Journal of Clinical Investigation
Vol. 43, No. 9, 1964

The Effects of Selective Depletion of Hydrochloric Acid on
Acid-Base and Electrolyte Equilibrium *

MAark A. NEeDLE, GEORGE J. KALOYANIDES, AND WILLIAM B. ScHWARTZ

(From the Department of Medicine, Tufts University School of Medicine, and the Renal
Laboratory, Pratt Clinic-New England Center Hospital, Boston, Mass.)

Previous studies have demonstrated that hypo-
chloremic alkalosis in the dog cannot be repaired
unless the diet contains significant quantities of
chloride (1, 2). It has also recently been shown
that chloride depletion induced by infusion of so-
dium nitrate will lead to the development of a
metabolic alkalosis that depends on chloride avail-
ability for its correction (3). In this latter study
the possible specific effects of nitrate on potassium
balance and on renal tubular function have com-
plicated the interpretation of the results.

The present study was undertaken to evaluate
the effects of extrarenal depletion of chloride on
acid-base and electrolyte equilibrium. Selective
removal of hydrochloric acid by gastric drainage
has been chosen as the most physiologic means
of achieving this goal. In contrast to previous
studies (4-6), the possible effects of other extra-
renal deficits have been avoided by replacement
of the sodium chloride, potassium chloride, and
fluid withdrawn from the stomach each day. The
data demonstrate that removal of hydrochloric
acid elevates the renal threshold for bicarbonate,
accelerates sodium-hydrogen and sodium-potas-
sium exchange, and induces a metabolic alkalosis
that can be repaired only when the diet is supple-
mented by chloride.

Materials and Methods

Seven balance studies were carried out on six healthy
female mongrel dogs weighing from 12 to 14 kg. At
least 10 days before the beginning of the metabolic study,
each animal was subjected to a gastrostomy, and a ny-
lon prosthesis was placed in the stomach at a point ap-
proximately 5 cm from the pylorus and 5 cm from the
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greater curvature! A nylon plug was used to prevent
leakage of gastric contents. Selective depletion of hy-
drochloric acid was accomplished in the following man-
ner: In the early morning the fasting animal was given
a subcutaneous injection of 25 mg of Histalog®™*' (beta-
zole hydrochloride).2 Immediately thereafter the plug
in the prosthesis was replaced by a plastic bag and the
fluid collected for approximately 2 hours. The animal
was then fed one-half of its daily ration. After suffi-
cient time for gastric emptying had elapsed (4 to 5
hours), Histalog was again injected, and the stomach
was drained for another 2-hour period. The fluid from
both periods was then pooled, and the sodium, potassium,
and chloride concentrations were determined. The amount
of sodium and potassium removed in the gastric juice
was returned to the animal by adding an equivalent
amount of sodium and potassium chloride to the evening
feeding. The diet was also supplemented by a volume
of distilled water equal to the volume of gastric juice
removed during drainage.

Each animal was fed 30 g per kg of an artificial diet
(homogenized with 1.5 times its weight of distilled wa-
ter), the composition of which has been described previ-
ously (1). The intrinsic electrolyte content of the diet
was sodium, 1 mEq per 100 g; potassium, less than 0.1
mEq per 100 g; and chloride, 1 mEq per 100 g. The
diet was supplemented by 2 mmoles per kg of neutral
phosphate (4 HPO./1 H.PO.), administered as 2.4
mEq per kg of the potassium and 1.2 mEq per kg of the
sodium salt. The cation composition of the phosphate
supplement was varied during the latter part of the
study (wvide infra).

Each study was initiated by a control period of 6 to 9
days. Detailed balance observations were made over the
last 4 or 5 control days. The study was then divided into
four periods.

Period I: gastric drainage. Gastric drainage was car-
ried out, as described above, until 5 to 7 mEq of hydro-
chloric acid per kg of body weight had been removed.
A 2- to 4-day period was required for this purpose.

Period II. Balance observations were continued for 6
to 10 days after the gastric drainage had been discon-
tinued.

1 The authors wish to express their appreciation to
Drs. Donald J. Glotzer, George L. McDonald, and Barry
F. Sachs for performing the surgical procedures.

2 Eli Lilly, Indianapolis, Ind.
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Period II1: correction phase. Attempts to correct the
alkalosis were made according to three protocols:

A) Sodium phosphate supplement (potassium-free and
chloride-free intake). The electrolyte supplement of two
animals (Z and E) was modified by replacing the 2.4
mEq of potassium phosphate by an equivalent amount of
sodium phosphate. The total sodium intake was thus
increased to 3.6 mEq per kg without changing the anion
content of the diet. Balance observations were continued
for 5 days.

B) Sodium chloride supplement (potassium-free in-
take). The electrolyte supplement of five animals was
modified by replacing the 2.4 mEq per kg of potassium
phosphate by an equivalent amount of sodium phosphate.
In addition, they were given 5 mmoles per kg of sodium
chloride. [One of the animals had been given a sodium
phosphate supplement (Protocol A) immediately before
being given sodium chloride.] Balance observations
were continued for 5 to 7 days.

