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Although it is generally accepted that organic
mercurial diuretics depress the renal tubular ab-
sorption of sodium,? precise localization of their
site of action within the tubule has not been ac-
complished. If one administers graded doses of
such diuretics to the dog it becomes apparent that,
above a certain level, further increases in dosage
yield progressively diminishing increments of so-
dium excretion. This pattern of response sug-
gests that these agents depress some specific frac-
tion of total sodium absorption, and that this
fraction might be quantitated and the mechanism
itself thereby identified by the administration of
doses of mercurial diuretics sufficient to block it
completely.

The micropuncture studies of Walker and his
associates (1) indicate that at least 67 %, and prob-
ably around 80% of the glomerular filtrate is re-
absorbed isosmotically in the proximal segment
of the mammalian nephron. Wesson, Anslow, and
Smith (2), studying osmotic diuresis in the dog,
have estimated that about 87% of the filtered' so-
dium is reabsorbed actively by the proximal tu-
bule. If these figures are even roughly correct,
some 13 to 33% of the filtered load must be reab-
sorbed distally, for under usual conditions, an in-
significant fraction of the filtered load is excreted.

We have proceeded in our study on the premise
that if mercurial diuretics are capable of blocking
the absorption of the larger fraction of the filtered
sodium (67 to 87% ), they must act on the proxi-
mal tubule. On the other hand if they block a
smaller fraction (13 to 33%), whatever the dose

1 Aided by grants from the National Heart Institute
of the National Institutes of Health and the Life In-
surance Medical Research Fund.

2 Throughout this paper we shall speak in terms of the
blockage of the active absorption of sodium by mercurial
diuretics. Actually we have no evidence that these
agents may not block the active absorption of chloride,
and that in consequence, equivalent quantities of sodium
appear in the urine.

administered, they may well act on the distal
tubule. This latter conclusion, in contrast to the
first, is not incontestable. It is, of course, possible
that there might be two or more distinct mecha-
nisms for sodium absorption in the proximal tu-
bule, only one of which is mercury sensitive. That
mechanism might account for 16 to 33% of the
total of 67 to 87% of filtered sodium normally ab-
sorbed in the proximal tubule. Since no evidence
of functional differentiation of sodium absorption
in this segment exists, we incline to the former
and simpler interpretation. Our findings demon-
strate (a) that there is a specific mechanism for
sodium absorption which can be completely
blocked by large doses of mercurial diuretics; and
(b) because it accounts for 17.1 to 21.4% of
total absorption, this mechanism probably resides
in the distal tubule.

METHODS

Experiments were performed on trained, unanesthetized
dogs. Animals were used in the fasting state, at intervals
of not less than one week. Glomerular filtration rate was
measured by the creatinine clearance and sodium was de-
termined in plasma and urine with an internal standard
flame photometer. Other methods have been described in
previous communications (3).

RESULTS

The unprepared, normally hydrated dog ® is not
suitable for this study. Presumably the loss of
excessive quantities of sodium and water in the
urine or the cardiac and vascular toxicity of the
diuretic per se so compromises circulatory func-
tion that the animal cannot for long maintain a
stable renal hemodynamic state, Consistently,
the onset of diuresis is followed shortly by a fall
in glomerular filtration rate such that the ap-

8 So-called normal hydration was achieved in the ini-
tial experiments by administering 300 cc. of water by

stomach tube approximately one hour prior to the start
of the experiment.
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parent duration of action of the diuretic is drasti-
cally foreshortened, and its real effectiveness
largely masked. This pattern is seen in the ex-
periment at the left in Figure 1, in which creatinine
in isotonic glucose was infused throughout the ex-
periment at a rate of 1 cc. per minute. No other
supportive measures were employed. The rise in
filtration rate observed immediately after the in-
travenous administration of salyrgan is most prob-
ably due to an action of the theophylline which it
contains. Following the loss of significant quan-
tities of sodium and water in the urine, glomerular
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filtration rate decreased, and with it, diuresis and
sodium excretion. Although the falling filtration
rate may protect the animal from excessive deple-
tion of extracellular fluid, the continually varying
load of filtrate beclouds any analysis of tubular
function. Presumably, a similar mechanism limits
the diuresis produced by mercurials in normal hu-
mans (4) as contrasted with the copious and pro-
tracted diuresis seen in edematous patients.

