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Correction of Metabolic Alkalosis by the Kidney

after Isometric Expansion of Extracellular Fluid
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the Renal Division, Rhode Island Hospital, Providence, Rhode Island 02903

ABSTRACT Metabolic alkalosis was induced in
dogs by administering ethacrynic acid and sus-
tained by feeding a chloride-deficient diet. At the
height of the alkalosis extracellular fluid was ex-
panded “isometrically,” i.e., with an infusion that
duplicated plasma sodium, chloride, and bicarbon-
ate concentrations. Correction of metabolic alka-
losis promptly followed such expansion and was
attributed to the selective retention by the kidneys
of chloride from the administered solution. Since
plasma chloride concentration was not increased as
an immediate consequence of the infusion, it is
concluded that the change in renal tubular function
that led to the selective retention of chloride must
have been mediated by factors independent of fil-
trate chloride concentration.

A decrease in circulating mineralocorticoid level,
as a consequence of volume expansion, does not
seem to account for this change in tubular func-
tion since identical studies in dogs receiving ex-
cessive amounts of 11-deoxycorticosterone acetate
during the day of infusion yielded similar findings.
Moreover, no other consequence of volume expan-
sion appears to be sufficient to cause this change
in tubular function in the absence of metabolic
alkalosis; when the alkalosis was corrected with
hydrochloric acid before infusion, isometric expan-
sion of extracellular volume did not induce selec-
tive chloride retention.

We suggest that isometric expansion during
metabolic alkalosis causes a decrease in proximal
sodium reabsorption that relinquishes filtrate to
a more distal site in the nephron and that this site
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may retain chloride preferentially when hypo-
chloremia or chloride deficiency is present.

INTRODUCTION

Correction of metabolic alkalosis requires that
plasma bicarbonate concentration and renal bicar-
bonate threshold be reduced to normal levels. Al-
though recent studies in a variety of clinical and
experimental situations have demonstrated clearly
that such correction is critically dependent on the
provision of adequate chloride (1-8), the precise
mechanism whereby the provision of chloride per-
mits restoration of normal acid-base equilibrium
has not been elucidated.

It has been suggested that, before the adminis-
tration of chloride, the low plasma concentration
of this anion may be directly responsible for per-
petuating the alkalosis. Since chloride is unique
among physiologically prevalent anions in being
readily reabsorbable by the kidney, it has been
reasoned that sustained. hypochloremia limits the
availability of reabsorbable anion in the glomerular
filtrate (6). Conservation of sodium filtered with
inadequate reabsorbable anion would enhance the
transtubular potential difference and accelerate
sodium-cation exchange. To the extent that this
sequence of events accelerates the rate of sodium-
hydrogen exchange, a high rate of bicarbonate
reabsorption by the kidney and an elevated plasma
bicarbonate concentration would be maintained.

It is theoretically possible, therefore, that an
increase in plasma chloride concentration towards
normal might be a necessary first step in the
process of correcting metabolic alkalosis. If the
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acceleration of renal sodium-hydrogen exchange
that maintains metabolic alkalosis is the direct
consequence of a low filtrate chloride concentra-
tion, the deceleration of sodium-hydrogen ex-
change that permits a fall in plasma bicarbonate
concentration might require some previous increase
in filtrate chloride concentration.

The present study explores this possibility in
dogs rendered alkalotic by the administration of
ethacrynic acid and a chloride-deficient diet. In
order to provide adequate chloride without directly
increasing glomerular filtrate chloride concentra-
tion, we expanded extracellular fluid volume iso-
metrically, i.e., with a solution comparable in com-
position to plasma with respect to major electro-
lytes. Despite this restriction, the kidneys were
able to retain administered chloride and reject
excess bicarbonate selectively with prompt cor-
rection of the alkalosis.

It is concluded that the provision of chloride
may alter over-all tubular function during the
correction of metabolic alkalosis by mechanisms
independent of filtrate chloride concentration. The
associated expansion of extracellular fluid volume
may be involved in mediating this effect of ad-
ministered chloride.