C) Potassium chloride supplement (sodium-free intake).
The electrolyte supplement of two animals (E and C-2)
was modified by replacing the sodium phosphate by an
equivalent amount of potassium phosphate. In addition,
the animals were given 5 mmoles per kg of potassium
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chloride. [One animal had been given a sodium phos-
phate supplement (Protocol A) immediately before be-
ing given potassium chloride.] Balance observations
were continued for 4 days.

Period IV : sodium bicarbonate administration. Four
animals that had been subjected to Protocol B (i.e., so-
dium chloride supplement during administration of a
potassium-free intake) were given a sodium bicarbonate
supplement of 5 mmoles per kg for 4 to 6 days in order
to assess the renal reabsorption of bicarbonate at the
height of the potassium deficiency. In three of the four
animals the sodium phosphate intake was simultaneously
reduced or discontinued. One animal received 30 mEq
of sodium chloride per day throughout the period of bi-
carbonate feeding.

Creatinine clearance studies. Alkalosis was induced in
four additional animals by the gastric drainage technique
described above. Each dog underwent exogenous cre-
atinine clearance studies on 3 days during the control
period and further clearance studies on the last 3 days of
Period II. Clearances were performed a minimum of 16
hours after the last feeding. An adequate urine flow was
assured by the infusion of 5% mannitol solution at a rate
of approximately 2 ml per minute.

TABLE I

Changes in electrolyte balance during and after gastric drainage

External balance

Internal balance

Weight Na idar  eltar  ECF
Period  Dog Days Initial Final a Na Cl'(ﬁ K Kn* N cellylar  cear R e
kg kg mEq mEq mEq mEq mEq g mEgq mEg L
I. Gastric drainage
K 4 12.7 12.2 —68 —26 —47 -39 —52 +5.1 —48 +7 -0.4
z 3 14.4 14.3 —87 —20 -72 —26 =35 +3.3 -30 +23 —-0.2
D 4 14.2 14.1 —81 —46 —46 -23 —40 +6.4 —-37 +20 -0.3
E 4 13.6 13.5 —87 -6 —82 —25 —-31 +2.2 —-27 +91 —0.5
o] 2 14.3 14.4 —-73 -38 —44 -29 —26 —-1.1 -23 +13 —-0.4
C-1 4 12.2 11.6 -90 —-72 —35 —60 —62 +0.5 -59 V] —0.4
C-2 4 13.2 129 -70 —42 —-38 -27 —40 +4.8 -36 +10 -0.3
II. K 8 12.2 121 + 4 +30 -17 =27 —-33 +2.1 -31 +22 +0.2
Z 6 14.3 14.1 +14 +23 — 4 —-16 -17 +0.3 —-20 +15 +0.1
Dt 8 14.1 13.9 -6 +11 —14 -1 —26 +9.1 =27 —-19 0
E 6 13.5 13.5 +14 +24 - 4 -7 -9 +0.8 —11 -36 +0.2
o 7 14.4 14.0 +20 ] +20 —12 +33 —16.8 +32 —24 +0.3
C-1 10 11.6 11.6 +13 +19 -2 —25 -8 —-59 -9 +29 +0.2
C-2 6 129 12.8 + 8 4+ 7 + 3 =23 —28 +2.0 -29 —10 +0.2
III. A. Sodium phosphate supplement
Z 5 14.1 14.1 -1 +26 —20 —87 —85 —-0.5 —81 +34 +0.1
E 5 13.5 13.5 +10 +36 —18 -71 -79 +3.0 =77 + 6 +0.2
B. Sodium chloride supplement
K S5 12.1 12.3 4152 +65 +100 -35 =37 +0.3 -39 -20 +0.8
z 7 14.1 14.4 “+192 483 +125 —18 —34 +5.5 —38 —58 +1.1
D 5 139 14.3 +163 +83 +99 —25 —48 +8.5 —50 —18 +0.7
o 5 14.0 14.1 +217 +159 +95 —43 —24 —5.4 —27 =27 +1.1
C-1 7 11.6 12.2 +240 +200 485 —44 —55 +4.2 —-57 —12 +1.2
C. Potassium chloride supplement
E 4 13.5 13.5 +239 —44 +273 +173 +172 —-0.1 <4159 +236 +1.3
C-2 4 12.8 12.8 +116 + 2 +114 494 +-84 +3.2 +75 -89 +0.5