On the other hand, the infusion of 0.85% so-
dium chloride at 10 cc. per minute for two and one-
half hours prior to and throughout the course of
the experiment provides an adequate backlog of
extracellular fluid. As illustrated in the graph on
the right, filtration rate not only was initially
higher than in the normally hydrated animal but
also was satisfactorily maintained despite the loss
of larger quantities of sodium and water.

Further, we have not been able to administer
intravenously to unprepared dogs any of the com-
monly used mercurials * in the range of dosage
necessary to produce maximal effects (i.e. 100 to
240 mg. Hg) without producing an immediate de-
pression of glomerular filtration which is so se-
vere that the technique becomes untenable. A
series of experiments in which progressively in-
creasing doses of salyrgan were administered to a
normally hydrated dog is illustrated in Figure 2.
It is apparent that a drastic effect on filtration rate,

4 Salyrgan, Mercuzanthin, Mercuhydrin.
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with an immediate fall to 12 cc. per minute, ap-
peared with a dose of 75 mg. Hg before there was
any suggestion that sodium excretion was ap-
proaching a ceiling. This difficulty was minimized
by the use of the supporting infusion of saline with
injection of the mercurial at rates not greater than
8 mg. Hg per minute. Ascorbic acid (150 mg.)
was incorporated for its protective value (5).
High doses of thiomerin led to such marked and
progressive diminution of filtration rate that this
preparation was not found helpful.

The sodium excretion observed after adminis-
tration of graded doses of salyrgan to a single
dog is presented in Figure 3. An infusion of
0.85% saline was given for two and one-half hours
before, and during the course of each experiment.
It is evident that increases in dosage from 15 to
30 mg. Hg and from 30 to 45 mg. Hg were reflected
by enhanced sodium excretion. However, the re-
sponse obtained from 45 mg. Hg was in this animal
a limiting one, and was not exceeded even when
twice that amount was given. The peak sodium
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excretion was reached more quickly with the
higher doses and' was maintained for a longer time,
but its height remained fixed.

When the saline infusion is used the excretion
of sodium resulting from the infusion alone is
considerable. The effectiveness of a diuretic
given in the course of such an infusion must be
expressed in terms of the increase in excretion of
sodium and water which it produces. It is diffi-
cult to establish true control levels. If the in-
fusion is given alone through the usual duration
of an experiment, one observes a gradual increase
in sodium excretion. This is not surprising, for
the animal is in progressively increasing positive
salt and water balance throughout, with expanding
extracellular fluid volume and progressively rising
glomerular filtration rate. If, however, a mercur-
ial is administered, the increment in urine flow is
such that the animal is no longer accumulating wa-
ter and salt. In order to obtain reasonable ter-
minal control levels, BAL was administered in
several experiments to block the effect of the diu-
retic after the peak response had been established
(6). In general, with the experimental plan
adopted, these terminal control levels agreed closely
with initial control levels and were consolidated
with them for calculations.

A typical experiment is illustrated in Table I.
Saline was infused at a rate of 10 cc. per minute for
two and one-half hours before, and throughout the
course of the experiment. During the initial two
control periods, roughly 0.8 millimol per minute
of sodium was excreted; 10.7 to 11 millimols were
reabsorbed. These latter quantities represent 93%
of the filtered moiety. Following the administra-
tion of 100 mg. Hg as mercuhydrin, sodium ab-
sorption decreased and excretion increased until
in the sixth through the eighth clearance periods
only 80% of the filtered sodium was reabsorbed.
Glomerular filtration rate and plasma sodium con-
centration varied but little throughout the entire
experiment.

Following the intramuscular administration of
1 cc. of 10% BAL in oil, sodium excretion dropped
to the control level, and the per cent of filtered so-
dium absorbed returned toward its initial value.