METHODS

19 studies, including 11 with detailed balance observations,
were carried out on 16 female mongrel dogs ranging in
weight from 12 to 22 kg. The animals were fed a syn-
thetic diet consisting, by weight, of 10 parts dextrin, 10
parts casein, 6 parts hydrogenated vegetable oils (Crisco),
5.5 parts dextrose, USP, 1.2 parts purified agar, and 40
parts distilled water. Multivitamins (ABDEC Drops)
and iron (Fer-in-sol) were added in liberal amounts.
When properly prepared and refrigerated this mixture
forms an easily handled, solid diet containing, by analy-
sis, no more than 1 mEq of sodium, 0.1 mEq of potassium,
and 0.5 mEq of chloride per 100 g. A daily allowance of
this diet, 30 g/kg, was homogenized with 500-1000 ml of
hot distilled water shortly before feeding the dogs. Addi-
tional water was offered ad lib. The diet was supplemented
with 3 mEq of sodium per kg and 2 mEq of potassium
per kg per day, both as neutral phosphate (4 parts
HPO¢: 1 part H:PO, ). Most animals ate their total
daily allowance throughout the study; some required tube
feeding after the induction of metabolic alkalosis (see
below). Fasting blood samples were obtained by percu-
taneous femoral artery puncture at 24-72-hr intervals
throughout the course of the study.

Experimental design. The chloride-deficient diet was
fed for 3-5 days before beginning each study. Ensuing
control periods were of 4-7 day’s duration for the 11
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studies involving detailed balance observations and of 2-3
day’s duration for the remaining 8 studies.

Immediately after the control period, metabolic alka-
losis was induced in all animals by the intravenous ad-
ministration of ethacrynic acid,! 1 mg/kg of body weight
per day, for 4 or 5 consecutive days. The injections were
given at least 3 hr after the daily diet had been consumed
and did not induce vomiting.

A few days after the last dose of ethacrynic acid, at the
height of the metabolic alkalosis, one of four experimental
protocols was introduced. In each’ instance the experi-
mental protocol involved a 24-hr period initiated by the
rapid infusion of an individually tailored solution formu-
lated as described below. The infusion day constituted
the only experimental period except in protocol IV
where an additional brief period preceded the infusion
day.

Protocol I, standard infusion (eight animals, six bal-
ance studies). The objective of this protocol was to ad-
minister ample chloride to these chloride-depleted, alka-
lotic animals without altering the plasma concentration of
major electrolytes. Accordingly, plasma sodium, chloride,
and bicarbonate concentrations, determined in each study
on the morning of the proposed infusion, were used to
prepare the infusate. The concentration of undetermined
anions, defined as sodium concentration minus the sum
of chloride and bicarbonate concentrations, was accounted
for by the addition of neutral phosphate to the infusion
solution. The solution contained no potassium.

Animals were anesthetized with intravenous pentobarbi-
tal sodium and indwelling catheters were placed in a
brachial vein, femoral artery, and the urinary bladder.
After a preinfusion control period of 1-2 hr duration,
“isometric” expansion was accomplished by administering
the infusion solution at a rate of 50 ml/kg per hr for 3 hr
with a constant infusion pump. This rate of infusion was
chosen in order to present each animal with approximately
50% more chloride during the 3 hr infusion period than
had been lost during the ethacrynic acid period (see
Results).

Frequent arterial blood samples and consecutive urine
periods were obtained before, during, and for 3 hr after
the infusion. Thereafter, the animals were returned to
metabolic cages and offered 500 ml of water in a pan.
Urine voided during the night drained into collection
bottles (see below). On the following morning, 24 hr
after beginning the infusion, a final arterial blood sample
was obtained and the bladder was emptied by catheteriza-
tion. No food was given during the 24 hr infusion-day
period.

Protocol 11, low chloride infusion (three animals). The
objective of this protocol was to administer an amount
of chloride similar to that provided in protocol I but at a
concentration substantially lower than that of the coex-
isting plasma. Accordingly, whereas the sodium and neu-
tral phosphate concentrations of the infusion solution
were determined as in protocol I, the concentration of

1 Merck Sharp and Dohme Research Laboratories,
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chloride in the infusion solution was reduced to a value
equal to one-half the concentration of chloride in the
plasma. Additional bicarbonate made up the remaining
anion -equivalents producing a concentration of bicarbo-
nate in the infusion solution that greatly exceeded the
concentration of bicarbonate in the plasma. This solu-
tion was administered at a rate of 50 ml/kg per hr
for 6 rather than 3 hr in order to provide a total amount
of chloride comparable to that provided in protocol I,
In all other respects protocol II followed the pattern set
by protocol I.

Protocol 111, standard infusion plus 11-deoxycorticos-
terone acetate (DOCA) (three animals). This protocol
was identical with protocol I with the exception that 10
mg of DOCA in oil was administered intramuscularly
12 and 2 hr preceding the infusion and an additional 2.5
mg of an aqueous suspension of DOCA was added to each
liter of infusate.

