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ABSTRACT. Studies were designed to develop an animal
model for the syndrome of hypochloremic, hypokalemic
metabolic alkalosis (HMA), and failure to thrive in infants
due to intake of chloride-deficient formula. Littermate
canine puppies, 2 wk old, were fed soy formula containing
normal chloride, 20 mEq/liter (NC, n = 5), or low chloride,
1 mEq/liter (LC, n = 5) for 4 wk, first by gavage and ad
libitum thereafter. After 1 wk of LC formula, HMA de-
veloped in LC puppies although both NC and LC puppies
had similar fluid and caloric intake and gain in weight and
forelimb length. Two wk of LC formula also resulted in a
higher serum creatinine and calcium but lower phosphate
level in LC than NC puppies. After 4 wk of LC, weight
and forelimb length were much less in LC than NC puppies.
Plasma renin activity decreased with age in NC but re-
mained elevated in LC. In a separate group of puppies (n
= 6) with HMA, chloride supplementation of LC formula
as NaCl to NC levels corrected HMA despite continued
citrate intake. We conclude that the canine puppy is an
appropriate model to study HMA due to decreased chloride
intake. Low chloride intake independent of citrate caused
the HMA. (Pediatr Res 21: 497-501, 1986)

Abbreviations

LC, low chloride

NC, normal chloride

CDS, chloride deficiency syndrome
HMA, hypochloremic metabolic alkalosis
PRA, plasma renin activity

BUN, blood urea nitrogen

Cr, creatinine

Dietary CDS has been observed in infants fed a low chloride
infant soy formula. The clinical features of the syndrome are
failure to thrive, muscular weakness, anorexia, lethargy, vomit-
ing, and dehydration. The laboratory features include hypo-
chloremia, hypokalemia, hyponatremia, metabolic alkalosis, and
increased plasma renin and aldosterone levels (1). A transient
increase in serum calcium and phosphate levels also occurs
during the early stages of the alkalosis (2) which could lead to
the development of nephrocalcinosis (3-5).

Biochemical imbalances occurring as a result of dietary defi-
ciency of chloride have been shown previously in laboratory
animals (5-11) but the induction of HMA in neonatal animals
has had limited success (13). It is believed that chloride ion
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depletion is responsible for the development of metabolic alka-
losis and resultant electrolyte imbalances (9-11). Either citrate
alone or in combination with other counter anions used to
replace chloride in soy formulas has also been implicated in the
development of HMA (12, 14).

Essential to the further study of CDS in human infants is a
neonatal animal model that demonstrates the biochemical and
clinical abnormalities characteristic of the disorder in infants.
Therefore, the present study was primarily designed to develop
a neonatal animal model of HMA. In addition, the role of
chloride ion in the pathogenesis of HMA was evaluated.

METHODS

All experiments were carried out on littermate mongrel canine
puppies randomly assigned to one of two formulas (Table 1)
prepared under the direction of the Infant Formula Council to
meet the dietary requirements of puppies (15). NC contained 20
mEq/liter chloride and the LC contained 1 mEq/liter chloride.
Both the LC and the NC formulas contained 20 mEq/liter of
sodium with citrate added as the counter ion in the LC formula.

The formula containing 1 kcal/ml was fed to the puppies
commencing 2 wk following birth. Formula was fed by gavage
every 6 h until the puppies were able to feed themselves, which
occurred at about 6 wk of age. At 6 wk of age the animals were
fed every 8 h. Intake was monitored by measuring the amount
of formula given and the amount of formula refused or regurgi-
tated with each feeding. Formula was given to the puppies to
assure caloric intake of about 160 to 225 kcal/kg per day.

Two litters of puppies were studied. The first litter (group I)
had 10 puppies; five puppies were randomized to the LC group
and five to the NC group. In order to determine further the role
of chloride in HMA, another group of puppies (group II} was
given the LC formula; after the establishment of HMA, chloride
was supplemented in the LC formula to attain a chloride con-
centration similar to that found in the NC formula. This second
litter (group II) had nine puppies; six puppies were assigned to
LC formula and three to the NC formula. After 3 wk on the LC
formula, at which time HMA was well established (see results
Table 3), these puppies were fed the LC formula to which 19
mEq/liter chloride as NaCl had been added. The puppies were
then fed the NaCl-supplemented LC formula for the duration of
the study.

