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The major body buffers, including bicarbonate,
plasma and tissue proteins and intracellular or-
ganic phosphate complexes, can yield sufficient
base within a pH range compatible with life to
neutralize at most 1 mol of strong acid (1). As
an immediate compensation for the invasion of the
body by acid, urine of increased hydrogen ion
concentration is formed, but since the pH of the
urine is limited to a minimum of 4.4 to 4.7 (2, 3),
the quantity of strong acid which can be excreted
in free form is negligible. Acid is at first elimi-
nated fully neutralized by base derived from the
above mentioned buffers (4-6). According to
Gamble the resulting depletion of base stores
serves to stimulate the production and excretion
of ammonia. Over a period of several days am-
monia is substituted in progressively increasing
amounts for fixed base in the urine, until even-
tually nearly all of the acid is eliminated in com-
bination with ammonia (4-7). During recovery
from acidosis the excretion of ammonia remains
high, and base derived from ingested salt is re-
tained in the body to rebuild buffer stores. Only
after these stores are replenished does the excre-
tion of ammonia decrease to normal levels.

The loss of base from both intra- and extra-
cellular compartments during the initial phase of
acidosis is accompanied by a compensatory loss of
water, leading to cellular and interstitial dehydra-
tion and to reduction in circulating plasma volume
(4, 6). Presumably this latter factor is responsi-
ble for the reduction in urea clearance and for the
nitrogen retention often observed in severe acido-
sis (8). However, loss of fluid does not com-
pletely compensate for loss of alkali, for the total
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base concentration of the plasma usually decreases
significantly (4, 6, 9-11).

The acidosis of diabetic ketosis differs from
that outlined above chiefly in the greater contri-
bution of titratable acid excretion to total acid
elimination (1, 12, 13). Because of the weakly
acidic nature of beta-hydroxybutyric acid appre-
ciable quantities of acid can be eliminated in free
form in urine of maximal acidity. In severe dia-
betic ketosis as much as 0.15 mol of titratable acid
may be excreted per day. However, providing
the development of ketosis is slow, some two to
three times this quantity of acid is eliminated in
combination with ammonia. In rapidly develop-
ing ketosis, loss of base and dehydration may
reach lethal proportions before the renal produc-
tion of ammonia increases sufficiently to balance
the acid load (14, 15). In chronic nephritis the
renal capacity to excrete ammonia is reduced (16,
17), and since acid is eliminated for the most
part in combination with fixed base, the buffer
reserves of alkali suffer progressive depletion (9,
18, 19).

The present study of the response of the normal
kidney to an increased load of strong acid was
undertaken (a) to relate the rates of excretion of
the several ions to their respective plasma con-
centrations, (b) to determine the nature and ex-
tent of the changes in glomerular filtration, renal
plasma flow, and ionic reabsorption which under-
lie altered excretory functions in metabolic acido-
sis, and (c) to study the time relations of the
renal compensations to acidosis. A number of
complete though separate studies of acid-base
equilibria of plasma and of urinary electrolyte
balance have been made in experimental acidosis
and in the acidosis of chronic nephritis and dia-
betes (9, 10, 12, 13, 16-18). However, in no
study to date have electrolyte balances been re-

423



0. W. SARTORIUS, J. C. ROEMMELT, AND R. F. PITTS

lated to the changes in plasma composition and
renal function which ultimately determine their
character. The data presented below partially fill
this void.

METHODS

Three types of experimental procedures were applied in
this study.

(a) Two healthy adult males were maintained for
periods of 15 and 16 days respectively, on a diet constant
with respect to salt content and caloric value. Accurate
24-hour urine samples, preserved with toluene, were col-
lected during these periods. Daily blood samples were
drawn from a superficial vein after soaking the forearm
in water at 47° C for 10 min. to render the composition
of the venous blood essentially that of arterial blood. The
plasma and urine samples of both subjects were analyzed
for sodium, chloride, bicarbonate, pH, and phosphate.
Hematocrit, urinary specific gravity and urinary content
of titratable acid and ammonia were determined daily.
The plasma and urine samples of the second subject were
in addition analyzed for potassium, calcium, sulphate, and
protein, while the urine was further tested for magnesium,
organic acid, creatinine, creatine, and amino nitrogen. In

the first experiment sodium was analyzed by the method
of Butler and Tuthill (20). In the second experiment,
sodium and potassium were determined by an internal
standard flame photometers with an accuracy within
4- 2 per cent, as checked against the method of Butler
and Tuthill. Magnesium was precipitated as the am-
monium phosphate and the latter ion determined colorn-
metrically (1). Plasma proteins and specific gravity
were determined by the copper sulphate method of
Phillips et al. (21). Organic acid in urine was deter-
mined by electrometric titration of aliquots between
limits of pH 8.0 and 2.7 following removal of phosphate
with calcium hydroxide. Titrations were corrected for
creatinine content of the urine (1). Other methods em-
ployed have been described in previous communications
(3, 22). The first five days of each experiment con-
stituted the control period; the second five days, the pe-
riod of acidosis; and the remaining five or six days, the
recovery period. The first subject ingested 15 gms. of
ammonium chloride daily in divided doses for the initial
two days of acidosis followed by 10 gms. daily for the

2We are indebted to Dr. Robert L. Bowman of the
Department of Medicine of New York University Col-
lege of Medicine for the design of our flame photometer
and for his helpful advice during its construction.
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RENAL COMPENSATIONSIN AMMONIUMCHLORIDE ACIDOSIS

FIG. 2. CHANGESIN THE RATES OF EXCRETION OF IONS, RENAL PLASMA
FLOW, GLOMERULARFILTRATION RATE, AND BODY WEIGHT WHICH RE-
SULTED FROMTHE INGESTION OF 60 GMS. OF AMMONIUMCHLORIDE OVER
A FIVE-DAY PERIOD

remaining three days. The second subject ingested 15
gms. daily throughout the period of acidosis.