Protocol IV, standard infusion after correction of meta-
bolic alkalosis with hydrochloric acid (five animals, five
balance studies). The objective of this protocol was to
repair the plasma chloride and bicarbonate concentrations
before infusion without repairing the sodium or potas-
sium deficits. Accordingly, after the induction of meta-
bolic alkalosis, an additional experimental period of 2-6
days preceded the infusion day. Supplemental sodium and
potassium were eliminated from the diet throughout this
period and hydrochloric acid was added to the diet (tube
fed in all cases) on each of the initial 2 days of this pe-
riod; the amount of hydrochloric acid added (25-100
mmoles/day) was adjusted for each dog in an effort to
reduce plasma bicarbonate concentration to as close to
control levels as possible.

An infusion day protocol identical with protocol I was
then employed; as in the preceding studies, the compo-
sition of the infusion solution approximated the plasma
sodium, chloride, and bicarbonate values obtained im-
mediately before infusion. In contrast to the previous
studies, however, these animals were not hypochloremic
immediately before infusion and, hence, received a rela-
tively larger amount of chloride from the infusion (see
Results).

Balance technique. Animals were kept in metabolic
cages throughout the control and alkalosis periods.
Urine was voided over siliconized metal surfaces into
bottles containing mineral oil and thymol chloroform.
When tested with water, this system yielded greater
than 98% recovery. Collection bottles were changed at
9 a.m. daily. Feces were pooled during both the control
and alkalosis periods; collections were started and termi-
nated 24 hr later than the corresponding periods. Daily
balances were calculated as the difference between the net
intake and the combined outputs in urine, stool, and blood
samples. The change in net external balance during the
alkalosis period was calculated as the difference between
the average daily balance during the control period and
the daily balance during the alkalosis period. The external
balance on the day of infusion was calculated as the dif-
ference between the amount infused and the combined
outputs in urine and blood samples.
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Quantitative urine collections were also obtained during
the six nonbalance studies comprising protocols II and
III in order to permit estimates of the chloride deficits
induced by the administration of ethacrynic acid to these
animals.

Analytical procedures. Blood and urine pH were de-
termined anaerobically at 38°C with Metrohm Ltd., Heri-
san, Switzerland water-jacketed, capillary glass electrode
and Radiometer, expanded-scale pH meter. Total carbon
dioxide content of plasma and urine were determined by
the manometric method of Van Slyke and Neill. Carbon
dioxide tension and bicarbonate concentration were calcu-
lated from the Henderson-Hasselbalch equation using a
pK’ of 6.10 and solubility coefficients of 0.0301 and 0.0309
for plasma and urine, respectively. Sodium and potassium
concentration were determined by flame photometry with
lithium internal standard. Chloride concentration was de-
termined by the method of Cotlove and Nishi (9). Elec-
trolyte contents of feces and diet were determined on
nitric acid extracts. The Technicon AutoAnalyzer was
used to measure blood and urine phosphate by the method
of Fiske and Subbarow (10) and urinary ammonia by
the method of Logsdon (11). Titratable acidity was cal-
culated from urinary phosphate excretion with a pK of
6.8. Net acid excretion was estimated as the sum of uri-
nary ammonia and titratable acidity minus urinary bi-
carbonate. Changes in extracellular fluid volume were
estimated from “chloride space” calculations assuming
an initial value of 20% of body weight.

RESULTS

Protocol I

Pertinent plasma values and balance observa-
tions are depicted in Fig. 1 for one representative
study (dog 7).

PLasMA VALUES

Table I contains sodium, chloride, bicarbonate,
and undetermined anion concentrations for all
eight animals undergoing the standard protocol.
Control values represent the average of the two to
five observations obtained before the administra-
tion of ethacrynic acid. “Alkalosis” values repre-
sent the average of the three to four observations
obtained in the 1lst or 2nd hr immediately before
the infusion and correspond to the height of the
metabolic alkalosis. The “after infusion day” val-
ues were obtained 24 hr after beginning the infu-
sion. The solid line in Fig. 2 depicts the average
sodium, chloride, and bicarbonate concentrations
at each of these times for all animals in this
protocol. .