* Kn = K corrected for N.
1 ECF = extracellular fluid. .
1 Vomited on day 3; electrolyte content included in output.
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5.2 The analytic methods and technique of balance have
§E been described previously (2, 3) except that pH was de-
LRI EE termined by means of an Epsco bloo<.:l p'ar'almeter analyzer.
= % zg + F++ 8? The total acid removed in the g?strxc juice was taken to
<1 e be [Cl— (Na+ K)]. This estimated value' wa§ fou‘nd
58 &EE to agree closely with the values obtained by tltfatxon with
8% g fiiff ;E sodium hydroxide. Internal exchanng of sodium, potfls—
K :: sium, and hydrogen were estimated in the usual fashion
- gl o nmoo ) ';;% from chloride space calculations.
v 8|8 TI0w Sa
g TEpRT %; Results
g w G
E g% g5 gRE=83 é«g Observations on plasma composition a:nd elec-
s A §§ trolyte balance (Table I) were made in seven
¢ §ls Eé studies. Satisfactory data on urinary a.c1d excre-
§= % TRERE3 oF tion could be obtained in only ﬁve.studles (Table
° -: ﬁ?» II) ; in one of the remaining studies the.:re. was a
89: R g g Eﬁ urinary tract infection with a urea splitting or-
GE|F et 28 ganism (dog E), and in the other there were wide
ok fluctuations in acid excretion during the cor.lt'rol
E - .,,, E‘g . period (dog O). Changes in plasma cor.nposmon
£ §8 §8838% :. EE - and electrolyte balance for a representative study
3 aE R %g £ are shown in Figure 1, and detailed balance data
5 S = ?:ig % for two studies are shown in Tables IIT and IV.
5 = 2 £ § -ek T i 4:— + §§ g At the end of the control period, average plasma
_ 3 :g ) %% E concentrations were as follows: soShum, 147 1;1?;1
a E 2l p-E § swoowd 5_; < per L; chloride, 109 mE:q per L; blcarbonaLt‘e, A;_
E‘ §.o 5 5 j;g FEFEET ga ‘% mEq per L; and po.ta(slmfum, 47.141111]tiq 71):; .
) g i rom 7. 49.
& § e | A . : terial blood pH varie
3 88 | 31233%3 |idd 3 , o
3 QE|EFTEER %EE g Period I: gastric drainage
g §§§§§ 1) Acid-base bala?@ce (Table II). Plasmzfl ;)1(-)
;3 | B0 | s vgexx E%‘L‘;"Eg carbonate concentration rose by an average é) X
< L::E BN gEaEs mEq per L to a final mean level of 29.5 mEq p;r
by §§ L. Blood pH rose to a range of 7..'50 to '7.5 .
é g < :E: :E E;é 2 55 The amount of acid removed by gastric draénagi
aF T EXEPE averaged 81 mEq (range, 68 to 90 mEq). ena
28l cnvoo 2 §§§§§ acid excretion [NH,* 4+ titratable ;g1d ]—5 HC?ﬁl
- 2 'g ST Y éﬁ :Sg was suppr'essed by an average olf dmd(cil.excre_
Z §2§§ %a rfslationshxp between acid ;e:;?;?e :1:1 y ; e
& %?-, gg gBRE3I = Eg%éig tion is shown for a repres
QE8ES | E E%Eéé’i 2. ‘ . . Table 1)
g 3 238TES 2) Chloride, potassium, fmd sodiwm (Ta .
§ m2lScs233 E%; 53;»‘;, Plasma chloride concentration fell by 13 mEq pir
R SELsEs L, to a final average value of 96 mEq per =
55| 525522 | 333552 The net chloride deficit was 79 mEq (range,
ﬁi FraEEs §§§§§2 to 90 mEq). Plasma sodium concentration was
Zifaiy i hanged, but plasma potassium con-
£8383%y virtually unchanged, p
E ggfééé centration fell by 1.1 mEq per L to an average of
£ 4w 0a f?%iﬁi 3.0 mEq per L. - Potassium losses (corrected fo;
‘ - ég N) averaged 41 mEq (range, 26 to 62 mEq), an
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F16. 1. PLASMA COMPOSITION AND ELECTROLYTE BALANCE IN A REPRESENTA-

TIVE sTUDY OF SELECTIVE HCL pEPLETION (dog Z).

sodium loss averaged 36 mEq (range, 6 to 72
mEq). Calculated extracellular fluid volume fell
by an average of 0.4 L.

Period II

1) Acid-base balance (Table II). In all but
one of the seven studies plasma bicarbonate rose
slightly (average, 2.0 mEq per L). At the end
of the period average plasma bicarbonate concen-
tration was 31.5 mEq per L, a rise of 9.0 mEq per
L from control. Blood pH ranged from 7.51 to
7.59. In the four studies in which net acid excre-
tion rose, the average increment above control
was 58 mEq. This rise was due almost entirely to
a fall in urine pH and an increase in excretion of
titratable acid. In one study (dog D, which
vomited on day 3) acid excretion during the pe-
riod did not differ significantly from control.
Cumulative acid balance for Periods I and II is
shown in Table II.