(b) Renal clearance experiments were performed at
intervals during the control, acidosis, and recovery pe-
riods. In the first subject, the rate of glomerular filtra-
tion was approximated by mannitol clearances,8 performed
on the first and fourth days of the control period, the
second and fifth days of acidosis and the fifth day of
recovery. In the second subject, inulin was used as an
exact measure of glomerular filtration rate. Determina-
tions were made on the first and fourth days of each of

8According to recent studies of Berger et al. (23) the
mannitol clearance is significantly lower than the inulin
clearance, hence is not an exact measure of glomerular
filtration rate. However, the mannitol clearance pre-
sumably measures a constant fraction of the glomerular
clearance in any one individual. Thus although absolute
values for ionic reabsorption calculated from mannitol
clearances may be too low, changes in ionic reabsorption
are correctly indicated.

the three experimental periods. Effective renal plasma
flow was determined by the p-amino-hippurate clearance
in both subjects.

(c) The acute response of the kidney to acidosis was
assessed in one subject in a 12 period experiment, during
which a total of 10 gms. of ammonium chloride was
ingested.

RESULTS

Acid-base equilibria of plasma and urinary ionic
balances in acidosis
Data on the plasma composition and urinary

ionic balance of subject P are summarized in
Figures 1 and 2. In Figure 1 are presented the
plasma values for chloride, bicarbonate, pCO2,
pH, sodium and phosphate. Each variable is re-
ferred to a base line established by averaging the
five control determinations. Thus the mean
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plasma chloride during the control period was
107 mEq per liter, varying within limits of 105
and 109 mEqper liter. In consequence of inges-
tion of ammonium chloride, the plasma chloride
rose to a peak value of 122.8 mEq per liter on
the fourth day of acidosis. In contrast the plasma
bicarbonate fell from a mean normal value of
24.4 mEq per liter to 10.3 mEq per liter on that
day.

Chloride and bicarbonate varied throughout in
reciprocal fashion, the sum of the two remaining
roughly constant for the first 11 days of the ex-
periment. However, on the second recovery day,
the sum of these two anions increased 6 mEqper
liter, for bicarbonate rose more rapidly than chlo-
ride fell during this period. The sum of chloride
and bicarbonate averaged 7 mEq lower than
sodium during the control period and at the end
of the recovery period. However, during the pe-
riod of acidosis, sodium fell 2 to 3 mEq below
the sum of these two anions. This finding can
be partially explained by the decrease in base bind-
ing capacity of the plasma protein due to in-
creased plasma acidity. However, this and other
interesting results prompted a more complete
ionic study of the plasma and urine in a second
subject.

Respiratory compensation is shown by the drop
in pCO2 of arterialized venous blood from a nor-
mal value of 41.0 to 23.9 mm. Hg during acido-
sis; the latter value is indicative of a 70 per cent
increase in alveolar ventilation over the normal.
The subject was conscious of some increased ven-
tilation at rest and obvious dyspnea on exertion.
Presumably this increase in ventilation resulted
from the increase in blood acidity from pH 7.40
to 7.25 (24).

The serum sodium concentration dropped sig-
nificantly on the second day of acidosis and
reached a low of 130.9 mEqper liter on the third
day, a decrease of 8 mEq per liter. The plasma
concentration of phosphate, in contrast, was main-
tained relatively constant until the fifth day of
acidosis.

The concentrations of each of these plasma
constituents with the exception of phosphate re-
turned to normal or supra-normal levels within
the five-day recovery period. Serum sodium and
pH were restored first, bicarbonate and pCO2
next, and chloride only on the fifth day. There

is evident an over-compensation in the return of
bicarbonate, pCO2, pH, and sodium to levels
above those existing during the control periods.

In Figure 2 are summarized the rates of ex-
cretion of chloride, phosphate, titratable acid, am-
monia and sodium, expressed in mEq per 24
hours; urine pH; body weight; and glomerular
filtration rate and renal plasma flow on the five
days on which these variables were measured.
During the control period the rate of excretion
of chloride averaged 130 mEq per day varying
within limits of 107 and 151 mEq per day. In
consequence of the ingestion of ammonium chlo-
ride and elevation of plasma level, chloride excre-
tion increased to 368 mEq on the first day and
to 458 on the third. During these three days
there was a net loss of 230 mEq of chloride over
and above that ingested in the diet and as am-
monium chloride. At a mean concentration of 115
mEqper liter, this represents a loss of 2 liters of
extracellular fluid in the first three days of acido-
sis. Body weight actually decreased 2.2 Kgm.
during this interval. Although a rigorous analy-
sis of these data cannot be justified, it is safe to
infer that the major loss of weight early in this
experiment resulted from loss of extracellular
fluid.

The excretion of phosphate increased from an
average of 41 mMper day during the control
period to a peak of 60 mMper day on the third
day of acidosis. Phosphaturia was not as sig-
nificant a feature of acidosis in these experiments
as in some previously reported (1). However, it
accounted in large measure for the increased ex-
cretion of titratable acid from the mean control
rate of 37 mEq per day to a peak of 68 mEq
per day. The fall in urine pH from a control
value of 5.7 to a low of 4.7 contributed, although
less significantly than phosphate excretion, to the
increased excretion of acid. Since increased ex-
cretion during the first four days of acidosis was
attended by no fall in plasma level, phosphate
must* have been derived either from skeletal or
intracellular stores. The fact that in subject H
both calcium and potassium excretion were ele-
vated during acidosis inclines us to the view that
phosphate was derived from both possible sources.