Sodium concentration fell from an average
control value of 151-144 mEq/liter (P < 0.01)
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in response to ethacrynic acid and returned to
150 mEq/liter after the infusion. Chloride con-
centration followed a similar but much more
striking pattern, falling from an average control
value of 109 to 86 mEq/liter (P < 0.01) and re-
turning to 106 mEgq/liter by the morning after
infusion. Bicarbonate concentration mirrored the
change in chloride concentration ; the control value
rose from an average of 21.8 to 31.4 mEgq/liter
after ethacrynic acid (P < 0.01) and {fell to an
average of 24.1 mEq/liter by the morning after
the infusion. Undetermined anion concentration
averaged 20 mEq/liter during the control period,
rose to 28 mEq/liter before the infusion (P <
0.01), and fell to 20 mEq/liter after the infusion.
There were no statistically significant differences
between the control and “after infusion day” con-
centrations of sodium, chloride, bicarbonate, or
undetermined anions.

In six of these eight animals blood samples were
also obtained 48 hr after beginning the infusion.
In these animals average chloride concentration
had increased by an additional 4 mEq/liter and
average bicarbonate concentration had decreased
by an additional 1.9 mEq/liter beyond their re-
spective values 24 hr after infusion.

Mean potassium concentration was 3.4 mEq/
liter during the control period, fell to 2.0 mEq/
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liter before the infusion (P < 0.01), and rose to
2.3 mEq/liter after the potassium-free infusion
(P <0.01).

Arterial hydrogen ion concentration averaged
369 nEq/liter (pH 7.43) during the control
period, fell to 31.0 nEq/liter (pH 7.51) in re-
sponse to ethacrynic acid, and rose to 32.9 nEq/
liter (pH 7.48) after the infusion. Mean arterial
carbon dioxide tension rose from a control level
of 33.4 to 41.3 mm Hg by the infusion day (before
anesthesia), and fell to 33.2 mm Hg by the
morning after the infusion.?

BALANCE OBSERVATIONS

Sodium, chloride, and potassium balance data
are presented in Table II for the six balance stud-
ies included in protocol I.

Alkalosis period. The administration of etha-
crynic acid resulted in mean accumulated delta
balances of —80 mEq for sodium, —134 mEq for
chloride, and —99 mEq for potassium.

2 The animals were allowed to ventilate spontaneously
during the light anesthesia required on the infusion day.
In no instance did carbon dioxide tension appear to be
influenced by the anesthesia itself; mean carbon dioxide
tension was 40.3 mm Hg after anesthesia but before the
infusion, and 352 mm Hg after infusion but before
terminating anesthesia.
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FiGure 2 Average plasma concentrations of sodium, chloride, and bicarbonate
during the control period, at the height of metabolic alkalosis, and on the morn-
ing after the infusion. Note that comparable degrees of hypochloremia and
metabolic alkalosis were achieved in each protocol before infusion and that
comparable degrees of repair were achieved after expansion with the standard
infusion (protocol I), low chloride infusion (protocol II), and standard infu-
sion plus deoxycortiosterone acetate (protocol III).

Plasma Electrolyte Concentrations for Protocol I, Standard Infusion

\

TaABLE I

Sodium Chloride Bicarbonate Undetermined anions
After After After After
Alka-  infusion Alka-  infusion Alka- infusion Alka- infusion
Dog No. Control losis day Control  losis day Control  losis day Control losis day
mEq/liter mEq/liter mEq/liter mEgq/liter
1 154 146 151 110 88 107 22.7 333 214 21 25 23
3 151 140 147 107 87 99 20.8 282 26.7 23 25 21
4 149 147 152 107 83 109 22.8 32.8 286 19 31 14
5 150 151 154 110 88 106 21.3 325 237 19 31 24
6 150 141 146 108 86 102 20.5 276 225 22 27 22
7 152 149 153 111 93 112 216 323 211 19 24 20
8 152 138 140 113 80 95 193 299 233 20 28 22
18 149 142 159 109 79 119 25.1 343 25.8 15 29 14
Average 151 144 150 109 86 106 21.8 314 241 20 28 20
SD 1.6 4.4 5.4 1.9 4.3 7.1 1.7 2.3 2.5 2.3 2.5 3.6
Correction of Metabolic Alkalosis after Isometric Expansion of ECF 1185



TasLE II
Balance Data for Protocol I, Standard Infusion

Sodium balance

Chloride balance Potassium balance

Alkalosis  Infusion Alkalosis  Infusion Alkalosis  Infusion
Dog No. period* day} Over-all period day Over-all period day Over-all
mEgq mEq mEq

1 - 75 + 99 +24 —117 +171 +54 —-109 —24 —133

3 —107 + 83 —24 — 78 + 71 -7 — 46 —27 - 73

5 —172 +120 —52 —192 +164 —28 —226 —28 —254

7 — 56 + 77 +21 —119 +148 +29 — 56 —-19 - 75

8 — 18 + 83 +65 —115 + 98 —-17 — 96 —-12 —108

18 — 52 +137 +85 —180 +164 —16 — 61 —28 — 89
Average — 80 +100 +20 —134 +136 + 2 - 99 —23 —122

* Accumulated change in net external balance before infusion.