2) Chloride, potassium, and sodium (Table I).
There was no significant change in plasma chlo-

Dog K-129%

[Period I Perios I Period Il
GASTRIC K- FREE DIET
Period I [DRAINAGE + NoCl
GASTRIC
DRAINAGE » Iss
PLASMA
+100- HCOs v/\ 40
CUM.
RENAL ACID mEq/L 25| 125
SUPPRESSION
mEq + 50| zo[ 420
15 15
o
+50}- <450+
oM. ~501
GASTRIC ACID
REMOWAL
L I
1234
SRR
DAYS -0 —s0-

" " L
B 15 7

PPN PN
12345 7 9
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F16. 2. GASTRIC ACID REMOVAL, CHANGE IN URINARY
NET ACID EXCRETION, AND CUMULATIVE ACID BALANCE
DURING DEVELOPMENT AND CORRECTION OF METABOLIC ALKA-
rosis (dog K). Cumulative acid balance for Period I
is calculated as the algebraic sum of gastric acid re-
moval and suppression of net acid. Subsequent changes
in acid balance are solely the result of changes in acid
excretion. '
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TABLE III

Balance data on dog subjected to chloride

Chloride
removed Intake Urine
from Body
Day stomach*  wt Na C1 K N Vol pH HCO; C1 Na K
mEq kg mEgq mEq mEq g ml mEq mEq mEq mEq
Control 1 14.5 23 5 38 8.2 560 6.31 4 2 15 32
period 2 144 22 4 37 8.0 500 6.12 1 2 9 30
3 14.5 23 5 38 8.2 410 6.12 2 2 19 42
4 14.5 23 5 38 8.2 500 6.27 3 2 25 42
Period 1 5 36 14.4 22 4 37 8.0 220 6.53 3 2 24 40
Gastric 6 29 14.4 23 5 38 8.2 450 6.70 12 2 22 49
drainage 7 23 14.4 23 5 38 8.2 430 6.41 6 0 24 47
Period II 8 14.3 23 5 36 8.2 560 5.91 1 0 17 46
9 14.2 23 5 36 8.2 325 5.58 1 0 14 33
10 14.2 23 5 36 8.2 400 5.75 1 0 12 42
11 14.1 23 5 36 8.2 420 5.67 1 0 12 32
12 14.1 23 5 36 8.2 410 5.89 1 1 16 41
13 14.1 23 5 36 8.2 510 5.88 1 1 14 32
Period I11a 14 14.1 58 5 0 8.2 250 5.96 1 1 19 34
Sodium 15 14.2 58 5 (V] 8.2 450 6.26 5 1 55 25
phosphate 16 14.1 57 4 V] 8.1 440 6.20 3 3 48 6
supplement 17 14.0 57 4 0 8.0 290 6.24 4 2 30 9
18 14.1 54 4 0 8.0 635 6.42 5 3 52 8
Period IIIb 19 14.1 124 73 0 8.0 380 6.60 4 3 71 4
Sodium 20 14.3 127 76 0 8.1 640 7.49 25 12 114 1
chloride 21 14.4 127 76 0 8.1 580 6.83 11 43 108 2
supplement 22 14.4 127 76 V] 8.1 690 6.58 5 53 105 1
23 14.3 124 74 0 8.0 810 6.68 7 65 113 1
24 14.3 124 74 0 8.0 600 6.63 3 56 101 1
25 14.4 128 77 V] 8.2 830 6.57 5 835 129 1

* The Na and K removed in the gastric juice were replaced by administration of an equivalent amount of NaCl and KCI.
removed from stomach’’ refers to that chloride withdrawn as HCI and not replaced.

1 TA = titratable acid.

Thus, ‘“chloride

TABLE IV

Balance data on dog subjected to chloride

Chloride
removed Intake Urine
from Body
Day stomach* wt Na Cl K N Vol pH HCOs Cl K Na
mEq kg mEq mEq mEq g ml mEq mEq mEq mEq
Control 1 12.5 17 4 29 7.0 740 6.71 6 3 26 11
period 2 12.5 17 4 29 7.1 605 6.35 2 2 30 8
3 12.5 17 4 29 7.1 540 6.60 7 1 29 7
4 12.7 17 4 29 7.1 690 6.58 4 2 28 14
Period I 5 21 17 4 29 7.1 600 6.48 4 1 34 16
Gastric 6 28 12.4 17 4 29 7.0 720 6.75 9 1 38 25
drainage 7 14 12.3 17 4 29 7.0 710 6.60 8 1 41 13
8 7 12.2 17 4 28 6.8 620 6.19 2 1 37 7
Period I 9 12.1 17 4 28 6.8 640 6.22 3 1 32 9
10 121 17 4 28 6.9 850 6.19 3 1 29 4
11 12.0 17 4 28 6.8 610 6.24 3 1 35 7
12 12.0 17 4 28 6.9 540 5.97 1 1 25 1
13 119 16 4 28 6.7 460 6.02 1 1 28 3
14 12.1 17 4 28 6.8 340 6.29 2 1 30 3
15 12.1 17 4 29 7.0 470 6.20 2 1 32 4
16 12.1 17 4 28 6.9 590 6.58 5 1 33 8
Period I11 17 12.3 109 67 o 6.9 350 6.92 14 1 26 31
Sodium 18 12.2 112 69 (V] 71 620 8.03 39 11 1 103
chloride 19 12.2 112 69 (V] 7.1 540 7.34 16 43 1 93
supplement 20 12.2 112 69 [} 71 440 6.71 4 60 1 94
21 12.3 112 69 o 7.1 510 6.78 7 63 1 99

* The Na and K removed in the gastric juice were replaced by administration of an equivalent amount of NaCl and KCl. Thus, ‘“‘chloride

remo"\_’ed from stomach’ refers to that chloride withdrawn as HCl and not replaced.