Three ml of blood were collected from conscious animals
every week. Sodium, K*, CI~, and HCO;™ were analyzed by ion-
specific electrodes on a Beckman E4A Electrolyte analyzer. Urea
nitrogen, creatinine, phosphate, and calcium were analyzed on a
Dupont Automated Chemistry Analyzer. PRA was measured by
radioimmunoassay (16). Right forelimb length was recorded
weekly by measuring from the rear of the elbow to the front of
the wrist with the paw bent at a 90° angle to the forelimb. Weight
was taken daily just prior to the 1200 h feeding to ensure at least
a 6-h fast (before weaning) and an 8-h fast (after weaning).
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Table 1. Ingredients of LC and NC formulas: water, soy oil, soy
protein isolate, coconut oil, lactose, minerals (calcium phosphate
tribasic, potassium phosphate monobasic, magnesium chloride,
potassium chloride, potassium citrate, sodium chloride, ferrous
sulfate, zinc sulfate, potassium iodide), mono- and diglycerides,
soy lecithin, vitamins (ascorbic acid, choline chloride, a-toco-
pheryl acetate, niacinamide, calcium pantothenate, vitamin A
palmitate, thiamine mononitrate, riboflavin, pyridoxine hydro-
chloride, phylloquinone, folic acid, biotin, vitamin Ds, cyanoco-
balamin) and L-methionine

Nutrients LC NC Wt/liter
Protein 45 45 g
Fat 78 78 g
Carbohydrate 30 30 g
Minerals
Calcium 14 1.4 g
Phosphorus 1.1 1.1 g
Magnesium 150 150 mg
Iron 12 12 mg
lodine 100 100 ug
Zinc 7 7 mg
Copper 1 1 mg
Manganese 100 100 ng
Sodium 460 460 mg
Potassium 1400 1400 mg
Chloride 35 710 mg

Water 837 837 g

Crude fiber 0 0

Cal/fl oz 30 30

Cal/liter 1000 1000

Vitamins/liter
Vitamin A 3000 3000 U
Vitamin D 600 600 1U
Vitamin E 20 20 U
Vitamin K, 100 100 HE
Vitamin C 75 75 mg
Thiamine 0.6 0.6 mg
Riboflavin 0.9 0.9 mg
Vitamin Bs 0.6 0.6 mg
Vitamin B, 10 10 ug
Niacin 14 14 mg
Folic acid 150 150 ne
Pantothenic acid 7 7 mg
Biotin 45 45 HE
Choline 300 300 mg
L-Methionine 300 300 mg
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Values are reported as the mean + SE. Comparison between
groups was analyzed by ANOVA and the results of the statistical
analyses are shown in Table 4.

RESULTS

Serum Na*, K*, Cl, HCO;~, Ca*™, phosphorus, BUN, Cr,
and PRA, as well as forelimb length and weight were similar in
group I LC (n = 5) puppies at the time of randomization (Table
2; Figs. 1 and 2). The caloric intake was also similar. In group I
NC puppies the Na*, K*, CI~, and HCO;~ concentrations did
not decrease during the study. Serum Ca™™, phosphorus, and
PRA decreased between the 2nd and 4th wk of age. Weight
slowly increased in the 3rd and 4th wk of age and rapidiy
increased after 4 wk of age (Fig 2, Tables 2 and 4). Forelimb
lengths increased with age. The increments in weight gain in
group I NC puppies were similar to those described in bitch
nursed puppies (15). Caloric intake averaged 160 kcal/kg per day
for the initial feeding and then increased with age.