1 External balance on this day only.

Consistent weight loss was observed during the
alkalosis period and averaged 0.8 kg (range 0.4-
1.3 kg). “Chloride space” calculations for the six
animals on whom balance observations were avail-
able indicated a mean change in extracellular fluid
volume of —0.5 liter (range —0.3 to —1.0 liter).

Infusion day period. The total amount of

sodium, chloride, and bicarbonate administered on
the infusion day and the accumulated urinary ex-
cretions of sodium, chloride, and net alkali are
shown in the upper portion of Table III for all
eight animals undergoing protocol I. An average
of 319 mEq of sodium was infused and 218 mEq
excreted. For chloride an average of 190 mEq was

TasLe III
A Comparison of Infusion Day Data from Protocols I and IV
Sodium Chloride Bicarbonate
Ex- Re- Ex- Re- Fx-
Dog No. Infused creted tained Infused creted tained Infused creted*
mEq mEq mEq
Protocol 1
1 346 247 99 220 49 17 82 98
3 260 177 83 148 77 71 59 11
4 269 147 122 153 18 135 69 34
5 418 298 120 248 84 164 88 75
6 289 201 88 181 49 132 67 65
7 320 243 77 196 48 148 67 84
8 243 160 83 139 41 98 57 23
18 407 270 137 236 72 164 110 K]
Average 319 218 101 190 55 135 75 58
Protocol IV
11 369 326 43 278 226 52 48 11
1B 359 262 97 260 151 109 59 29
5B 472 337 135 366 226 140 60 9
20 423 269 154 276 120 156 52 36
24 306 198 108 215 120 95 44 3
Average 385 278 107 279 169 110 53 18

* Values shown are for net alkali excretion (urinary bicarbonate-urinary ammonium-titratable acidity).
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-l

dium retention on the infusion day for each ani-
mal in protocol I and protocol IV. Each bar
represents the difference between the infusion
day chloride balance and the infusion day so-
dium balance. Chloride was retained in signifi-
cant excess of sodium in response to isometric
expansion in protocol I when metabolic alkalo-
sis was present but not in response to compar-
able expansion in protocol IV after metabolic
alkalosis had been corrected with hydrochloric
acid.

of 75 mEq of bicarbonate was infused and 58 mEq
of net alkali was excreted.?

Infusion of the potassium-free solution was fol-
lowed by additional losses of potassium on the
infusion day which averaged 23 mEq and which
resulted in a mean accumulated deficit over the

entire study of —122 mEq.
Mean body weight at the end of the infusion day
was not significantly different from that just before

3 Daily net acid excretion during the initial control pe-
riod averaged 65 mEq for the six balance animals. This
figure, however, cannot be used with confidence as a
base line to assess the net suppression of acid excretion
on the infusion day since endogenous acid production was
probably altered during this day by such events as anes-
thesia and fasting.

Gl

FiGure 4 Plasma concentration of bicarbonate and
chloride and cumulative (CUM.) urinary balance
(BAL.) of chloride during the time course of one
representative study from protocol II. (dog 14).
Note that plasma chloride concentration rose and
chloride deficits were largely repaid in response to
the hypochloric infusion.
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infusion. Extracellular fluid volume, on the other
hand, as estimated from “chloride space” calcula-
tions, exhibited a consistent increase which aver-
aged 0.6 liter. Shifts of sodium and potassium
between intra- and extracellular compartments
were computed from “chloride space” estimates
and plasma concentrations. Whereas sodium did
not appear to shift consistently in either direction,
potassium did appear to shift out of cells in all
studies, the mean shift of potassium amounting to
25 mEq. As a consequence, an average of 27 mEq
of hydrogen ions appeared to shift into cells during
the infusion day.

Protocols II and III

Pertinent plasma values and urinary chloride
balances are depicted in Fig. 4 for one representa-
tive study (dog 14) from protocol II.