TA = titratable acidity.
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Urine
Stool Plasma
Organic
NH¢ TAt acids PO4 N Na C1 K N Pco: pH HCOs: Na C1 K
mEq mEq mEq mmoles g mEq mEq mEq g mm Hg mEq/L mEgq/L mEq/L mEg/L
27 23 13 40 5.5 5 1 1 0.8
22 21 12 33 59 5 1 1 0.8 30 7.46 20.9 148 113 4.2
29 31 22 48 7.9 5 1 1 0.8
33 30 23 50 8.7 5 1 1 0.8 33 7.45 223 149 114 4.3
16 17 17 37 5.8 3 1 1 0.4 32 7.46 22.2 147 104 4.2
43 18 21 46 7.2 3 1 1 0.4 38 7.50 28.8 147 96 3.8
23 24 21 45 6.9 3 1 1 0.4 39 7.51 30.0 145 94 2.8
34 40 23 55 8.5 3 1 1 0.4 38 7.51 294 146 96 - 3.0
22 29 14 37 6.3 3 1 1 0.4 37 7.51 28.5 145 94 3.3
43 40 25 53 9.0 3 1 1 0.4
32 33 19 42 7.4 3 1 1 0.4 36 7.54 29.6 147 95 3.0
34 34 21 47 8.2 3 1 1 0.4
31 29 17 41 7.1 3 1 1 0.4 38 7.51 29.2 143 94 3.7
24 29 18 40 6.5 9 1 1 1.0 37 7.51 28.9 146 94 2.5
41 34 27 56 9.6 9 1 1 1.0
32 26 17 40 7.0 92 1 1 1.0 38 7.51 29.0 145 94 2.5
33 20 16 32 5.7 9 1 1 1.0
38 24 21 44 7.2 9 1 1 1.0 36 7.54 29.7 143 92 2.1
35 21 21 48 8.2 6 1 1 0.7 39 7.47 27.8 145 97 2.6
25 [1] 22 40 6.7 6 1 1 0.7 39 7.39 22.7 147 109 29
28 11 17 38 6.7 6 1 1 0.7 28 7.41 17.4 147 115 2.7
35 16 19 38 6.6 6 1 1 0.7
36 13 15 36 6.0 6 1 1 0.7 29 7.41 17.8 146 115 2.5
31 14 14 36 5.9 6 1 1 0.7
38 17 17 39 6.0 6 1 1 0.7 30 7.41 18.2 146 112 2.5
TABLE 1V
depletion by gastric drainage (dog K)
CUrine
Stool Plasma
Organic
NH, TAt acids PO, N Na Cl K N Pco: pH HCOs; Na Cl K
mEq mEq mEq  mmoles rs mEq mEq mEq g mmHg mEq/L wmEgq/L mEq/L mEgq/L
31 11 14 29 4.4 4 1 1 0.5
32 19 15 34 5.4 4 1 1 0.5 37 7.42 234 146 110 4.1
46 15 15 35 5.4 4 1 1 0.5
32 15 15 34 6.1 4 1 1 0.5 30 7.47 211 144 109 4.3
19 16 13 32 4.9 6 1 1 0.6
14 12 14 33 4.6 6 1 1 0.6 36 7.51 27.8 151 106 4.1
20 16 15 35 5.5 6 1 1 0.6 36 7.52 28.1 148 3.8
20 22 18 34 5.4 6 1 1 0.6 37 7.50 28.3 148 100 3.0
34 22 15 34 6.4 6 1 1 0.6 35 7.54 28.6 148 99 3.0
38 23 24 36 6.5 6 1 1 0.6 34 7.51 26.3 148 97 3.4
30 21 15 33 6.3 6 1 1 0.6 36 7.51 279 146 102 29
31 24 15 33 59 6 1 1 0.6 34 7.54 28.4 144 98 3.2
25 22 12 31 5.3 6 1 1 0.6
31 21 15 34 6.4 6 1 1 0.6 37 7.55 313 142 94 29
27 22 13 34 5.3 6 1 1 0.6
41 17 13 37 5.8 6 1 1 0.6 35 7.55 29.8 144 94 3.0
37 9 18.4 31 6.6 12 1 1 1.2 35 7.53 28.6 144 101 2.4
47 V] V] 35 5.3 12 1 1 1.2 30 743 19.0 147 112 3.1
49 1 15 32 6.0 12 1 1 1.2 28 7.43 18.1 148 116 3.4
34 11 15 31 5.9 12 1 1 1.2 .
40 10 13 32 5.2 12 1 1 1.2 28 7.40 17.0 148 114 2.9
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ride concentration, and the urine remained virtu-
ally chloride free. Plasma potassium and sodium
concentrations varied little from the preceding pe-
riod. Potassium balance (corrected for N) dur-
ing Period II was slightly negative in all but one
dog. Sodium balance for the period was slightly
positive. Calculated extracellular volume rose by
an average of 0.2 L.