The well known excretion of fixed base at the
onset of acidosis, and its subsequent replacement
with ammonia are well illustrated in this experi-
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ment. During the control period, 142 mEq of
sodium and 34 mEq of ammonia were excreted
per day. On the first day of acidosis the excess
chloride in the urine was largely neutralized with
sodium, the rate of excretion of this latter ion
rising to 310 mEq per day, whereas that of am-
monia increased only to 62 mEqper day. By the
fifth day ammonia had increased sufficiently to
neutralize all excess chloride derived from the
ammonium salt ingested, and the sodium balance
became positive. On the first day of the recovery
period the retention of dietary sodium was nearly
complete, most of the urinary anions being neu-
tralized by ammonia. A positive sodium balance
was maintained for four days, during which time
the alkali reserve and the salt content and volume
of the several fluid compartments of the body were
restored to their original condition.

During the five-day period of acidosis the net
loss of sodium from the body amounted to 306
mEq. At a mean plasma sodium concentration
of 135 mEqper liter this represents a loss of 2.3
liters of extracellular fluid. Actually body weight
decreased during this interval by 2.9 Kgm. The
extra weight loss probably represents intracellular
fluid, for in subject H a significant loss of potas-
sium was observed during the period of acidosis.
It is, however, apparent that in this experiment
roughly three-fourths of the weight loss can be
ascribed to a reduction in volume of extracellular
fluid. It is significant that in the first four days
of recovery 309 mEq of sodium were retained to
balance the 306 mEq lost during the period of
acidosis. On the fifth day of recovery sodium
excretion was exactly equal to the average of the
five control days. Before this time body weight
had been restored to normal.

A part of the fluid lost during the period of
acidosis was derived from the vascular compart-
ment, for the hematocrit, which fell steadily dur-
ing the five control days, rose during the first
three days of acidosis to a value appreciably above
normal, to fall precipitously during the recovery
period. In all some 1300 ml. of blood were
drawn, relatively equally distributed over the 15
days of the experiment, so that a steady fall in
hematocrit would be expected had no blood con-
centration resulted. No doubt because of this
reduction in blood volume, glomerular filtration
rate and renal plasma flow fell from their respec-

tive control values of 101 and 483 cc. per min.
to 86.8 and 468 cc. per min. on the second day
of acidosis, and to 92 and 402 cc. per min. on
the fifth day. These changes in renal function
are rather small, but had the dehydration been
more severe and progressive it is probable that
they would have been of greater magnitude. It
must be remembered that the intake of food, fluid
and salt was maintained at normal levels through-
out the period of developing acidosis, a fact which
must have reduced the severity of dehydration in
comparison with that observed in patients suf-
fering from diabetic ketosis or chronic nephritis,
and exhibiting equivalent reduction in plasma al-
kali reserve. At the end of the recovery period
both filtration rate and renal plasma flow had
returned to levels slightly higher than those of
the control period. Subject H who lost less
weight and exhibited less dehydration suffered no
decrease in filtration rate or in renal plasma flow;
indeed both variables increased somewhat during
acidosis. It is reasonable to infer that the dehy-
dration which may accompany acidosis rather than
the acidosis itself is the cause of the reduced renal
function often observed (8, 25).

The results of the more extensive balance ex-
periment performed on Subject H are summarized
in Figures 3-5. In Figure 3 the plasma values
for sodium, potassium, and calcium are presented
in the left hand block, and those for chloride, bi-
carbonate, protein, phosphate, and sulphate are
presented in the right hand block of each day's
result. An undetermined moiety remains in the
cation column which increases during acidosis from
a control average of 6.2 mEq per liter to 10.0
mEq per liter on the last day of acidosis. The
undetermined moiety is no doubt in part magne-
sium, and if one accepts a figure of 4 mEq per
liter as a normal plasma value, the discrepancy
during the control period is reduced to a satis-
factorily small value. It must be remembered
that the protein equivalence is calculated from
total protein of serum and may well be subject
to error. An increase in this error during acido-
sis may account for the additional slight discrep-
ancy. On the other hand, as noted below, it may
be in part due to an increase in plasma magne-
sium. During the control period total plasma
anions average 158.2 mEq per liter. There oc-
curred a slight decrease during acidosis to an
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FIG. 3. CHANGESIN THE ELECTROLYTE PATTERN OF THE PLASMA OF
SUBJECT H WHICH RESULTEDFROMTHE INGESTION OF 75 GMS. OF AM-
MONIUMCHLORIDE OVERA FIVE-DAY PERIOD

average of 156.9, rising again in recovery to
158.6 mEq per liter. Plasma sodium dropped
from a control average of 141.2 mEq per liter
to a low of 135.3 on the third day of acidosis, a
decrease of 5.9 mEq per liter. This decrease is
slightly less than that observed in subject P.
Chloride, in consequence of the ingestion of am-
monium chloride, rose from a control average of
109.8 mEq per liter to a peak value of 123.1 on
the last day of acidosis, a rise of 13.2 mEq per
liter. Conversely bicarbonate fell during acidosis
from a mean control level of 26.3 mEq per liter
to a low of 15.6 mEqper liter on the fourth day.
Again as in subject P, the sum of chloride and
bicarbonate remained roughly constant from day
to day until the second recovery day when a mod-
erate rise occurred due to the rapid return of
bicarbonate to normal. The mean control value
for the sum of chloride and bicarbonate was 136.1
mEq per liter, a value 5.1 mEq per liter lower
than the control sodium level. This difference
decreased during acidosis so that on the last day
of this period it amounted only to 0.4 mEq per
liter. As may be seen from Figure 3, this change
in the proportion of sodium to the sum of chloride
and bicarbonate may be ascribed in part to the
slight increase in plasma potassium from a mean

control level of 4.26 mEq per liter to a high of
4.95 mEq per liter during acidosis, to the small
reduction in phosphate from a control of 2.6 mEq
per liter to a low of 2.1 mEqper liter on the last
day of acidosis, and to the minor decrease in sul-
phate from an average of 1.1 mEq per liter to a
low of 0.8 mEqper liter again on the last day of
acidosis. The more significant change appears in
the undetermined moiety and may represent some
increase in plasma magnesium and possibly an er-
ror in the base binding power of the plasma pro-
teins as noted above. Further investigation is
needed to clarify this point. However, both sub-
jects exhibited the same type of change in sodium/
anion ratio to approximately the same degree.

