum magnitude of, 237
potassium depleton in, 289, 292
potentauon of, by hyperchloremic
acrdosis, 222
role of depression of tubular jon
reabsorpuon i, 217-219
umlateral, on injection into renal
artery, 217, 218
Mercurial diuretics
acuve tubular secretton of, 228
affimity of, for
duthiols, 226, 227
monothiols, 226, 227
and cotreatment with chlorothia-
ude, 246
avodance of intravenous zdmm-
sstration of, 237, 239
basic structure of, 215-217
binding by
mitochondnia of renal cortical
cells, 224
soluble proteins of renal corti-
cal cells, 224
bindmg to serum protems of, 228
blockade of
chloride reabsorption by, 221,
222

sodmm reabsorption by, 221,
22
cancept of peripheral mabilizaton

of flud as mechanism of action
of, 217

during, 238

delay of, on mjection into remal
artery, 217

deplenon of body potassiem in,
238-240

ic al-

246
cumulatve tomcity of, 227, 218

pment of hyp
kalosss 1n, 222, 238
digrtalss incoxication. in, 238-240
duration of, 224-126
enzyme wlubition in, 226, 227
greater excretion of chlorde than
sodmum in, 221, 222
hyponatremia in, 240

P of proumal tubular
cells by, 222

direct renal action of, 217

dismibution in body of, 222-225

duretic potency in the dog in re-
lation to cellular acid base rela-
ons of, 229, 230

dosage of, 218, 219, 235-237
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dosage required for maximal effects
of, 219

potentiation by
acidifying agents, 229, 230, 241,
2492

hylline, 204, 211, 242

effects of theophyllme
on ab: i d

P
of, 215, 227
on Jacal tissue reactron to, 215
on solubility of, 215, 227
effects of thioacetic acid
on zbsorption and excreuon
of, 215, 227
on cardiotoxicity of, 21§
on local tissue reaction to, 21§
effects on
glucose  reabsorption  in dog
and man of, 231
hydrogen, porassium, and 2m-
monia secretion of, 232
PAH secretton n dog and
man of, 231
water reabsorption of, 221
enzyme inhibition by, 226, 227
fecal excretion of, 227
first descriptron of action of, 214
fixauon m renal tissue of, 217
formation mercaptides from thiols
by, 226, 227
fraction of energy supply for ion
transport blocked by, 221
fracuon of sodum reabsorption
blocked by, 219221
high concentration 1n renal correx
of, 223, 224
inbubition sulfhydeyl enzymes by,
226, 227
intramuscular  admunistration  of,
preferred, 236, 237
mechanisms of sction of, concept
of decomposicon to free mer-
curic son, 228-230
mercurialtsm, from improper use
of, 240
nature of complexing agents of,
215, 216
potency and steme configuration
of, 230
potency vs acd labiley of, 229

corticosteroids, 178-180, 242,
273
prolonged action of, 217
rate of excreton of
in relation to route of adminis-
tration, 227
in urine, 223, 227
reduction of protein-bound SH
groups by, 226
relative potency of, 216
removal by kidneys from blood
of, 217, 218, 224, 225
renal shutdown in high dosage of,
27
resistance to
causes of, 242234
in hypochloremic alkalosss, 222
route of adminustration of, 235-237
rupture of C-Hyg bond as requistte
of druretic activity of, 229
secretion by heavy-metal cartier
system of, 228
site of inhibition of
sodmm  reabsorption by, 231-
235

succinic  dehydrogenase  of
renal tubule by, 226, 231
site of renal tubular secretion of,
233.235
stability 1 alkalne media of, 229
stability of carbon mercury bond
of, 215
stop-flow localization of
blockade of sodum reabsorp-
ton by, 232-235
secretion of, 233, 234
substituted mercunipropyl  strue-
wre of, 215
tissue concentrations of, 223, 224
toxicity in hugh dosage of, 217
toxicity of
fatal reactions, 239 .
reactions of hypersensiivits
40
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treatment of patient resistant to,
244246

urinary excmmn oi as cysmne
and

7

structure of, 215, 216
Microducts of tubule cells, 84
Mlcmpuncture technique of, 45