Fig. 2 illustrates the average plasma sodium,
chloride, and bicarbonate concentrations for the
three animals undergoing protocol II (dashed
line) and for the three animals undergoing proto-
col IIT (dotted line) for each of the experimental
periods. In each of these protocols the changes

observed in the plasma concentration of major
electrolytes were comparable to those observed in
protocol I; chloride concentration rose and bi-
carbonate concentration fell towards control levels
in response to the individually tailored infusion
despite the administration of a solution with only
one-half the chloride concentration of the animal’s
plasma (protocol II) or the presence of excessive
mineralocorticoid (protocol IIT).

Accumulated urinary chloride losses in response
to ethacrynic acid administration averaged 136
mEq (range 124-149 mEq) for protocol II and
143 mEq (range 113-198 mEq) for protocol III.
These chloride deficits were similar to those ob-
served in protocol I (Table II) and were equally
well repaid on the infusion day; chloride retention
from the individually tailored solutions averaged
112 mEq (range 107-119 mEq) for protocol II
and 156 mEq (range 126-196 mIEq) for proto-
col ITT).

Protocol IV

Pertinent observations for one representative
study (dog 5B) are shown in Fig. 5.
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PrasmMA VALUES

Table IV contains the values for all five animals
undergoing protocol IV. Control values represent
the mean of the three to four observations obtained
before the administration of ethacrynic acid. “Al-
kalosis” values were obtained immediately before
giving the first dose of hydrochloric acid and rep-
resent the extreme of metabolic alkalosis in each
animal. Values labeled “after HCI” represent the
average of the two to four observations obtained
in the 1st or 2nd hr immediately before the infu-
sion; values labeled “after infusion day” were
obtained 24 hr later.

As can be seen from a comparison of Tables I
and IV, mean plasma electrolyte concentrations
during the control period and after the administra-
tion of ethacrynic acid were quite similar for the
groups of animals undergoing protocols I and IV.
In protocol IV, however, the plasma anion con-
centrations characteristic of the alkalosis period
were returned virtually to normal by the adminis-

tration of hydrochloric acid and, despite the sub-
sequent infusion, did not change appreciably there-
after.

BALANCE OBSERVATIONS .

Alkalosis period. The changes in net external
balance, accumulated before the infusion day, aver-
aged —101 mEq for sodium (range —63 to —171
mEq) and —88 mEq for potassium (range —76 to
—118 mEq). The change in net chloride balance,
accumulated during the development of metabolic
alkalosis and before the administration of hydro-
chloric acid, averaged —145 mEq (range —104 to
—200 mEq). Each of these mean values is com-
parable to that observed during the alkalosis period
in protocol I (Table II). Administration of hydro-
chloric acid reduced the mean accumulated net
chloride deficits to —56 mEq (range —18 to —79
mEq) before the infusion day.

Infusion day period. The total amount of so-
dium, chloride, and bicarbonate administered on

TaBLE IV
Plasma Electrolyte Concentrations for Protocol IV, Standard Infusion after Correction of
Metabolic Alkalosis with HCl

Sodium Chloride
After After
After infusion After infusion
Dog No. Control Alkalosis HCl1 day Control Alkalosis HC1 day
mEgq/liter mEg/liter
1B 160 154 154 154 112 92 104 113
5B 158 156 154 158 113 93 110 115
11 150 151 147 150 114 101 111 116
20 149 151 149 155 110 91 104 112
24 156 146 143 145 104 77 104 114
Average - 155 152 149 152 111 91 107 114
SD 4.4 34 4.2 4.5 3.6 7.8 3.2 14
Bicarbonate Undetermined anions
After After
After infusion After infusion
Control Alkalosis HC1 day Control Alkalosis HCI day
mEq/lster mEq/liter
23.4 32.8 23.0 22.4 25 29 27 19
21.0 30.4 17.8 179 24 33 26 25
221 31.0 16.8 17.8 14 19 19 16
20.3 323 18.5 15.8 19 28 27 27
19.5 30.8 20.3 19.3 33 38 19 12
21.3 315 19.1 18.6 23 29 24 20
14 0.9 2.2 2.2 6.4 6.3 3.8 5.6
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the infusion day and the accumulated urinary ex-
cretion of sodium, chloride, and net alkali are
shown in the lower portion of Table III for each
of the five animals undergoing protocol IV. For
sodium, an average of 385 mEq was infused and
278 mEq excreted ; 107 mEq was retained, a value
remarkably similar to that observed in protocol I.
For chloride, however, an average of 279 mEq
was infused and 169 mEq excreted ; only 110 mEq
was retained. As seen in the right-hand panel of
Fig. 3, chloride was not retained in significant
excess of simultaneous sodium retention, as was
the case in protocol I, even though relatively more
chloride was administered than in protocol I.
From the standpoint of urinary composition, chlo-
ride excretion averaged 60% of sodium excretion
on the infusion day of protocol IV whereas chlo-
ride excretion averaged only 25% of sodium ex-
cretion on the infusion day of protocol I.