The plasma pH averaged 7.41 during the con-
trol period and fell progressively during the period
of acidosis to a low of 7.29, only to rise rapidly
to a level of 7.41 on the second recovery day. An
over-compensation then resulted with the pH in-
creasing to 7.45 on the fourth and fifth recovery
days. A similar over-compensation was observed
during the recovery period with respect to sodium,
calcium and bicarbonate levels.

Electrolyte excretion is graphically presented in
Figure 4. Cation excretion is blocked against
anion excretion for each day of the experiment.
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All values are given in milliequivalents per 24
hours. In consequence jof the ingestion of am-
monium chloride, total ionic excretion (sum of
anions and cations) rose steadily during the pe-
riod of acidosis so that on the last day of this
period a total of 1248 mEq per 24 hours were
excreted as compared to a mean control value of
566 mEq. During the control period, the mean
daily chloride excretion was 9 mEq higher than
the mean sodium excretion, their values being 134.5
and 125.0 mEqper 24 hours respectively. How-
ever, with the ingestion of 15 gms. of ammonium
chloride daily, chloride excretion rose progres-
sively over the five-day period of acidosis to 470
mEqper 24 hours. Sodium excretion was great-
est on the first day of acidosis and then fell in
stepwise fashion from 293 to 50.6 mEq per 24
hours on the second day of recovery. Potassium
excretion averaged 79.8 mEq per 24 hours dur-
ing the control period, rose to a peak of 166.6
mEq per 24 hours on the third day of acidosis,
and then fell gradually to a low of 20.9 mEqper
24 hours on the second recovery day. It is inter-
esting that potassium excretion had not risen ap-
preciably by the last day of recovery even though
the net deficit incurred during the period of acido-
sis had been almost completely regained. Calcium

CONTROL AC,
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CATION EXCRETION
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*Calcium
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excretion rose to a high value of 41.4 mEqper 24
hours on the fourth day of acidosis from a mean
control value of 17.6 mEqper 24 hours. In con-
trast to potassium excretion, the excretion of cal-
cium remained above the control value during the
recovery period, averaging 27.7 mEq for the six
days of this period and falling to 24.8 mEqper 24
hours on the last day of the experiment. Magne-
sium excretion varied but little from a mean con-
trol level of 13.1 mEq per 24 hours reaching a
maximum of only 16.8 mEqon the second day of
acidosis and falling in the recovery period to a
level only slightly below the control. With the
drop in urine pH from a mean control level of
5.61 to an average of 4.92 during the period of
acidosis, the capacity of creatinine to combine with
acid became significant. Thus acid bound by
creatinine rose from a mean control value of 3.8
mEqper 24 hours to a high of 10.1 mEqper 24
hours on the second day of acidosis. Sulphate
excretion averaged 49.4 mEqper 24 hours during
the control period, rising to 63.6 on the second
day of acidosis and dropping to a low of 22.6
mEq per 24 hours on the first day of recovery.
Phosphate excretion per 24 hours averaged sev-
eral mEq greater than sulphate but behaved in a
similar way. Organic acid excretion showed no

DAYS

FIG. 4. CHANGESIN THE DAILY EXCRETION OF IONS OF SUBJECT H
RESULTING FROM THE INGESTION OF 75 GMS. OF AMMONIUMCHLORIDE
OVERA FIVE-DAY PERIOD
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significant change during the experiment. Dis-
crepancies between anion and cation excretion
during the control and recovery periods are within
limits of experimental error. During acidosis the
increased discrepancy is unexplained, but might be
due in part to the elimination of some undeter-
mined organic cation, e.g., a basic amino acid
such as histidine.

In the central portion of Figure 5, base con-
servation, as represented by the excretion of am-
monia and titratable acid, is plotted upwards while
fixed base loss is plotted downwards. Again, it
may be clearly seen that on the first day of acido-
sis the excess chloride in the urine was to a large
extent neutralized by sodium. On the second and
succeeding days, sodium excretion was spared not
only by an increase in ammonia and titratable
acid excretion but also by an increase in the ex-
cretion of potassium and calcium. During the
last two days of acidosis and the early days of
recovery, ammonia and titratable acid. excretion

DAYS

FIG. 5. CHANGESIN THE EXCRETION OF CATIONS,
RENAL PLASMA FLOW, GLOMERULARFILTRATION RATE,
URINE OUTPUT, AND BODY WEIGHT IN SUBJECT H
RESULTING FROM THE INGESTION OF 75 GMS. OF AM-
MONIUMCHLORIDE OVERA FIVE-DAY PERIOD

were sufficiently great to permit a progressive and
significant decrease in all elements comprising
fixed base. Attention is called to the gradual
return of ammonia to the control level, for in this
phenomenon lies the explanation of the restora-
tion and over-expansion of the base reserves dur-
ing recovery.

Daily urine output is graphed on an inverted
scale immediately below fixed base loss in Fig-
ure 5. The increase in output during the period
of acidosis is in large part the result of the in-
creased intake of water- to dilute the ammonium
chloride ingested, for body weight decreased only
by 1.4 Kgm. during the entire interval. Calcula-
tions of net loss of intra- and extracellular fluid
during acidosis were less satisfactory in subject H
than in subject P, because of less adequate dietary
control and especially because of the relatively
small change in body weight. Judging from the
excess sodium and potassium excretion, loss of
fluid was relatively equally distributed between
the two compartments. Evidence of reduction in
circulating blood volume either from plasma pro-
teins or hematocrit such as that seen in subject P
was nil. Accordingly no fall, and indeed an
increase in glomerular filtration rate and renal
plasma flow was observed. These increases are
unexplained though they may be within limits
of daily variation in this subject.