228
use a5 standard of reference of, 214
value in therapy of, 214
Mercuml resxsrancc

i Ii of tubule cells, 84
Mictine, See Aminometnidine
Mulliequrvalent, definition of, 11, 12
Miltiosmol, definition of, 23
Mmeralocommxds 172,173

n wbule ecells, 85
and gl

Monothiols, affinity for mercurial diu-

¢ bal n,
243 Moleenlar d.

hypochloremic alkalosis as cause permeability, 47
of, 243

mncreased aldosterone secretion as a retics of, 226, 228
cause of, 244

origin of, 241243

reduced glomerulac filtraion rate
3§ cause of, 243

resersal of, by comcosteraids, 179

treatment of patient exhibiung, 244-

246

Muscle, fomc compostdion of, 15, 16
N

Negauve free water clearance, defini-
uon of, 193

with acidying agents, 244, 245
with amunophylline, 245
with elastic bandages, 245
with elevation foot of bed, 245
Mercurialism, 214, 215, 240
Memmc cysteine, diuretic potency of,
229

Mercurophylline
See alto Mercurial dwreucs
structure of, 215, 216
Mercury
early use in therapy, 214
site of inhibition of succiue dehy-
drogenase of renal tubule by,
226, 231
site of necrouzing lesions 1 renal
tubule due to, 231

See il

See Chk dris
Nephrosis
aldosterone excess 1, 138
complications of colloid therapy
1n, 139, 140
edema formation mn, 36, 106, 111,
112, 116, 117, 125
enhanced renal exchange of K+
for Nat m, 138, 139
ephanced tubular sreabsorpuion of
sodivmn 1n, 138, 139
ion exchange resins, use i1, 155
lack water diuresis in response to
alcohol in, 187
measles and remission of, 176
mechamsm of dwretic action of
corticosteroids n, 177
nature of response to corticoste-
xo:ds in, 176
from id

Merethoxylline
See also Mercurial diurencs
structure of, 215, 216
Mersalyl
dwrenic potency of, m dog 1 re-
latton to meracellular alkahmty
and acidity, 229, 230
dose and rome of admnistraton
of, 235, 236
See also Mercurial druretes

therapy in, 176

See Nephronc syndrome

we of salt poor human albumm
m, 137, 138

Nephrotic syndrome

altered renal function in, 136

characteistics of, 175

clinical eourse of, 175

immunogenic nature of renal lesion
in, 176
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relation of hypoproteinemia to
edema in, 136
use of hyperoncotic dextran in, 175
use of salt poor serum albumin
in, 175
Nernst equation, 18, 74
Neural factors, in pathogenesis of ede-
ma, 110
Neutralization of acid, in body, mech.
anisms of, 158-160
Novasurol, firse use of, as diuretic, 214

o]

Oligemia, 38
Oncotic pressure, See Colloid osmotic
pressure
Orange jwce, in prophylaus posas-
sium depletion, 272, 293
Osmol, definition of, 22, 23
Osmolal clearance
and water conservation in osmotic
diuresis, 193-195
definution of, 192, 193
dependence on dietary history of,
193

fagnirude in normal man of, 193
Osmolal concentration

extracellular, 19

intracellular, 19
Osmolal regulation

hypothalamic integration of, 99

THE PHYSIOLOGICAL BASIS OF DIURETIC THERAPY

of renal cortex, 62, 66, 69, 70
of renal medully, 55, 56, 64-71
of transcellular flued, 23
of wrine
maximum, 66, 67, 71, 189, 192
relation to GFR, 197
relation to plasmz in osmotic
duresis, 192 i
relation to plasma in thirsting,
189, 192
organic crystalloids and, 23
regulation, rapidity of response i,
98