DISCUSSION

The relationship between metabolic alkalosis and
the metabolism of chloride has been the subject of
considerable investigation in recent years (1-8).
It has been well established by these studies that
selective depletion of body chloride stores results
in metabolic alkalosis, restricted access to dietary
chloride permits metabolic alkalosis to perpetuate
itself and provision of chloride is a prerequisite to
the repair of metabolic alkalosis.

The self perpetuation of metabolic alkalosis dur-
ing the period of chloride deficiency has been
tentatively attributed to an alteration in renal
tubular function necessitated by the accompanying
hypochloremia (6). Since chloride is virtually the
only physiologically prevalent anion that can read-
ily penetrate the tubular epithelium, it has been
reasoned that a low concentration of chloride in
the glomerular filtrate places a limit on the
amount of anion available for reabsorption with
sodium. As a result of this limitation, conservation
of filtered sodium would require an acceleration
of sodium-cation exchange (12). To the extent
that sodium-hydrogen exchange were thus accel-
erated, a sustained increase in bicarbonate reab-
sorption would result and metabolic alkalosis
would be perpetuated.

If hypochloremia necessitates an accelerated
sodium-hydrogen exchange during selective chlo-
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ride depletion, an increase in chloride concentration
towards normal might be the necessary first step
that permits a decelerated sodium-hydrogen ex-
change during chloride repletion.

The present study explores this thesis by iso-
lating filtrate chloride concentration as a variable
during the replacement of chloride deficits in
metabolic alkalosis and by observing the kidney’s
ability to return plasma composition to normal.
Dogs were rendered chloride depleted, hypochlo-
remic, and alkalotic by the administration of etha- °
crynic acid and a chloride-deficient diet. At the
height of the metabolic alkalosis the dogs received
an infusion designed to provide abundant chloride
isometrically, ie., without altering the plasma
concentration of major electrolytes (protocol I).
Consequently, the composition of glomerular fil-
trate, and the profile of potentially reabsorbable
substrate presented to the tubule were unchanged
by the infusion itself. If the concentration of
chloride in the filtrate were a critical determinant
of the rate of cation exchange, deceleration of
sodium-hydrogen exchange and a fall in bicar-
bonate threshold might not have been expected to
occur under these conditions.

The results of protocol I indicate, however, that
the renal tubules were able to effect appropriate
adjustments of extracellular composition in re-
sponse to such infusions; the bulk of the infused
sodium was rejected while the infused chloride
was selectively retained, net acid excretion was
promptly suppressed and, consequently, over the
ensuing 24 hr, plasma chloride and bicarbonate
concentrations were returned essentially to normal
levels. Moreover, the results of protocol II demon-
strate that, even when a low filtrate chloride con-
centration is reduced further by the direct effects
of infusing a solution with a substantially lower
chloride concentration, the kidneys are still able
to retain requisite chloride selectively and re-
adjust plasma composition towards normal. It is
evident, therefore, that a low filtrate chloride con-
centration does not necessitate an accelerated rate
of bicarbonae reabsorption under all circumstances.

While clearly not invalidating the notion that,
before administering exogenous chloride, hypo-
chloremia may be a crucial factor in the mecha-
nisms perpetuating alkalosis, the present observa-
tions do suggest that mechanisms independent of
filtrate chloride concentration may operate to cor-



rect metabolic alkalosis once provision of needed
chloride has occurred.

The theoretical mechanisms enumerated below,
each initiated by acute expansion of extracellular
fluid volume, could account for the observed cor-
rection of metabolic alkalosis since each would
permit infused sodium to be excreted without a
proportionate excretion of chloride.