The three experiments summarized in Figure 4
were performed on one dog in the manner just
described. Following two or three control pe-
riods, mercuhydrin was administered intrave-
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TABLE 1

An experiment illustrating the effect of mercurial diuresis on glomerular filtration rate and sodsum reabsorption

and excretion during the infusion of saline in a normal dog
Sodium
Urine flow Glom. filt. rate | Plasma sodium | Urine sodi
Filtered Excreted Reabsorbed
cc./min. cc./min. mM/L. mM/L. mM/min. mM /min. mM /min. % filtered
10 cc. Saline per min. for preceding two hrs. and 30 mins., intravenously
8.93 80.0 151.2 90.5 11.49 0.808 10.68 93.0
9.07 81.7 152.1 89.7 11.81 0.814 11.00 93.1
100 mg. Hg as Mercuhydrin, intravenously
11.58 86.5 152.1 114.1 13.16 1.331 11.83 89.8
11.52 85.7 152.7 129.4 12.44 1.465 10.97 88.3
15.60 83.0 153.6 126.7 12.10 1.962 10.14 84.8
16.86 83.8 152.1 135.1 12.11 2.280 9.83 81.1
17.06 83.4 152.7 136.9 12.10 2.335 9.76 80.6
16.53 80.4 152.7 141.7 11.60 2.332 9.27 79.9
100 mg. BAL, intramuscularly
10.33 71.3 154.5 139.1 9.82 1.438 8.38 85.3
5.40 85.2 155.6 124.6 12.60 0.674 11.93 94.7
6.33 82.5 156.8 127.5 12.39 0.807 11.58 94.3

Saline administered throughout at a rate of 10 cc. per min.
All urine collection periods 15 mins. in length.

nously in the dosage noted. Each experiment was
terminated by the intramuscular injection of BAL.
We would call attention to certain significant facts.
Roughly 800 microequivalents of sodium per min-
ute were excreted during the control periods of each
experiment and during the periods following BAL.
The filtration rate remained remarkably constant
throughout all experiments. The administration
of 50 mg. Hg increased sodium excretion to a
peak value of 1,193 microequivalents per minute

over the preceding control and the succeeding
BAL levels; 100 mg. Hg increased it by 1,536
microequivalents per minute; 200 mg. Hg in-
creased it by 1,754 microequivalents per minute.

A similar series of experiments performed on
another dog, differing in the dose of mercury in-
jected, is illustrated in Figure 5. It is evident
that 60 mg. Hg increased excretion of sodium by
783 microequivalents per minute; 120 mg. Hg in-
creased it by 1,564 microequivalents per minute;

TABLE II

Relation of the maximum depres&ian of sodium absorption attainable with mercurial diuretics
to the usual overall tubular absorption of sodium

Dog 1 Dog 2 Dog 3
. microequss./min. mscroequiv./min. microequiv./min.

Saline infusion experiments
Peak sodium excretion after mercuhydrin 2,520 2,440 2,380
Mean sodium excretion before mercuhydrin and after BAL 766 860 849
Excess sodium excretion due to maximum mercurial effect 1,754 1,580 1,531
Experiments without saline
Mean total sodium absorption 8,212 9,008 8,972
Sodium gmog susoeptirl;;ti

to y mercu

Total sodium absorption X 100 214% 17.5%
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and 240 mg. Hg increased it by 1,580 micro-
equivalents per minute. These doses represent
about 1.5, 3 and 6 cc. of mercuhydrin respectively.
This last dose is near a lethal one for a 16 to 18
kg. dog. Indeed, one animal died immediately fol-
lowing such a dose, despite the concurrent ad-
ministration of 150 mg. of ascorbic acid.

The data obtained in the experiments just de-
scribed, and in a similar series on a third dog, are
summarized in Table II. The peak sodium excre-
tion following mercuhydrin varied in these three
animals only between 2,380 and 2,520 micro-
equivalents per minute. The average excretion
prior to the mercurial and following BAL varied
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within limits of 766 and 860 microequivalents per
minute.® The maximum increments in sodium
excretion obtained by the administration of just
sublethal doses of mercuhydrin therefore lie be-
tween 1,531 and 1,754 microequivalents per min-
ute for these 16 to 18 kg. dogs.

DISCUSSION

The results presented above indicate that the
organic mercurial diuretics are capable of sup-
pressing only a fraction of the renal tubular re-
absorption of sodium. It seems reasonable to be-
lieve that this limiting response is reached when
the reabsorptive system which is susceptible to
their action has been completely blocked, so that
further increases in dosage can produce no greater
effect.