Ionic reabsorption in acidosis

It is obvious from a comparison of Figures 1
and 2, and of Figures 3, 4, and 5 that the in-
crease in the excretion of chloride during am-
monium chloride acidosis is related to the increase
in plasma chloride concentration, and that the
increase in excretion of sodium is the causative
factor in the decrease in plasma sodium concen-
tration and in the decline in body weight. Ex-
periments in which glomerular filtration rate was
measured permit a more exact description of the
changes in renal function which underlie the al-
tered excretion of the several ions. The signifi-
cant data derived from 11 experiments performed
at regular intervals on the two subjects during
the control, acidosis, and recovery periods, are
summarized in Tables I and II. Inasmuch as
filtration rate decreased in one subject and in-
creased in the second during acidosis, and since
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previous work has shown that the quantities of
sodium, bicarbonate, and chloride reabsorbed vary

in proportion to glomerular filtration rate (22, 26,
27), the reabsorption and excretion of these ions
have been expressed in mEqper 100 ml. of glo-
merular filtrate for comparative purposes. On the
other hand, in Table I, the reabsorption and ex-

cretion of phosphate have been expressed in mM
per min., for the capacity of the kidney to reabsorb
this ion is fixed, limited and independent of filtra-
tion rate (28). The rates of excretion of titrat-
able acid and ammonia are likewise expressed in
mEq per min., for both hydrogen ions and am-

monia are eliminated by mechanisms which are

basically secretary in character, hence not related
to filtration rate (29).

In Table I, it may be seen that in the two con-

trol experiments at a plasma concentration of 138
mEq per liter, 13.5 mEq of sodium were reab-
sorbed and 0.3 mEq were excreted per 100 ml.
of glomerular filtrate. In the first experiment in
acidosis although the quantity of sodium delivered
into the renal tubules per unit volume of filtrate
was less in consequence of the drop in plasma
concentration, that lesser quantity was reabsorbed
less completely than under normal conditions.
Excretion rose to 0.45 mEqand reabsorption de-
creased to 12.9 mEq per 100 ml. of filtrate. In-
deed decreased reabsorption and increased excre-

tion must have been the major determinants of
reduced plasma concentration and of loss of so-

dium from the body. By the fifth day of acidosis,
the urinary loss of sodium had diminished to the
control level, namely 0.29 mEq per 100 ml. of
filtrate. No less than three factors contributed
to diminished sodium loss: low plasma sodium
concentration, i.e., reduced sodium content of the
filtrate; diminished chloride load demanding ex-

cretion, i.e., intake of ammonium chloride had
been cut from 15 to 10 gms. per day; and of
greatest significance, increased substitution of am-

monia for sodium in neutralizing urinary anions.
Weinterpret the initial loss of sodium as the pas-

sive consequence of the increased excretion of
chloride, brought about by the increased chloride
load presented to the tubules. However, the re-

absorption of chloride must be considered in re-

lation to the reabsorption of bicarbonate, for
previous work has shown that the mechanisms
responsible for the salvage of these ions are inter-

related in such a way that decreased reabsorption
of one ion species is partially compensated by in-
creased reabsorption of the other (22). Since all
urines were more acid than pH 6.0 the excretion
of bicarbonate was negligible throughout the en-
tire series of experiments. Because of reduced
plasma concentration, less bicarbonate per unit
volume of filtrate was presented for reabsorption
in the two experiments in acidosis than in the
two controls. Accordingly greater quantities of
chloride were reabsorbed in acidosis than nor-
mally, e.g., 10.9 and 11.2 mEq per 100 ml. of
glomerular filtrate in acidosis, in comparison with
10.4 and 10.2 mEqnormally. Yet because of the
greatly increased load of chloride, even the en-
hanced reabsorptive capacity was exceeded, and
chloride excretion rose. Over-compensation dur-
ing the recovery period is evident in the reabsorp-
tion of a greater than normal quantity of bicar-
bonate, the reabsorption of chloride reverting
more or less to the control value.

Diminished absorption and increased excretion
of sodium during acidosis with compensatory over-
absorption and diminished excretion during recov-
ery are again evident in experiments on subject H
presented in Table II. Thus in the second control
experiments 13.71 mEqof sodium per 100 ml. of
filtrate were reabsorbed and 0.12 mEq excreted.
On the first day of acidosis 13.60 mEq were re-
absorbed and 0.25 mEq were excreted. On the
first day of recovery reabsorption had increased
to 13.78 mEq and excretion had fallen to 0.036
mEq. These days are chosen for consideration
because the plasma sodium concentrations were
essentially the same on all. Such changes in ab-
sorption and excretion are small, but it is upon
such small changes that the negative sodium bal-
ance early in acidosis and the positive sodium
balance in recovery depend. For instance, a de-
crease in the absorption of sodium of 0.11 mEq
per 100 ml. of filtrate would cause the loss of
250 mEq in a day's time at the filtration rate
exhibited by subject H on the first day of acido-
sis. This would be equivalent to the loss of 1.8
Kgm. of extracellular fluid. The actual negative
balance on this day was 168 mEqof sodium rather
than the 250 mEq calculated, and the loss of
weight was 1.4 Kgm. rather than 1.8 Kgm.
One must infer either than the diminished absorp-
tion noted above was not maintained throughout
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the 24 hours or that the filtration rate was lower
at night (a reasonable assumption [30]). On
the first day of recovery the increase in the ab-
sorption of sodium of 0.07 mEq per 100 ml. of
filtrate over the last control period would cause
the retention of 161 mEq in 24 hours and a gain
of 1.2 Kgm. in weight. This quantity of sodium
was not available in the diet and the actual sodium
retention and weight gain were only one-third of
the calculated values.* A comparison of Tables I
and II indicates that the greater sodium deficit,
greater loss of weight and more significant fall in
plasma sodium level in subject P as compared
with subject H was the consequence of a greater
increase in sodium excretion.