Osmo-receptors 5
abnormal response in chronic hy-
ponatremia, 285, 286 )
in supraoptic and parayentricular
nucles, 98
sensitviey of, 99
Osmosis, 2022
Osmostat, reset in chronic hypons
trenua, 285, 286
Osmouc druresis, 189-203
dependence of, on rate of excres
tion of osmouc particles, 191
explanation of reduction salt an
water reabsorption in, 196-199.
from blockade of ion reabsorption
by mercunal diuretics, 221
independence of nature of solure

and, 191
osmolal cl and water con-

with volome regul:

of, 97, 98, 112, 113, 186, 187, 287

of body fluids, 89, 9§-105

Osmolality

definition of 22, 23

jon concentrsuons 2nd, 23

of body cells in acidosis, 162, 163

of blood from papillary capillaries,
67-69

of body fluids, constancy of, 98

of body fluids in untreated edema-
tous patients, 184

of body fluids, mechanisms of sta-
bilization of, 98-10§

of intersutial fluid, 23

of intracellular fluid, 23

of plasma, 23

servation in, 193-195
relation of urine and plasma os*
molality in, 192
sodwm excretion in, 189-200
water excretion, in, 194-199, 200
work of urine formation in, 190
Osmotic diorewcs, 133, 134
glucose as, 201
1deal characteristics of, 199
limiung factofs i use of, 189, 201
mannitol as, 201
potassium sales, use of, 199, 280-282
restriction of proximal sodum re-
absorption by, 191, 192, 194198
sestriction of proximal fluid ze-
absorption by, 191, 192, 194198
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as, 191, 200, 201
sucrose, brutations as, 201
urea

massive and acute dilutional hypo-
natrenua, 288
thirst following, 97

200
dose and regimen, 199
- !

nuclei,
vesicles in, 98

from, 200
Limueacions of, 199, 200
response to, 191, 199, 200
Osmotic forces
m renal tubular reabsorption of
water, 56, 57, 123, 124
magnitude of, in body flwds, 14, 22
of threshold solutes, role m reab-
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edema, 168
sweat, reduced content of, in ede-
ma, 168
total body store of, 24
unnary, reduced content of, m
edema, 168
Sodium balance, maintenance of, 107

I Jiuresis, 249, 256-
263
therapy with
aldosterone  anusecretory
agents, 169-171
annaldosterone
173-175
natural and synthetic cor-
ucosteroids, 176-178, 180
water diuresis, 183-186
xanthine drurests, 207-209
reduction of, by reduction GFR.,
114, 115
urinary, in
resin therapy, 152, 153
salt loading, 119-121
sale privanon, 119-121
Sodium, intake, reswicuion of, m ede-
ma, 131, 135, 147, 183
Sodmum pump
2nd maintenance of differences in
mtra and exeracellolar concentra-
dons, 16-19
coupled carner nature of, 73, 77, 78
electrogenic nature of, 72, 73, 77,
78

sterouds,

of distal tubule, 77-83
of proximal rabule, 72-75
of tissue cells, effects of metabolic
inhibitors on, 16, 17
Sodwm reabsorption, tubular
aldosterone secretion and, 9295
aldosterone sensitive fracuon of, 92
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effects of
aldosterone antisecretory
agents on, 169-171
ammonium chloride on, 162,
163
antialdosterone
173-175
carduc glycosides on, 142-144
colloids on, 138, 139
mercurial dinretics on, 217-222,
232235
osmotic diuretics on, 196199
potassium sales on, 280, 261
sulfonamyl divretics on, 249,
256-263
water diuresis on, 185, 186
xanthines on, 207-209
{raction of
blocked by
chlorothiazmde, 256, 257
merenrial  dmretics, 219-
222, 256, 257
resistant to mercurial daretics,
219221
miubition of, by diuretic agents,
132-134
linuration of, in distal segment, 91
relation of, to glomerular fileration
rate, 9194
Solvent drag force, in relation to jon
transport, 72
Spirolactones, See SC5283 and SC819
Squill, 142
Stagnant anowa of kidneys, 39
Standing, effects of salt excrenon, 94,