In order to relate the fraction of sodium absorp-
tion which is susceptible to the action of the mer-
curials to usual total sodium absorption, we have
taken data from other experiments on these same
three dogs in which no saline and no mercurial
were administered. In these experiments total
sodium absorption, which includes both proximal
and distal moieties, amounted to 8,212 to 9,008
microequivalents per minute (Table II). Re-
duction of sodium absorption by 1,531 to 1,754
microequivalents per minute by the mercurial rep-
resents a blockage of 17.1 to 21.4% of average
normal absorption determined in these control
experiments. Were the reduction in sodium ab-
sorption expressed in terms of per cent of control
absorption during the infusion of saline, values of
the order of 13 to 15% would be obtained. What-
ever the method of calculation adopted, the maxi-
mum depression of sodium absorption possible
with these agents lies within the range generally
attributed to the distal tubule, namely 13 to 33%
of filtered sodium.

Reasoning alone from these data and from
presently accepted views as to the magnitudes of
proximal and distal tubular absorption, one can
arrive at only one conclusion, namely, that mer-
curial diuretics depress the distal tubular absorp-
tion of sodium. If one wishes to make the addi-
tional assumption that no less than two functionally

5 Plasma sodium levels were slightly elevated during
the saline infusion experiments, varying from 150 to 157

milliequivalents per liter but remaining fairly constant
during any given experiment.
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distinct proximal tubular mechanisms exist, only
one of which is mercury sensitive, our data may be
brought into line with the view that these drugs
exert their major action on the proximal segment.

Indeed certain functional and pathological evi-
dences can be marshalled to support a concept of
the proximal tubular action of mercurial diuretics.
Thus Brun, Hilden and Raaschou (7) have dem-
onstrated that these agents depress the secretion
of diodrast and para-aminohippurate in man, a
function presumably of the proximal segment.
Similarly, Weston and his associates (8) have
recently presented evidence that, in man, these
agents depress the absorption of glucose, a func-
tion which is more securely established as a proxi-
mal tubular one. The inference might be drawn
that mercury depresses all proximal tubular ac-
tivities and that its effect on sodium absorption
is merely an example of this same action. How-
ever, in the dog mercury depresses neither the
secretion of para-aminohippurate (9) nor the re-
absorption of glucose,® yet it exerts its typical
natriuretic action, facts which tend to negate the
above argument. Pathological evidence on the
other hand indicates that mercury acts most
strongly as a protoplasmic poison in the proximal
tubule (10). We would not suggest that mer-
curial diuretics are without specific actions on
proximal tubular enzyme systems, rather that
short of tissue injury they do not specifically de-
press those concerned with the absorption of
sodium. Should the natriuretic action of these
drugs be exerted proximally, one would expect
that the larger part of the filtered sodium would
appear in the urine when this effect was maximal.

In a series of experiments on a given animal or
even among a group of animals of similar weight,
the absolute levels of sodium absorption assigned
to the distal tubule have been remarkably con-
stant. One might interpret these findings as evi-
dence for the concept of a limited distal tubular
reabsorptive capacity for sodium as suggested by
Wesson, Anslow, and Smith (2). However, from
our data, it is equally possible that a fixed pro-
portion of the filtered sodium is reabsorbed by the
distal tubule. In our experiments, the filtered
load of sodium was maintained essentially con-
stant. Absorption of a fixed proportion of this
constant load cannot be distinguished from the

6 Unpublished experiments from this laboratory.



STUDIES ON DIURETICS. 1.

absorption of a constant absolute quantity of
sodium. Theoretically, one might attack this
problem by studying distal sodium absorption as
a function of distal sodium load. Practically, we
have been unable to achieve sufficient stability of
filtration rate under varied sodium infusion. loads
to render such a study feasible. Lability of filtra-
tion rate, particularly in the face of necessarily
large doses of organic mercurials, imposes limita-
tions on this experimental approach.

SUMMARY AND CONCLUSIONS

1. The depression of renal tubular absorption
of sodium which can be produced by mercurial
diuretics is limited. It is assumed that this limit
is established when the absorptive system which
is susceptible to depression by mercurials has been
completely blocked.

2. The magnitude of the absorptive system so
quantitated corresponds to the magnitude of dis-
tal tubular absorption as estimated by others.

3. It is inferred that organic mercurial diuretics
depress the distal tubular absorption of sodium.
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