After a week on the LC formula, group I LC puppies had
higher serum HCO;™ and lower Na*, K*, Cl™ levels than the NC
group (Fig. 1). This occurred despite similar fluid and caloric
intake and weight. By the 2nd wk of LC formula (4 wk of age),
serum creatinine, and calcium were higher and serum phospho-
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Fig. 1. Serum electrolyte concentrations in group I puppies fed nor-
mal chloride (NC, n = 5) formula (O- - -O) or low chloride (LC, n = 5)
formula (@——@®). Data are presented as mean + SE. SE is not depicted
in cases where the symbol encompasses SE values. *p < 0.05 versus 2
wk, analysis of variance. For additional statistical analyses, see Table 4A

(group I puppies).

Table 2. Caloric intake, serum chemistries, and growth parameters in group I puppies fed NC formula (n = 5) and puppies fed LC
Sormula (n = 5) during development (mean + SE, 1 kcal = 1-ml formula)

NC LC

Age (Wk) 2 4 6 2 4* 6*
Na*, mEq/liter 141 £ 0.6 143+ 0.4 143 £ 0.3 141 £ 0.7 134 + 1.0 123 +2.3
K*, mEq/liter 57202 6.6 £0.1 5.6+0.1 59+0.1 5.0+0.1 32+02
CI™, mEq/liter 110 £ 0.5 109 = 1 109 £ 0.4 111 £0.7 1% 2 58+2
HCO;~, mEq/liter 213+1.0 25.7+ 1.0 253+03 20.7 0.7 41.5+ 1.0 484 3.6
BUN, mg/dl 212 11£2 131 212 16 +£2 74 £ 20
Cr, mg/dl 0.24 £ 0.02 0.24 £ 0.02 0.43 £ 0.02 0.73 £0.1
Ca’", mg/dl 120+£0.3 10.6 £ 0.1 10.6 £ 0.2 11.7+£0.2 11.8 £0.2 10.2 £ 0.6
Pi, mg/dl 10.0 +0.7 8.6 0.1 85+0.2 10.6 + 0.4 1.3 £ 0.2 5.8+0.6
Wt, g 723 £ 67 1008 = 62 2119 + 129 779 £ 45 960 + 68 973 = 106
Forelimb length, cm 5902 6.8+0.2 8.2+0.2 62+02 6.9 %02 72203
keal/kg 160.1 £ 1.5 199.6 = 19.7 2252+ 19.1 166.1 = 1.4 2064 £ 59 106.3 £ 6.0
PRA, ng/mi 347 £ 4.1 22.0%4.1 72+ 1.1 474 + 11.2 99.1 £ 16.5 37.4 + 10.8%

*n = 4 (one LC puppy with the most severe HMA died at 3 wk of age).

frn=3.
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Fig. 2. Weight, forelimb length, and caloric intake in group I puppies
fed normal chloride (NC, n = 5) formula (O- — -O) or low chloride (LC,
n=35) formula (@——@®). Data are presented as mean 3 SE. For statistical
analyses see Table 4A (group I puppies).
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rus levels lower in LC compared to NC puppies. While HCO;~
levels seemed to stabilize after the first 2 wk of LC feeding, Na™,
K*, CI", and phosphorus continued to decrease but leveled off
at 5 to 7 wk of age. Serum calcium levels which were higher in
LC than NC after 2 wk of LC (4 wk of age) were no longer
different from the NC puppies after 4 wk of LC intake (6 wk of
age) (Tables 2 and 4). PRA markedly increased 2 wk after
initiation of LC diet and remained elevated over the duration of
the study (Table 2). In contrast PRA decreased with age in NC
puppies.

After 2> wk of LC formula intake or by 4% wk of age the
weight of the LC puppies was less than that of the NC puppies
(Fig. 2). NC puppies displayed exponential weight increases while
LC puppies gained less than half the weight of the NC puppies
at 6 wk of age (Fig. 2). In contrast to the weight, the forelimb
length differences did not become apparent until 5% wk of age
(Fig. 2). These differences were magnified after 4 wk of LC
formula (6 wk of age). After 2%2 wk of LC formula intake (4'2
wk of age) the caloric intake was less in the LC puppies than the
NC puppies because of formula regurgitation (Fig. 2). A puppy
in group I LC with the most severe HMA died at 3 wk of age.
All puppies were weaned at 6 wk of age. The LC group was
lethargic and lacked interest in food. During later stages of the
HMA the puppies exhibited weakness, difficulty in standing, and
uregular walking and breathing. Puppies with HMA (LC pup-
pies) regurgitated milk (less than 5% of the intake) after each
feeding.