steroids  on,

125
Starling’s hypothesis, 30, 38, 41
Stenosis of, pulmonary valve in experi-
mental heart faure, 108-110
Steroid therapy
in nephrosis, 131, 175-178
ndications for, in edema, 169, 179,
180
Steroids, adrenal See Adrenal steroids
Strophanthin, suppression of o trans
rt in eryshracytes, 145
s:f:me o?,ﬂrmzl tbular cells, elec-
tron microscopicy 83-85
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Succinic dehydrogenase, site of inhibi-
ton of, by mercurial diuredics, 226,
231
Soffanifamide
chemical structore of, 25§
effects on
bicarbonate reabsorption
excretion of, 25, 253
titratable acid excretion of, 257
urine pH of, 251,252
inhibiion of carbonic anhydrase
by, 79, 80, 250, 251
production metabokic acidosis by,
241, 252
use of, as diuretic, 254
Sulfate, volume of distribution, 8
Sulfhydryl enzymes, mercurial diuretics
as inhibitors of, 226, 227
Sulfonamyl diurerics, 249-279
alterations in body fluid composi-
tion by, 270, 271
chemical structure of, 254256
development of tolerance to, 249
dosage of, 272274
hyponstremia in wse of, 27§
mechanism of infibmon of cat-
bonie anhydrase by, 251, 256
potassum  depletion in  cherapy
with, 275, 289, 292, 293
relation of suucture to enzyme
inhibitory activides, 254, 255
See also Acetazoleamide, Chioro~
thiazide, Dichlorphenamide
synthesis of, 249, 234
unique characteristics of, 249
Supraoptic nuclel, osmoreceptor ves-
icles in, 98 3
Sweat sodum, reduced content of, in
edema, 117, 168
Synovial finid, 4

T

T'm H,O
definition of, 194 .
magrutude in osmodc diaresis of.
194, 195
mechanisms of, 194
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relanon 1o counter current
exchange, 194
multiplication, 194
Terminal bars of tubule cells, 85
Terminal vascular bed
organization of, 32, 33
vasomotion of, 33
Theobromine
chemical structure of, 205
gastrowntestinal disturbances from,
210
occurrence in nature, 205
pharmacological actions of, 204,
205

see also xanthine diuretics
soluble salts of, 205, 206, 209, 210
Theophylline

s a complexing agent of mercurial
druretics, 215, 216

cardiovascular actions of, 208

chemeal structure of, 205

gastromntestinal disturbances from,
210

N
‘Tissue nutrition, diffuston vs. filtration
and reabsorption, 31
Titrarable acid
blockade of, formation of, by sul-
fanilamide, 77, 79, 80
mechanism of, formation of, 77-80
rate of exeretion of, by dog, 252
role of
carbonic acid filtravon i for-
mation of, 252
cathonic anhydrase in forma-
ton of, 77.80
hydrogen for sodium jon ex-
change i formation of, 252
reabsorption dibasic phosphate
in formanon of, 252
source of hydrogion 1ons i forma-
tion of, 252, 253
Toad skin, dried, bufagin, active prin-
cipal of, 142
Tolerance of sale, factors reducing,
1n edema, 110, 111
Tolerance of water, factors reducmng,
in edema, 110-113

in “mercury-fast” patents, 211

E: i ion  of,
210, 211

intravenous administration of, 210,
2

occurrence in nature of, 205
pharmacological acuons of, 204
See also Xanthine dwretics
soluble salts of, 205, 206, 209, 210

Thioacetic acid, as a complexing agent

of mercurial diuretics, 215, 216

Thiomerin, See Mercaptomerin

Thiosulfare, volume of distribution, 8

“Thirst, 102
and extracellular volume reduc-

tion, 97, 125
assocuated with reduction of cir-
culating plasma volume, 94
followng marked druresis, 97
followmg paracentesis, 57
lal 89, 90, 97