Average cumulative balance values for Periods
I and II were as follows: potassium (corrected
for N), — 53 mEq (range, +7 to — 83), and
sodium — 20 mEq (range, + 18 to — 53). Ex-
tracellular fluid volume fell by an average of 0.2 L.

Period II1: correction phase

Protocol A. Sodium phosphate (potassium-free
and chloride-free intake). Administration of so-
dium phosphate induced no change in acid-base
balance or in plasma chloride values. Plasma
potassium concentration fell by 1.3 mEq per L to
an average of 2.2 mEq per L, and there was a
further negative potassium balance (corrected for
N) of —79 and — 85 mEq per L. Extracellular
volume rose by 0.1 and 0.2 L.

Protocol B. Sodium chloride (potassium-free
intake) and Protocol C. Potassium chloride (so-
dium-free intake). 1) Acid-base balance. Plasma

b o PERIOD I PERIOD I PERIOD I
PLASMA NaCl NaHCOs
) E— TR N
HCD 67 mM/Doy €7 mM /Doy
3 25_ e Y o 5
MEQ/L 20:/4«04,//’71 o s B & / g 20
K al Ja
™ oo 3
mErL 3 e~ <
URINE
HCO; 2
mEq/Day o
]
60
NET ACID
EXCRETION 40|
mEq/Day + 20!
[
|CUM. BAL ol
~50

me[sllo[ullz

3Ja]is[eir[8]w]20
DAYS

F16. 3. EFFECT OF SODIUM BICARBONATE FEEDING UPON
PLASMA BICARBONATE CONCENTRATION AFTER CORRECTION
OF METABOLIC ALKALOSIS BY SODIUM CHLORIDE (POTAS-
stuM-FReE DIET) (dog D).
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TABLE V

Effect of sodium bicarbonate feeding upon plasma bicarbonate
concentration after correction of metabolic alkalosis by
sodium chloride (potassium-free diet)

Bicarb. Bicarb.
conc. conc.

before  during A Bi-  Cumula- Cumula-

X gastric  bicarb. carb. tive K tive Kn
Animal  drainage feeding conc. balance  balance

mlig/L. mEq/l. mEgq/L mEq mEq

C-1 24.1 24.8 +0.7 —136 —-132
D 22.6 22.8 +0.2 - 53 —144
V] 20.3 19.7 —-0.6 — 84 - 17
943 22.7 243 +1.6 — 74 -217
Average 22.4 229 +0.5 — 87 —128

bicarbonate concentration for the entire group
(Protocols B and C) fell to a level of 18.0 mEq
per L, a decline of 13.5 mEq per L from the end
of Period II. This final value was 4.5 mEq per
L below the average control levels. In the sodium
chloride animals (five studies) net acid excretion
for the period fell by 102 mEq (range, 74 to 117
mEq). This decrease in renal acid excretion
was reflected in a calculated loss of 15 mEq of
bicarbonate from the extracellular fluid and, by
subtraction, of 87 mEq from the intracellular
fluid. A major factor in this decrement was a
bicarbonate diuresis that averaged 46 mEq. The
average cumulative change in the acid balance for
the entire study was + 45 mEq. Dog D, which
apparently had no net loss of acid at the end of
Period 1I, showed the same suppression of net
acid excretion as did the rest of the sodium chlo-
ride group. Data obtained in one potassium chlo-
ride study showed little change in acid excretion.

2) Chloride, sodium, and potassium. As chlo-
ride was retained (Protocols B and C), plasma
chloride concentration rose to a final average con-
centration of 115 mEq per L, a value 6 mEq above
control. In the animals on a potassium-free diet
(Protocol B) there was a further loss of potas-
sium (corrected for N) that averaged 40 mEq.

In the sodium chloride group the cumulative
potassium balance (corrected for N) for the en-
tire study was — 110 mEq, cumulative sodium
balance was + 108 mEq, and cumulative chloride
balance was + 112 mEq. In the potassium chlo-
ride group the cumulative potassium balance (cor-
rected for N) in the two studies was + 16 and
+ 53 mEq.
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Period IV : sodium bicarbonate period (Figure 3
and Table V')

Plasma bicarbonate concentration in the four
animals rose to an average value of 23 mEq per
L. This value, although 6 mEq per L above the
lowest point reached during sodium chloride ad-
ministration, was only 0.5 mEq per L above the
average control value. Frank excretion of bi-
carbonate occurred by the second day in each
animal. The mean cumulative potassium balance
at the end of the study was — 87 mEq and cor-
rected for nitrogen was — 128 mEq. It is of
interest that in the one animal studied after alkali
feeding was stopped (dog 943, which received so-
dium chloride throughout), plasma bicarbonate
concentration promptly fell to a level well below
control.