To determine further the role of chloride in the development
and maintenance of HMA, another group of puppies was studied.
Group II NC (n = 3) and LC (n = 6) puppies had similar serum
Na*, K*, CI-, HCOs~, BUN, Cr, Ca**, and phosphorus and
similar weights and forelimb lengths at the time of randomization
(Tables 3 and 4; Fig. 3). Group II NC puppies behaved in a
similar fashion as group I NC puppies with the exception that
Ca**, phosphorus, and BUN levels did not change with age.
Increments in weight and forelimb length were also less com-
pared to group I NC. Caloric intake was initially greater in group
II than group I puppies but was similar by 4 wk of age. In contrast
to group I LC puppies which developed metabolic alkalosis after
1 wk, the group II LC puppies developed metabolic alkalosis
after 2 wk of LC formula. After 3 wk on the LC formula (5 wk
of age), and after | wk of HMA, 19 mEq/liter of Cl in the form
of NaCl was added to the LC formula (Fig. 3). After 1 wk of
NaCl supplementation in LC, there was a marked increase in
serum Na*, K*, and Cl-, with a marked decrease in serum
HCO;™ (Fig. 3; Tables 3 and 4). In contrast to group I where LC
puppies with HMA had higher serum calcium levels at 4 wk of
age, group II LC and NC puppies had similar serum Ca** levels
at 5 wk of age. Serum phosphorus was lower in LC than NC

Table 3. Caloric intake, serum chemistries, and growth parameters in group II puppies fed NC formula (n = 3) and puppies fed LC
Jormula (n = 6) during development; NaCl supplementation begun at 5 wk of age (NaCl 19 mEq/liter added to LC formula), 2 wk
after development of HMA

NC LC
Age 2 5 8* 2 S 8t

Na*, mEq/liter 140 + 0.9 146 + 1.2 144 139+ 0.6 120 + 3.8 142+ 1.4
K*, mEq/liter 6.6+04 6.7+£0.2 6.6 6.3+0.1 38+03 57x04
CI-, mEq/liter 106 £1.2 112+ 4 113 104 0.8 69 +3 107 £ 4.0
HCO;™, mEq/liter 249+04 23.7+2.0 21.6 245+ 1.2 39723 26.1 £ 2.4
BUN, mg/dl 162 12+ 1 13 191 15+1 12+1
Cr, mg/dl 0.27 +0.03 0.43 £0.03 0.40 0.23 £ 0.02 0.33 £0.05 0.37 £ 0.03
Ca®* 1.4+ 0.2 11.5+0.3 11.8 11.5 +0.2 108 £04 11.5+0.1
Pi, mg/dl 79+0.2 8.0x0.2 8.1 8.0x0.2 6.0x0.2 7204
Wt, g 722 + 10 830 + 30 955 723 + 40 744 + 60 963 + 120
Forelimb length, cm 4.6 +0.2 45+09 5.2 4.6 +0.1 4.7 *+ 0.1 4.7+0.2
kecal/kg 1842 + 1.2 1928 +94 199.4 183.5+ 1.8 215.1 £ 8.6 1903+ 54

*n = 2 (one NC group II puppy died accidentally at 6 wk of age).
T n = 3 (three LC group II puppies with HMA died at 6-7'2 wk of age).
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Table 4A. p values for Table 2, group I puppies (analysis of variance)