Trabeculze of
glomeralar capillaries, 49
tubule cells, 85
Transcellular fud
composition of, 1 ascites, 9
defimnon of, 4
osmolality of, 23
volume of,
mn ascites, 9
normal, 3, 4
Transcellular potennal
of distal tubule, 78
reduction of, by mercurial diure-
tics, 222
Transcellular potentials
see Potennal differences,

Transport, renal tubular, mechanisms
of, 55-88
Ti

m

inexunguishable, 183
Thrombophlebius and edema, 36, 106
Thoracic duct, 34

potential, of distal ru-

bule, 78

Tricuspid isufficiency, in cxperimental
heart failure, 108-110
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Tntium oxide, use in estmaring total
body water of, 5, 6

Tubular cells, correlations of, structure
and function of, 83-86

Tubular preponderance, i ederna, 108

Tubular reabsorptive capacity, role of,
increase of, in edema, 107, 108

Tubule, collecting ducts

active transport of sodium m, 56

ammonia secrenion in, 70, 83

control of water permeabiliey by
ADH. m, 6, 151, 104 i

hydrogen and sodium exchange in,
70,77, 83

10n reabsorption in, 91, 92

potassium and sodium exchange n,
70, 77, 82, 83

Tubule, distal

AD.H comtrol of water permea-
bility of, 56

adrenal steroids, effects on, 82

chlotide reabsorption in, 78

competition of H+ and K+ trans.
port in, 77, 78, 82, 83

electron muicroscopic structure of,
83-85

exchange of hydrogen for sodium
m edema in, 222

exchange of potassium for sodmm
in edema m, 82, 83, 222, 280, 281

hydrogen transport 11, 77-83

inhibition of fon exchange by ace-
tazolearmde m, 257, 258, 263-265

inhibiuon of jon evchange by
chlorothiazide in, 266, 268, 269

maximal hydrogen 1on gradient
across, 78

mechanism of bicarbonate reab-
sorption n, 79, 80, 253, 254

mechanism of secretion hydrogen
jons 1m, 77-82, 252, 253

permeability to carbon diovide of,
75, 80

potasstum 100 transport m, 77, 78,
82, 83

reabsorption of water in, 233, 234

site of acidification of urine in, 59

sodwum and chloride reabsorption
in, 91, 92, 264269

sodrum gradient across, 77

sodium 10n exchange in, 56, 77-83

sodium  reabsorption, in effect
adrenalectomy on, 92

stimulation of potassium secretion
by acctazoleamide in, 257-259,
263-265

sumulation of potassium secretion
by chlorothiazide i, 266, 269

transtubular potential of, 77

Tubule, Henle's Ioop

active transport of tons in, 56, 64-
69, 91

ammals possessing, 64 5

as site of performance of osmotc
work i concentrating urine, 190,
i

concept of active reabsorption of
‘water i, 64

concept of osmotic equilibrium in,
64

concept of counter current muld-
plicatton in, 64-69

electron microscopic structure of,
83-85

funcuons of, historical, 64

permeability to water of, 56

transfer of sodwm from ascending
to descending limbs, 53-57, 65-67

Tubule, protimal

acidificaton of .
fluid m respuatory acidosis it

59, 60 .
urne m osmotic diuresis in

59, 60
brcarbonate gradient across, in 05-
motic druresis, 59, 60
bidrrecional jon fluxes across, 63
blockade of salt and water absorp-
tion by
mercurial dwreties in, 232-235
chlorothiazide in, 266, 268, 269
characteristics of ion and watef
transport in, 5763 i
chloride gradient across, in osmotc
druresis, 58-61
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colloid osmotic force responsible
for bulk reabsorption of fluid in,
123, 124
concept of passive reabsorption of
fluid in, 61-63
electron microscopic structure of,
83-85
gradients of sodium and chloride
in, §8-60, 63, 194-198
interference with
bicarbonate reabsorprion in, by
acctazoleamide, 253, 254, 263-
265
energy supply to sodium pump
of, b