As shown in Table II potassium excretion in-
creased sharply during acidosis, rising from a
control average of 0.047 mEq per 100 ml. of
glomerular filtrate to 0.091 mEq on the first day
of acidosis and to 0.125 mEq on the fourth day
of acidosis. On this latter day at the same plasma
level as on the first control day, it is evident that
the absorption per 100 ml. of filtrate was sig-
nificantly diminished. Despite diminished absorp-
tion and increased excretion, plasma potassium
was maintained at a nearly constant level, a fact
explicable only on the assumption that the excess
potassium was derived from cellular stores. Loss
of intracellular potassium in acidosis has been ade-
quately demonstrated (31). During recovery,
potassium excretion dropped sharply to 0.020 mEq
per 100 ml. of filtrate on the first day and to 0.012
mEq on the fourth day. This lower excretory
rate during recovery must have been conditioned
in part by the low plasma potassium level. In
turn this low plasma level must have been caused
by the restoration of depleted cellular reserves
from the ingested and circulating moiety.

Depressed absorption of phosphate in acidosis is
evident from the data of Table I. In the first
experiment in acidosis 24 per cent of the filtered
phosphate was excreted at a plasma concentra-
tion of 1.4 mEq per liter; in the second, 30 per
cent was excreted at a significantly lower plasma
concentration. In the control periods and follow-
ing recovery only 5 to 10 per cent of the filtered
phosphate was excreted. These results are in
line with previous findings in man, namely, that
acidosis depresses the tubular reabsorption of
phosphate at normal plasma levels, although it

does not affect maximum tubular reabsorptive
capacity at high plasma levels (32). The reduced
plasma level of phosphate during recovery, like
that of potassium, must have resulted from diver-
sion of phosphate from plasma to cellular and
osseous depots depleted during acidosis.

Early time course of renal compensations in acido-
sis
In order to study the time course of early renal

compensations in acidosis a 12 period experiment
was performed in which plasma and urine samples
were collected at 15 min. intervals. During this
experiment a total of 10 gms. of ammonium chlo-
ride was ingested in two doses. The significant
observations are presented in Figure 6. The first
two periods, performed with the subject in a state
of normal acid-base balance, established control
values for all variables. A 5 gm. dose of am-
monium chloride was then ingested and following
four additional clearance periods, another 5 gms.
were taken.

Minimal changes in plasma chloride, bicarbonate
and pH are evident within 7.5 min. after the in-
gestion of the first dose of ammonium chloride.

110K

140 ,85 136 mM/s

il35t p 4
a5130

7.40
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FIG. 6. CHANGES IN IONIC COMPOSITION OF THE
PLASMA, IN RATES OF EXCRETION OF IONS DURING THE
ACUTE PHASE OF A DEVELOPING AMMONIUMCHLORIDE
AcIDosIs
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These changes became progressively more signifi-
cant over the succeeding 45 min. Following the
second dose, plasma chloride rose and bicarbonate,
pH and sodium fell within the subsequent 90 min.
to levels characteristic of moderately severe acido-
sis. A decrease in pH and an increase in content
of titratable acid and ammonia are evident in the
urine formed within 15 min. following the inges-
tion of the first dose of the acidifying salt, changes
which were progressive throughout the course of
the experiment. No significant changes in the
excretion of phosphate, chloride and sodium were
evident until the second 5 gms. of ammonium
chloride were ingested, although plasma chloride
rose appreciably during the interval between the
two doses, a rise which was exactly counterbal-
anced by the fall in plasma bicarbonate. But fol-
lowing the second dose of the ammonium salt,
chloride excretion increased, and since the excess
urinary chloride was largely neutralized by so-
dium, the excretion of this ion increased propor-
tionately. Only a part of the reduction in plasma
sodium can be ascribed to increased excretion;
the remainder must have been due to shifts of
fluid and/or electrolyte between intra- and extra-
cellular compartments.

One surprising finding in this experiment, which
has been observed in others as well, was the
prompt increase in the excretion of ammonia. It
is usually stated that the kidney responds early
to an increased acid load by excreting acid in
free titratable form, and only after some delay,
by excreting increased quantities of ammonia. It
is evident from Figure 3 that ammonia and titrat-
able acid excretion increased at equivalent rates
and to approximately the same extent within the
first 120 min. after the ingestion of an acidifying
salt. It is true that this increase in ammonia out-
put is only a small fraction of that attained after
five days, but there certainly is no true delay in
its onset, merely a gradual attainment of its maxi-
mal value. If it is correct to infer that no sig-
nificant increase in plasma ammonia results from
the ingestion of ammonium chloride (1, 6), then
the observed increase in the rate of ammonia ex-
cretion constitutes a prompt renal compensation
to ingestion of acid. Since plasma phosphate level
did not change, the increased rate of excretion of
phosphate during the latter half of this experi-
ment resulted from diminished reabsorption. Both

the increase in the rate of phosphate excretion and
the increase in the acidity of the urine contributed
to the enhancement of titratable acid excretion.

DISCUSSION

It is apparent in ammonium chloride acidosis
that the kidney maintains approximate constancy
of total ionic concentration at the expense of ionic
pattern and to a lesser degree at the expense of
extracellular fluid volume. As bicarbonate is con-
verted to chloride an increase in the tubular reab-
sorption of this latter ion species serves to restrict
its loss, and thus the loss of base which accom-
panies it into the urine. For example, 10.3 mEq
of chloride were reabsorbed and 0.28 mEq were
excreted per 100 ml. of glomerular filtrate in the
second control experiment presented in Table I.
On the first day of acidosis increased quantities
of chloride per unit volume of filtrate were deliv-
ered into the renal tubules, because of increased
plasma concentration. However, an increase in
reabsorption to 10.93 mEq per 100 ml. of filtrate
limited excretion to 0.65 mEq. Had no increase
in chloride absorption occurred, excretion would
have increased to 1.36 mEqand the rate of sodium
loss would have been tripled. It is apparent that
an important renal response in ammonium chlo-
ride acidosis is the increase in tubular reabsorp-
tion of chloride, an increase which is more or less
proportional to the extent of the conversion of
bicarbonate to chloride. A consequence of this
renal response is the maintenance of constancy of
the sum of the plasma concentrations of chloride
and bicarbonate despite considerable shifts in their
relative proportions.