Group I
NC Le NCvs LC
Fong_ula Age (wk) 2vs4 4v56 2vs4 4vs6 2 4 6
Na*, mEq/liter NS NS 0.01 0.01 NS 0.01 0.01
K*, mEq/liter 0.01 0.01 0.01 0.01 NS 0.01 0.01
Cl™, mEq/liter NS NS 0.01 0.01 NS 0.01 0.01
HCO;~, mEqg/liter NS NS 0.01 0.01 NS 0.01 0.01
BUN, mg/dl 0.01 NS 0.01 0.01 NS 0.01 0.01
Cr, mg/dl NS 0.01 0.01 0.01
Ca, mg/dl 0.01 NS NS 0.01 NS 0.01 NS
Pi, mg/d! 0.01 NS 0.01 0.01 NS 0.01 0.01
Wt g 0.01 0.01 0.01 NS NS NS 0.01
Forelimb length, cm 0.01 0.01 0.01 NS NS NS 0.01
kcal/kg 0.01 0.01 0.01 0.01 NS 0.01 0.01
PRA, ng/ml 0.01 0.01 0.01 0.01 NS 0.01 0.01
‘Table 4B. p values for Table 3, group II puppies (analysis of variance)
Group II
NC LC NC vs LC
Formula Age (wk) 2vs5 2vs5 5vs8 2vs8 2 5

Na*, mEq/liter 0.01 0.01 0.01 NS NS 0.01
K*, mEqg/liter NS 0.01 0.01 NS NS 0.01
CI-, mEq/liter 0.01 0.01 0.01 NS NS 0.01
HCO;™, mEq/liter NS 0.01 0.01 NS NS 0.01
BUN, mg/dl 0.01 0.01 NS 0.01 NS NS
Cr, mg/dl 0.01 0.01 NS 0.01 NS NS
Ca?*, mg/dl NS 0.01 NS NS NS NS
Pi, mg/dl NS 0.01 0.01 NS NS 0.01
Wt, g 0.01 NS 0.01 " NS 0.01
Forelimb length, cm NS NS NS NS NS NS
kcal/kg 0.01 0.01 0.01 NS NS NS

* NS by analysis of variance, p < 0.05 by paired ¢ test.

puppies at 5 wk of age (Tables 3 and 4). After 3 wk of NaCl
supplementation, serum chemistries approximated group II NC
values. Three group II LC puppies with HMA died between 6
7% wk of age. Catch-up in weight but not in forelimb length
occurred in LC (Table 3).

DISCUSSION

In the present study we raised canine puppies with a soy
formula prepared by The Infant Formula Council that appeared
to provide a balanced source of nutrition similar to that received
by naturally nursed puppies (15).

Severe HMA developed in both group I and II LC puppies
during the first 2 wk on the LC formula even though weight,
forelimb length, and caloric intake were similar. When group II
LC puppies were supplemented with NaCl to chloride levels
similar to that of NC puppies, the serum bicarbonate returned
close to NC levels. The hypochloremia, hypokalemia, and hypo-
natremia induced by the LC formula also returned to NC levels.
Similar results have been observed in adult animal models (9-
11) yet no completely successful attempt has been made in a
neonatal animal (13). In piglets, low chloride formula produced
HMA but without hypokalemia (13). In the adult models a
combination of a low chloride intake, and loop diuretic or
peritoneal dialysis was usually necessary to induce HMA of a
milder nature compared to our neonatal model (7-11). Hypo-
natremia is not a frequent finding in CDS in adult animal models
(8-11) despite diuretic therapy to enhance the volume depletion.
However, the puppies consistently developed hyponatremia with
the development of HMA. Although the mechanism for the
hyponatremia in these puppies was not studied, renal sodium
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Fig. 3. Serum electrolyte concentrations in group II puppies fed nor-
mal chloride formula (O~ - -O) (NC, n = 3, 2-5 wk, n = 2 thereafter;
one puppy died accidentally at 6 wk) or low chloride formula (@——@)
(LC, n = 6, 2-5 wk, n = 3 thereafter, three puppies with HMA died at
6-7'» wk of age). Data are presented as mean + SE. There were only two
remaining control puppies at 6-8 wk of age, thus SE were not calculated.
*n < 0.05 versus 2 wk, analysis of variance.

losses may have been responsible for the hyponatremia. It is
possible that an immature ascending loop of Henle is unable to
compensate for the increased sodium bicarbonate load (17).
These studies demonstrate that canine puppies can be used
successfully as a neonatal animal model for the study of HMA
due to intake of chloride deficient soy formula (1, 2, 14).
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The mechanism of the development and maintenance of met-
abolic alkalosis secondary to chloride deficiency has yet to be
completely understood. The deficiency of chloride ion appears
to play a central role in the development of the metabolic
alkalosis as well as the subsequent biochemical changes that
occur (11).