chlorothiazide, 256, 257
mercurial  dmrencs, 256,
357
isohydnic reabsorption in, 58-60
lack of ion gradients normally
across, 60
Lmitation of fluid reabsorption by,
in osmotic diutesis, 191
hmitavon of passive osmotic reabe
sorption in, 62, 63
liminng sodium gradient in os-
motic diuresis across, 191, 196-
199
mechanism of bicarbonate reab-
sorption by, 253, 254
osmotic reabsorption of water in,
58, 60, 61
permeability to
CO: of, 59
10ns of, 62, 63
water of, §6, 62, 63
pH gradient across, osmotic druges-
13, §8-60
potential differences across, §8
preferential reabsorption of bicar-
bonate in, 59, 60
reabsorption of potassium by, 280
reduction of vofume in, 60, 61
secreuon of mercunal drwreties in,
23, 234
sodm resbsorpuon m, 55, 56, 58,
60, 61, 72-76, 90, 91, 1956-199
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Turgor pressure,
intrarenal, 46
of tissues, and distnibution of fluid,
1

ig

Ultrafiltrate
crystalloidal content of, 45, 45
definition of, 14
hydrostatic fotce required to form,
45, 46
intersudal flud as an, 14
protein content of, 45, 46
Ulerafiltration
cnitera of, 45
definivon of, 44
Urea
as & determinant of minimum urine
volume, 189
hepatic conversion of ammonum
chloride to, 151, 158
hypertonuc, i treatment acute di-
lutional hyponatremia, 287
papillary concentranon of, 65§
renal plasma clearance of, 50
use as an osmotic diuretic of, 199,
W00
Urmnary excretion, of dwreucs, See
individual agents, eg, Mercuria,
Sulfonamyl, etc. Diuretics
Urine
collecung  duct, osmolaty of,
6469
distal tubule, osmolaity of, 62,
69-71
Henle's loop, osmolahity of, 62,
6469
hypertonic, mechamsm of forma-
won of, 64-69
hypotonic, mechanism of forma-
ton of, 6471
osmolality and flow of, 191, 192
pH, effects of diuretics on, See
individual agents, eg, Sulfona-
myl diwretics, Ammonum chlor-
e, erc,
proximal tubule, osmolality of, 57-
61, 196
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Unine flow

and osmatic load, 194, 192

and unne osmolahty, 191, 151

in reliuon to glomerular fileration
cate, 114, 115, 187

maximum i water dauresis, 70,
110, 101, 184

ruaimal, in tharsting, 67, 70, 71, 189

v

Vascular loops of medulls and papilhs,
6769
Vasodilators of senal anerioles a5 diu-
etics, 133
Vasomotion
and fluid exchanges acros capil-
lavies, 32
factars affecung, 13
Vasopresun
a misnomer, 100
arginine, 100
lysine, 100
Venous pressure, and capillary filera-
uon, 3
Venous tourmquess, and salt and waeer
excretion, 94, 12§
Volume of distribution of
chrome tagged red cells, 7
deuterium oxde, §, 6
Evan's blue, 6
sodinated plasma protem, 7
nuanmtol, 8
rzdioesulfate, B
chiosulfzee, §
tostiom oxde, 5, 6
Volume of evtracellular flnid
and sldosterone secretion, 121, 122
conszancy of, 89
expansion in edems, 93, 107
nosmal man, 93, 107
Velume recepror
control of aldosterone secrenon by,
173
argans, possible pamuee of, 90, 92
rendl effector mechanism, 8998
response 3 edematous patlents
of, 124, 125
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sesponse to afbumin infusion
of, 18

response to standing, venous
wourniquers and phleboromy

of, 94, 195, 124, 125

Volume sregulsnon

inresaction of, with osmolal rugs-
addon, 112, 113, 97, 98, 185, 187,

287
of extracellular floid compartment,
8908

response to
dehydration, 184, 187
hyperhydranon, 186, 187
Vomiting, severe
acuee dilunonsl hyponatresis in
288
Qepletion intraceliular porassim iz,
23, 289, 201