(@) An increase in glomerular filtration rate, in
response to volume expansion could have resulted
in the observed alkali diuresis and selective reten-
tion of chloride even if sodium-hydrogen exchange
continued at an undiminished rate. This possi-
bility would require that such infusions promote
sustained increases in the rate of both glomerular
filtration and over-all sodium reabsorption so that
only the relative rate of sodium-hydrogen exchange
was reduced. Direct evidence bearing on this point
is not available from the present study since filtra-
tion rates were not measured. There would appear
to be no reason to doubt, however, that such brisk
infusions produced at least transient increases in
the rate of glomerular filtration in these previously
sodium depleted animals. Further study will be
required to clarify this important point,

(b) Volume expansion could have resulted in a
selective suppression of sodium-hydrogen exchange
by inhibiting endogenous mineralocorticoid pro-
duction. Since aldosterone is thought to promote
sodium-cation exchange, diminished aldosterone
activity as a consequence of volume expansion
could have dampened this exchange and resulted
in what appeared to be “selective” chloride reten-
tion. The results of protocol III, however, do not
support this contention since pharmacological
amounts of the mineralocorticoid, DOCA, did not
prevent the alkali diuresis, the preferential reten-
tion of chloride, and the restoration of plasma
composition towards normal.

(¢) Expansion of extracellular fluid volume
could have resulted in selective inhibition of
sodium-hydrogen exchange by the renal tubule
through some mechanism other than suppressed
mineralocorticoid production. It is well recognized
that volume expansion may inhibit sodium reab-
sorption independent of changes in mineralocorti-
coid levels (13-15). It is conceivable that such
inhibition of sodium reabsorption involves inhibi-
tion of sodium-bicarbonate reabsorption to a pro-
portionately greater extent than it does sodium-
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chloride reabsorption. However, it seems clear
from the results of protocol IV that mere expan-
sion of volume, at least with solutions such as
those employed here, does not invariably produce
a disproportionate inhibition of bicarbonate re-
absorption. In these studies, similarly volume-
depleted animals were acutely expanded with com-
parable solutions after previous restoration of
nearly normal plasma anion concentrations. The
saluresis observed after volume repair which oc-
curred under these circumstances was accompanied
by a proportionate chloruresis; by contrast, in
protocol I a similar saluresis was accompanied by
very little chloruresis. Viewed conversely, despite
the retention of similar amounts of sodium, excess
chloride was retained only in protocol I when
appreciable chloride deficits were present and not
in protocol IV when chloride deficits had been
largely repaid. It seems clear from these observa-
tions that the anion composition of extracellular
fluid must be an important determinant of the
urinary composition that results from isometric
expansion of extracellular volume. The mechanism
enabling the renal tubule to make the appropriate
adjustments in urinary composition under these
conditions is still unclear.

(d) A fourth consequence of volume expansion
would appear to offer the most plausible explana-
tion for these results. It is not unreasonable to
postulate that, before volume expansion, the rate
of sodium reabsorption in the proximal tubule was
increased in response to the previously accumu-
lated sodium deficits and that the delivery of fil-
trate to the distal nephron was decreased accord-
ingly. Once the infusion solution was administered
and extracellular fluid volume restored, the rate
of sodium reabsorption in the proximal tubule was
probably diminished (16). As a direct consequence
of this decrease in proximal sodium reabsorption,
filtered chloride as well as sodium might have been
shunted to more distal sites in the nephron provid-
ing these sites with a greatly increased opportunity
to modify the tubular urine. If such distal sites
possessed a mechanism for selective or preferential
chloride reabsorption under conditions of chloride
depletion or hypochloremia, the results of the
present study would be explained.

Despite the emphasis in the foregoing discussion
on the role played by volume expansion in ac-
counting for the present results, it should not be
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assumed that volume expansion without chloride
might have produced the same results. The admin-
istration of sodium without the provision of ex-
ogenous chloride (or equivalent reabsorbable
anion) could not have resulted in correction of
metabolic alkalosis since, in the absence of a de-
crease in plasma sodium concentration or an in-
crease in undetermined anion concentration, a fall
in plasma bicarbonate concentration necessitates at
least a reciprocal increase in chloride concentration
as a direct consequence of the constraints of
electroneutrality. Furthermore, the present study
strongly suggests not only that the repair of meta-
bolic alkalosis is dependent on the provision of
chloride but also that the repair of volume deficits
by the retention of administered sodium is also
dependent on the availability of this anion. During
the several days between the last dose of ethacrynic
acid and the infusion day, ample sodium, 3 mEq/
kg per day, was present in the chloride-deficient
diet of these animals but sodium deficits were not
repaid. It was not until the infusion day when
chloride was also made available that sodium
retention occurred and normovolemia restored.

It would appear that the repair of metabolic
alkalosis by the kidneys under the conditions of
the present study is the result of a process in which
the repair of volume deficits and the provision of
chloride are inseparable and interdependent
features.
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