Selected chloride depletion is a powerful stimulus to renin and
aldosterone release (18). Aldosterone stimulates hydrogen ion
secretion and bicarbonate reabsorption and serves to maintain
the metabolic alkalosis. Although serum aldosterone levels were
not measured in our studies, PRA levels were higher in LC than
NC puppies. PRA decreases with age in NC puppies, whereas
PRA levels remained elevated in the LC group.

Cogan and Liu (19) have suggested that HMA is maintained
by a decrease in GFR and helps to maintain the HMA. However,
Maddox and Gennari (8) have shown that metabolic alkalosis
can be maintained despite restoration of glomerular filtration
rate to normal levels (8). They suggested that HMA is maintained
by increases in bicarbonate reabsorption by tubular hypertrophy,
chronic adaptive response, or load-dependent response. Glomer-
ular filtration rate was not measured in our experiments, but the
serum creatinine level was higher in group I LC puppies than
group I NC puppies after 2 wk of LC formula suggesting that a
decreased glomerular filtration rate played a role in maintaining
the metabolic alkalosis in these puppies similar to the mechanism
suggested by Cogan and Liu (19). In group II puppies, serum
creatinine was similar in NC and LC even after 1 wk of HMA
suggesting that a decrease in glomerular filtration rate was not
important in maintaining the metabolic alkalosis in group II LC
puppies.

Volume depletion was initially thought to be the dominant
mechanism of the maintenance of HMA (12). However, recent
studies have demonstrated chloride depletion alkalosis in the
absence of volume depletion and correction of chloride depletion
alkalosis without volume expansion (10, 11). Although extracel-
lular fluid volume was not measured in our studies, weight and
flluid intake were similar in the NC and LC puppies at a time
when HMA was already evident.

Citrate has been suggested as providing sufficient alkali to
generate the alkalosis associated with the intake of chloride-
deficient soy formula (14). Although the contribution of citrate
to the generation of HMA cannot be quantitated in our studies,
the fact that chloride replenishment despite continued citrate
intake normalized serum bicarbonate levels suggest that factors
other than citrate were responsible for the maintenance and
correction phases of HMA.

Hypokalemia, due to increased renal losses, occurs in HMA
(10, 20). The hypokalemia that accompanies HMA has been
implicated in sustaining the metabolic alkalosis by increasing
proximal tubular bicarbonate reabsorption (21). However, Mad-
dox and Gennan (8) showed no difference in the relationship
between filtered load and proximal bicarbonate reabsorption
between normokalemic and hypokalemic rats. It is unlikely that
potassium played a primary role in the maintenance of HMA
since the HMA and hypokalemia were corrected with NaCl
supplementation without added potassium.

Human infants fed chloride-deficient infant soy formula de-
veloped hypercalcemia and hyperphosphatemia (2). In our stud-
ies transient elevation in serum calcium was noted in group I
but not group II LC puppies. Hyperphosphatemia was not ob-
served in our puppies;, serum phosphorus actually decreased
progressively throughout the study period in LC puppies. HMA
has been associated with nephrocalcinosis in CDS in rats (3, 4)
and human infants (22), as well as in congenital chloride diarrhea
(23) and Bartter’s syndrome (24, 25). Whether the transient
hypercalcemia is important in the pathogenesis of nephrocalci-
nosis remains to be determined.
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Group I and group II puppies on the LC formula failed to
thrive as evidenced by decreased weight gain and stunted fore-
limb growth. The decreased weight gain but not the stunted
growth of the forelimb in group II LC puppies was reversed by
chloride replenishment. It is possible that catch-up in forelimb
length would alsc have occurred if the duration of the study had
been extended.

We conclude that the canine puppy is an appropriate model
to study HMA secondary to decreased chloride intake. Further
studies to completely understand the mechanisms of the devel-
opment and maintenance of HMA secondary to chloride defi-
cient intake are warranted.
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