w

Water
24 Libitum intake of, ; edema, 183
as 2 diqretle agent, 131, 133, 134
dehydraung effect of, 184
distribugion of, in body, 20
forang of, m edems, 183, 184
in plasma, concentration of, 43
mechansm of
excretion of, 44-88
glomerular filtranon of, 44-53
resbsorpdon in
collecting ducts of, 53, 6
65-70
dustal rubule of, 55, 56, &%,

79, 71
Henle's loop of, &9, 70
proximal tubule of, 3563
renal rubudes of, 53-89
of cells, reducton in acidosis, 162,
5
restredion in edema, 181
volume fltared per day of, §4, 5%
volume reabsotbed in
eollectng ducts of, 62, 70, 71
distal vubule of, 62, 62, 70
Henle’s loop of, 67
proxioa} tbule of, &0-62
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volume reabsorbed per day of, 54,
5

Water conservation
definition of, 193
magnirude of, in osmotic diuresis,
193-195
site of, in renal tubules, 193
Water content of
adipose tissue, 3
bone, 3
muscle, 3
Water diuresis
and ADH, 56
1n edematous patients, 184
in expesimental heart falure, 109,
110

in nephrosis following albumun,
137

1a therapy with corticosteroids, 176,
177, 179, 180
mechanism of production by alco-
hol of, 112
Water excretion n
ammontum chloride therapy, 162-

164

cation exchange resin therapy, 153

colloid therapy of nephrosss, 137,
138

digalis glycoside therapy, 142, 143

durenc therapy, general, 131, 132

tmercurial duretic therapy, 222, 237,
246

osmouc diuretic therapy, 189, 199,
200

sterord and annsteroid therapy,
171, 174, 176, 179, 180

sulfonamyl dmretic therapy, 249-
252, 254,273, 274

therapy with potassium salts, 280,

281
water Joading, 183, 184, 186, 187
xanthine therapy, 208
Water excretory capacity m
edema, 106, 107, 109
normal man, 106, 107
‘Water intoxication
symtotns of, 287, 288
trearment of, 287-289

Water loading
and sldosterone secretion, 121, 122,
186
effects on glomerular fileration rate
in edema, 186
in therapy of edema, role of, 186
Water privation, and aldosterone se-
cretion, 121, 122
Water pump, conceptual dufficulties
for, 56, 57
‘Water transport, and osmouc forces,
53-75
Weighe, reduction of, in treatment
heart failure, 131
Weight loss, m diuretic therapy, 131,
132
See alro individual diuretic agents
Wine coaper's dropsy, 183

X

Xanthine diuretics
chemical structure of, 205
collowdal  alummum  bydroxide,
with, 210
compounds of, suitable for paren-
teral admmistration, 210
contraindications for, 212
depression of tubular resbsorption
of salt and water by, 207-209
dose and route of admunistration
of, 209-211
carly use of, 204
effects on
blood clotting of, 212
glomerular filtration rate of,
207-209
renal blood flow of, 207-209
renal vasculature of, 206-209
gastromtestinal disrurbances from,
209, 210
habitvation to, 210
n
hepatic insuffieiency, 212
“mercurial-fast” pauents, 211
recent myocardial infarction,
12

indications for, 211, 212
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1 PR

of,

iphera] diuretic actions of,

210, 211
intravenous administration of, 210,
m
mechanism of diuretic action of,
206-209
pharmacological actions other than
renal, 204
possible
effects on renal merabolism,
207
hypothalamic actions of, 206

206
refation blood flow changes to diu-
resis, 207
renal actions of, 206-209
See also, Caffeine, Theobromme,
Theophylline and Aminometri-
dine

e
toxicity of, 209-211
use in maintenance therapy of, 204,
211, 212

Zona glomerulosa, adrenal cortex, 96