Miscellaneous

There was no significant change in the excre-
tion of phosphate or organic acids throughout the
study. Plasma creatinine concentration remained
essentially unchanged. Nitrogen balance (Table
I) was slightly positive in Period I but showed
no striking or consistent pattern thereafter.
Shifts of sodium estimated from changes in chlo-
ride space were small and variable (Table I).
Body weight fell slightly during Periods I and II
(cumulative average loss of 0.3 kg). Stool elec-
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trolytes showed no significant changes. Un-
measured anion concentration rose by 4 to 5 mEq
per L as alkalosis developed and returned to nor-
mal during correction of the chloride deficit in
Period III.

Creatinine clearance studies

Table VI presents the data on creatinine clear-
ance during the pre- and postdrainage periods
on four animals. The average rise in plasma bi-
carbonate concentration was 9.0 mEq per L.
Changes in creatinine clearance were small, the
values falling slightly in three instances and ris-
ing slightly in one. The mean change in clearance
for the group was — 6%. The possible influence
of reduction in glomerular filtration rate on plasma
bicarbonate concentration has been calculated on
the assumption that the absolute rate of bicarbonate
reabsorption would have remained constant, in a
fashion similar to that observed during acute re-
duction of flow through the renal arteries (7).
It is apparent that even in the three dogs with
slight reductions in clearance, the “predicted” rise
in bicarbonate falls far short of the observed rise.

Discussion

The present study demonstrates that selective
depletion of hydrochloric acid leads to the devel-
opment of a sustained metabolic alkalosis in ani-

TABLE VI
Creatinine clearances before and after the induction of alkalosis by gastric drainage

“Predicted’'*A Observed A

% Change in plasma plasma

Dog Control Alkalosis clearance (HCO:] [HCO:]

ml/min ml/min % mEg/L mEq/L
67 63

M 75 70 average 76 75 average + 7 —-1.0 + 85
67 86
64 60

(0] 71 65 average 52 57 average —12 +2.0 + 75
60 58
64 66

R 69 68 average 57 59 average —13 +3.5 +12.0
70 55
68 61

Y gg 69 average 22 64 average -7 +1.5 + 85

* “Predicted”” A plasma bicarbonate is calculated on the assumption that absolute rate of bicarbonate reabsorption
would remain constant despite a fall in glomerular filtration rate.
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mals maintained on a low-chloride diet. In es-
sence, this finding indicates that chloride deficiency
induced by extrarenal means leads to an elevation
of the renal threshold for bicarbonate.

The events that preceded the establishment of a
new steady state are, however, rather complex.
During the period of gastric drainage, net acid
excretion was suppressed by an amount compara-
ble to the quantity of acid simultaneously lost from
the stomach. Nevertheless, extracellular bicarbon-
ate concentration rose by an average of 7 mEq
per L. Approximately half of this increment
could be accounted for by a concomitant contrac-
tion of the extracellular fluid (assuming that the
increase in alkali stores was confined solely to the
extracellular space). During the drainage pe-
riod there was a small loss of sodium and of po-
tassium in the urine.

During the postdrainage period acid excretion
increased above control levels by an amount that
largely offset the renal retention of acid during
gastric drainage. The amount of acid lost in the
urine during the postdrainage phase was far more
than adequate to account for the total alkali simul-
taneously added to the extracellular fluid.

The above description of the intermediate ad-
justments in acid-base balance tends to obscure
some of the important over-all effects of hydro-
chloric acid removal that become apparent only
when the new steady state is achieved. Thus, 4
to 5 days after the drainage had been discontinued,
only one-fifth of the mean rise of 9 mEq per L
in plasma bicarbonate concentration could be ac-
counted for by the 0.2-L contraction of extracel-
lular fluid ; the remainder of the rise, as well as a
comparable rise in tissue alkali stores, could read-
ily be explained by the cumulative gastric and uri-
nary acid deficit of approximately 50 mEq. This
interpretation assumes, of course, that the average
endogenous acid production during the entire study
was not strikingly different from that of the con-
trol period, an assumption that cannot be validated
with present techniques. However, the magnitude
of the abrupt rise in alkali excretion during cor-
rection of the alkalosis by sodium chloride sug-
gests that the acid balance data provide a reason-
able index of alkali generation.

Regardless of the source of the alkali, the renal
threshold for bicarbonate clearly must have been
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elevated as a consequence of chloride depletion.
Since filtration rate, as estimated from exogenous
creatinine clearance, was virtually unchanged
from control, it can also be concluded that the rate
of sodium-hydrogen exchange was markedly ac-
celerated. As has been suggested previously (3),
a deficit of reabsorbable anion, i.e., chloride, was
likely responsible for the reabsorption of a larger
than normal fraction of filtered sodium by ex-
change for hydrogen.? The possibility cannot be
dismissed, however, that the slight reduction in
extracellular fluid volume (average, 0.2 L) in-
duced by chloride depletion blunted the normal
postprandial rise in glomerular filtration rate and
that such an alteration in renal hemodynamics im-
paired bicarbonate excretion. This interpretation
would imply that the dog requires a postprandial
elevation of glomerular filtration rate for the ex-
cretion of surplus bicarbonate, a hypothesis for
which there is presently no evidence. It is also
conceivable that an increase in aldosterone secre-
tion may, in some fashion, have played a role in
maintaining an elevated bicarbonate threshold.
The suppression of net acid excretion and the
bicarbonate diuresis during the drainage period in-
dicate that the rate of sodium-hydrogen exchange
does not immediately rise to an extent sufficient
to conserve fully the increased filtered load of bi-
carbonate, even when there is a concomitant de-
ficiency of chloride. Possibly an initial period of
potassium depletion is a prerequisite for full ac-
celeration of sodium-hydrogen exchange (3). It
is also possible that the sudden, marked accelera-
tion of sodium-hydrogen exchange required for
total reabsorption of the increased filtered load of
bicarbonate cannot be achieved in such a short in-
terval. The demand for rapid acceleration would
be particularly great when, as in the present ex-
periments, hydrochloric acid was removed quickly
and plasma bicarbonate concentration was abruptly