However, the conversion of a significant pro-
portion of bicarbonate to chloride is attended by
some increase in chloride excretion. Early in
acidosis the excess urinary chloride is neutralized
in large part by sodium derived from extracellular
stores. This loss of fixed base is accompanied by
the excretion of nearly equivalent quantities of
water. Since the specific gravity of the urine of
subject P averaged 1.016 during the five days of
acidosis in contrast to 1.026 during the five con-
trol days, it is probable that the polyuria and
consequent loss of weight during acidosis resulted
from diminished posterior pituitary activity rather
than from osmotic abstraction of body water by
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concentrated urinary solutes. Indeed the prob-
able stimulus promoting fluid elimination was the
decrease in osmotic pressure of the body fluids in
consequence of base loss. This is suggested by
the fact that water excretion lagged somewhat
behind base loss, for in both subjects plasma so-
dium level decreased significantly.

In subject P a major portion (three quarters)
of the water and base sacrificed during acidosis
was derived from the extracellular fluid compart-
ment (cf. calculations on p. 426). In subject H
balances were less accurate and calculations less
dependable, but fluid loss seemed more equally
divided between intra- and extracellular compart-
ments. It is significant in subject H that the
majority of the base lost on the first day of acido-
sis was sodium. However, by the third day potas-
sium excretion had increased to a point where
this ion neutralized a greater proportion of the
urinary acid than did sodium. Since the plasma
level of potassium did not change appreciably dur-
ing acidosis, this ion must have been delivered
into the blood from the tissues at essentially the
same rate at which it was eliminated in the urine.
The substitution of potassium for sodium in the
urine permits the body to draw on the large
intracellular reserves of buffer base; hence loss of
interstitial fluid and reduction of circulating plasma
volume are curtailed.

The changes in renal function described above
are restrictive compensations, in the sense that
they limit the disturbance of total ionic concen-
trations and volumes of both intra- and extra-
cellular fluids. The elimination of titratable acid
and especially of ammonia are corrective compen-
sations in the sense that they permit the continued
excretion of acid without further drain of base,
and during recovery, rapidly restore ionic pat-
terns, total ionic concentrations and volumes to
normal. It is apparent from Figures 2 and 4 that
ammonia excretion and to a lesser extent titratable
acid excretion increased progressively over the
five-day period of acidosis. In subject P, who
ingested a smaller dose of ammonium chloride,
the ammonia output on the fifth day was more
than equivalent to the acid load, and a positive
sodium balance was attained. In subject H, the
ammonia output was sufficiently great to reduce
the net loss of all components making up the fixed
base of the urine, although positive balances were

not attained. In the early recovery period, the
continued production of ammonia at a high rate
permitted the rapid restoration of base reserves.
The marked positive balance of sodium in subject
P and of all components of fixed base except
calcium in subject H is clearly evident in. Figures
2 and 4.

Points of some possible therapeutic interest in
clinical acidosis are the low plasma levels of phos-
phate and potassium observed during the recovery
period despite the positive urinary balances. These
low plasma levels undoubtedly result from the
replenishment of depleted cellular reserves of po-
tassium and phosphorus from circulating stores.
Reductions in plasma levels of the magnitude ob-
served in these experiments are inconsequential,
but are in qualitative agreement with those of
more significant magnitude observed following
recovery from diabetic ketosis (13, 33).

The cause of the inverse relationship between
chloride and bicarbonate reabsorption and the
additional excretion of chloride and sodium in
moderate and severe acidosis are interesting points
for speculation. According to Walker et al. (34)
the ionic pattern of the glomerular filtrate, which
approximates that of the plasma, is rapidly altered
during passage of the fluid through the proximal
tubule. Although the sodium concentration is
essentially unchanged, the chloride concentration
of the residual tubular fluid rises as fluid is ab-
sorbed. One must conclude that sodium and
water are reabsorbed proportionally, that chloride
is absorbed infraproportionally to water, and that
some other ion, most probably bicarbonate, is ab-
sorbed supraproportionally. According to Wesson
et al. (30) the active absorption of sodium and
its attendant anions in the proximal tubule is the
origin of the osmotic force which causes the ab-
sorption of some 80 per cent of the filtered water
in this segment. Possibly the tubule is relatively
indifferent within narrow limits to the nature of
the anion presented to it, i.e., whether chloride
or bicarbonate. Thus with moderate conversion
of bicarbonate to chloride diminished absorption
of the former might be more or less exactly com-
pensated by increased absorption of the latter as
a semipassive partner of sodium. However, the
conversion of a significant proportion of the bi-
carbonate to chloride might be expected to reduce
total anion absorption, for from Walker's data it
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would appear that chloride absorption proceeds at
a somewhat slower rate than bicarbonate absorp-
tion in the proximal segment. Reduction in total
anion absorption in this segment would restrict
cation (sodium) and water absorption to essen-
tially equivalent degrees. The excess sodium over
and above that normally absorbed in the distal
tubule would be excreted in the urine. It is evi-
dent from Tables I and II that the magnitude of
these changes is very small, a fact which renders
their demonstration difficult. Nevertheless it is
such small changes which underlie the negative
sodium balance, diuresis and loss of weight which
characterize ammonium chloride acidosis.

One is forced to the conclusion that such
changes in glomerular filtration rate as occur in
ammonium chloride acidosis cannot be directly
responsible for changes in sodium and chloride
balances. Thus qualitatively similar results in
overall electrolyte balance were obtained in sub-
jects P and H, yet in the former filtration rate
fell and in the latter it rose. This fact alone,
were it not supported by other evidence referred
to in the first part of this paper, would justify
correction of reabsorption to a standard rate of
filtration for comparative purposes. This does not
imply that a change in filtration rate may not
modify the extent of a positive or negative bal-
ance by altering the quantity of electrolyte deliv-
ered into the distal segment of the renal tubule.
Indeed there is evidence that such variations in
filtration rate do alter electrolyte balance signifi-
cantly (30).

That the increased excretion of ammonia and
titratable acid in acidosis and for the first few
days of recovery are compensations which restrict
the loss of fixed base and restore the base re-
serves, is well recognized. Undoubtedly both
serve to increase the distal tubular salvage of base,
for the mechanisms for ammonia and acid excre-
tion are both located at this site (35, 36). The
former accomplishes the exchange of NH4+ ions
for Be ions, the latter, the exchange of H+ ions
for B+ ions (29). Thus in acidosis the delivery
of additional base into the distal segment in con-
sequence of diminished proximal tubular absorp-
tion is compensated by a greater exchange of H+
and NH4+ ions for that base. Since as shown in
Figure 6, the output of ammonia increases as
rapidly as that of titratable acid following the

ingestion of ammonium chloride, it is reasonable
to assign these increases to a single stimulus.
Basically this stimulus appears to be a reduction
in the quantity of bicarbonate delivered into the
distal segment of the renal tubule, or more indi-
rectly to a reduction in plasma bicarbonate con-
centration, for this latter factor largely determines
the former in any given individual. According to
views previously expressed there is a single trans-
fer mechanism which exchanges H+ ions for B+
ions across the distal tubular epithelium (29).
This mechanism is limited to some extent in trans-
fer capacity and in the H+ ion gradient which it
can develop between blood and tubular urine.
At normal plasma levels, that quantity of bicar-
bonate which reaches the distal tubule nearly sat-
urates the exchange mechanism, i.e., bicarbonate
bound base is exchange for H+ ion and carbonic
acid is formed. The urine formed is only moder-
ately acid and contains relatively small quantities
of titratable acid, for the carbonic acid is largely
dehydrated to CO2 and water. Because of low
acidity little ammonia diffuses into the urine.
At reduced plasma levels such as those observed
in acidosis, little bicarbonate reaches the distal
tubule. Fixed acid buffers are converted to ti-
tratable acid to the limit of the capacity of the
kidney to establish an high hydrogen ion gradient.
Because of high acidity of the urine ammonia
diffuses from its site of formation in the distal
tubular cells into the tubular lumen. This latter
process, by reducing the hydrogen ion gradient
between blood and urine permits the continued
exchange of Ho for B+ ions. In essence, in the
absence of sufficient bicarbonate or fixed buffer
in the tubular urine to provide the requisite base
to saturate the exchange mechanism, that base is
derived from salts of strong acid by the substitu-
tion of ammonia as the neutralizing ion.

It is obvious that some factor other than plasma
bicarbonate must condition the rate of excretion
of ammonia, for ammonia output increased pro-
gressively during the five-day period of acidosis,
although plasma bicarbonate had reached its low-
est point by the third day. The nature and mode
of operation of this factor is unknown at present.

SUMMARY

Ammonium chloride was given in divided dos-
age to two healthy adult subjects in order (a)
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to relate the rates of excretion of the several ions
to their respective plasma concentrations; (b) to
determine the nature and extent of the changes
in glomerular filtration, renal plasma flow, and
ionic reabsorption which underlie altered excre-
tory functions in metabolic acidosis; and (c) to
study the time relations of the renal compensations
to acidosis.

Following the ingestion of ammonium chloride,
plasma bicarbonate fell in exact proportion to the
increase in plasma chloride, so that the sum of
these anions remained unchanged. During the
recovery phase, plasma bicarbonate rose more
rapidly than chloride fell, resulting in an increase
in the sum of these anions. Although the ability
of the renal tubules to reabsorb chloride increased
as the load of bicarbonate presented in the filtrate
was reduced, the increase was not sufficient to
prevent loss of chloride in the urine. Early in
acidosis the excess urinary chloride was neu-
tralized for the most part by sodium derived from
body buffers. Loss of sodium resulted in a mod-
erate reduction of plasma sodium concentration
which was limited by the excretion of nearly
equivalent quantities of water.

Three different mechanisms were responsible for
the restriction of sodium loss and the restoration
of body buffer reserves: (a) following the inges-
tion of an acidifying salt, the increase in chloride
reabsorption per 100 ml. of glomerular filtrate
significantly diminished the loss of fixed base;
(b) the increased excretion of potassium and cal-
cium on the second and third days of acidosis
permitted a decrease in sodium excretion although
total fixed base loss increased; (c) ammonia and
titratable acid production increased progressively
during acidosis permitting the continued excretion
of acid with a reduction in the loss of fixed base.
A lag in the return of ammonia to normal during
recovery resulted in an over-compensatory in-
crease in plasma sodium and bicarbonate.

Despite the fact that glomerular filtration rate
and renal plasma flow varied in opposite direc-
tions in the two subjects during ammonium chlo-
ride acidosis, sodium, potassium and chloride
balances followed a similar pattern. Chloride re-
absorption increased and sodium and potassium
reabsorption decreased per 100 ml. of glomerular
filtrate in both subjects. Despite the diminished
absorption and increased excretion, plasma potas-

sium was maintained at a nearly constant level,
thus indicating the release of intracellular stores
of this ion. Phosphate likewise was released from
either cellular or osseous stores.

Alterations in electrolyte pattern and balance
during acidosis were also studied in acute experi-
ments. It was observed that ammonia and titrat-
able acid excretion increased at equivalent rates
and to approximately the same extent within the
first two hours after the ingestion of an acidifying
salt. However, only a small fraction of the maxi-
mal rate of ammonia formation is attained within
this time interval. The basis for the delay in
attainment of the maximal rate of ammonia excre-
tion early in acidosis and the persistence of a
high rate of excretion during recovery is unex-
plained at present.
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