increased.t There are, in fact, other circum-

3 The loss of potassium in the urine and the inability
to correct the deficit of this ion while the dogs were
chloride deficient can also be accounted for by a diver-
sion of sodium to the cation exchange mechanism (3).

4Tt is conceivable that if HCI had been removed more
gradually and plasma bicarbonate concentration elevated

 more slowly, the loss of bicarbonate and other electro-

lytes would have been minimized.
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stances in which there is an analogous lag in the
acceleration of sodium-hydrogen exchange. For
example, after the administration of ammonium
chloride there is a considerable initial loss of so-
dium and potassium, acid excretion rising mark-
edly only after several days (8, 9). Similarly, in
chronic hypercapnia the maximal acceleration of
sodium-hydrogen exchange is delayed for at least
2 to 3 days (10).

Regardless of the complex factors considered
above, it is clear that HCl depletion, without a
concomitant removal of sodium, potassium, ‘or
water from the stomach, induces a marked meta-
bolic alkalosis that persists for as long as the in-
take is kept low in chloride. These findings stand
in contrast to the conventional view that some com-
bination of factors, which include extrarenal deple-
tion of sodium, potassium, and volume, and poor
renal conservation of potassium in the face of a
restricted intake, is responsible for the develop-
ment of sustained alkalosis after gastric aspiration
in both dog and man (4-6, 11, 12). Whether or
not man as well as dog can become alkalotic solely
as the result of depletion of hydrochloric acid re-
mains to be determined.

The data obtained during the correction phase
are in accord with earlier observations that an ele-
vated plasma bicarbonate concentration cannot be
restored to normal and that potassium deficiency
cannot be fully corrected without the provision of
chloride (2, 3). Just as in previous studies, ad-
ministration of sodium chloride (and a potassium-
free diet) was accompanied by a substantial re-
duction in net acid excretion that was more than
sufficient to account for the reduction in extracel-
lular bicarbonate stores (2, 3). Furthermore,
when sodium bicarbonate was administered to
such potassium-depleted animals, plasma bicarbo-
nate concentration did not rise significantly above
control levels; in each instance the urine became
alkaline, and there was a prompt bicarbonate diu-
resis. The correction of alkalosis during adminis-
tration of a potassium-free diet, and the failure
of plasma bicarbonate concentration to rise above
control values in potassium-depleted animals given
sodium bicarbonate, indicate that potassium de-
ficiency was not the critical factor in maintaining
a high plasma bicarbonate concentration during
the period of chloride deficiency.
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Summary

Dogs were depleted of hydrochloric acid by
twice daily draining their gastric contents and
then promptly replacing the sodium chloride, po-
tassium chloride, and water. Throughout the
study the animals were fed a diet normal in com-
position except for a low-chloride content. In
each instance removal of hydrochloric acid led to
the development of metabolic alkalosis and a small
but significant renal loss of potassium and sodium.

During the drainage period renal acid excretion
was suppressed, but there was a simultaneous rise
in extracellular bicarbonate concentration ; approxi-
mately half of this rise could be accounted for by
a contraction of the extracellular fluid. After
drainage had been discontinued, renal acid ex-
cretion increased above control levels, and there
was a further slight rise in plasma bicarbonate
concentration. In the new steady state the total
rise in bicarbonate concentration of 9 mEq per L
was more than adequately accounted for by the
cumulative negative acid balance; the slight con-
traction of extracellular fluid that existed in the
steady state could have explained no more than
one-fifth of the increment in bicarbonate concen-
tration.

The persistent elevation of plasma bicarbonate
concentration indicates that the renal threshold for
bicarbonate was significantly increased. This find-
ing, taken together with the relatively constant
creatinine clearance values, provides evidence that
the absolute rate of sodium-hydrogen exchange
was accelerated. These changes, as well as the
acceleration of sodium-potassium exchange, can
probably be attributed to a deficiency of reabsorb-
able anion, i.e., chloride. Administration of so-
dium chloride (and a potassium-free diet) quickly
induced an alkali diuresis and restored normal
acid-base balance.

In over-all terms the data indicate that removal
of sodium, potassium, and water during gastric
drainage is not a prerequisite to the development
of metabolic alkalosis; to the extent that cation
and water deficits develop they do so as the re-
sult of secondary renal adjustments.
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