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THE RENAL AND ELECTROLYTE RESPONSE TO RESPIRATORY ACIDOSIS

IN THE ADRENALECTOMIZED RATt

The renal response to respiratory acidosis is characterized in the rat"2
and in the dog' by chloruresis, a negative chloride balance, an elevated
tubular reabsorption of bicarbonate with renal conservation of bicarbonate,
and increased urinary excretion of acid. The depression of chloride and
elevation of bicarbonate in the serum at equilibrium during sustained ex-
posure to carbon dioxide depend on these changes in renal tubular function.

It has been shown that exposure to carbon dioxide stimulates adreno-
cortical activity in the dog,' and in the rat.`' Both aldosterone and hydro-
cortisone accelerate renal tubular sodium-hydrogen and sodium-potassium
exchange;8 the former reaction is important for tubular reabsorption of
bicarbonate. In adrenal insufficiency there is impaired renal excretion
of acid in response to metabolic acidosis.'° These relationships motivated
the present study of the renal response to respiratory acidosis in adrenalec-
tomized rats. It is tconcluded that the chloruresis and increased tubular
reabsorption of HCO3 produced by respiratory acidosis are not dependent
on adrenal cortical hormones.

METHODS

Sprague Dawley rats weighing 180-240 grams were used. After bilateral adrenalec-
tomy, rats were maintained either by drinking, ad lib, normal saline (150 MEq/lI)
(Group A) or by a daily subcutaneous injection of 0.5 milligrams desoxycorticortisone
acetate in oil and two milligrams of cortisone acetate (Group B) for one week.
The rats were trained to eat their total daily intake of an artificial low residue, high
caloric diet in a 40-minute period, as previously described,' to avoid the inevitable
diminution of intake during exposure to C02. The diet contained 0.11 mEq. of
sodium, 0.13 mEq. of potassium, and 0.10 mEq. of chloride per gm. by analysis. The
addition of five per cent sucrose to the saline increased intake of the solution anld
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improved the condition of rats in Group A, especially during the initial dietary
training period. Glycosuria was tested for daily and was absent. When at least the pre-
operative weights were reached, metabolic balance was performed in individual cages
in air, as previously described, for three control days, followed by 24 hours in a lucite
chamber with a controlled inflow of eight per cent C02 in air. Rats were stimulated to
pass urine at the end of each 24-hour period by making them sniff ether. Urine was
collected under mineral oil and preserved with thymol. Immediately after removal
from carbon dioxide, blood was obtained from the abdominal aorta in syringes filled
with mineral oil, and samples of thigh muscle were taken. Similar blood and muscle
specimens were obtained from normal controls and from normal rats and adrenalec-
tomized rats maintained in room air. In the experimental groups the completeness of
adrenalectomy was confirmed at autopsy.

Serum, urine and muscle sodium and potassium were measured on a flame photo-
meter with an internal lithium standard, serum and urine chloride on the Cotlove
chloridometer, and serum and urine bicarbonate by the method of Van Slyke and
Neill. Methods of preparation of muscle for analysis have been described previouslyU
as have methods for urine creatinine and ammonia.' Samples of air in the chamber
were analyzed for CO2 and Os content using a Beckman gas analyzer. The mean
carbon dioxide in the three experiments was 8.7 per cent (range 8.2 to 9.3%) and
mean oxygen 18.4 per cent (range 17.9 to 19.1%). No animals died during exposure
to CO2. Mean changes in body weight during CO2 were +0.4 ± 2.7 per cent for
controls, -0.3 ± 2.3 per cent for Group A, and -2.1 ± 1.7 per cent for Group B
(mean ± S.D.).

RESULTS

Serum electrolytes
Exposure of adrenalectomized rats maintained on either saline or

steroids to eight per cent carbon dioxide for 24 hours induces a significant
rise in serum bicarbonate and a decrease in serum chloride equal to that
seen for similarly treated normal rats. (Table 1.) Serum potassium rose
in the control and steroid-treated rats. While in room air the rats main-
tained on saline alone had an elevated serum potassium, but did not show a
further increase when exposed to carbon dioxide.

Electrolyte balance

During exposure to carbon dioxide each of the three groups shown in
A, B, and C of Table 2 had a chloruresis with negative chloride balance
significantly different from the balance of the previous day. Potassium
balance became less positive in all groups, with an increase in urinary
excretion, but levels of statistical significance as compared to the previous
day were reached only in the two experimental groups. Sodium balance
changed significantly in carbon dioxide only in the saline-maintained
adrenalectomized rats but this can be ascribed to a marked reduction in
sodium intake as compared to the previous day (p < 0.025) because of
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the diminished drinking of saline during exposure to CO2.
Control rats increased urinary acid excretion significantly in CO2

(Table 2) as the result of an increase in titratable acid and diminished
bicarbonate excretion (see footnote to Table 2A). There was no significant
rise in ammonia or titratable acidity, or fall in urine bicarbonate in either
experimental group. Urine bicarbonate excretion in saline-maintained
animals was higher than controls (p < 0.005 on day 3) and did not alter
during exposure to CO2. During the initial three-day observation period
in air, all three groups of rats were in positive balance for sodium and
potassium, but chloride balance was slightly negative in the steroid-main-
tained Group B, which was the group with the lower serum chloride.
Total acid excretion while in room air was higher in both adrenalectomized
groups than in controls, but highest in Group B, which had the higher
serum bicarbonate.

Muscle electrolytes
Muscle potassium in control rats fell significantly in CO2 but was

unaltered by exposure to CO2 in both of the experimental groups. The
level of muscle potassium in the steroid-treated group B was lower
than control rats (p < 0.05) in air. (Table 3.)

DISCUSSION

In the normal rat, hypercapnia induces a rise in serum bicarbonate
with a decrease in serum chloride and an increase in the urinary excretion
of chloride and acid.1 'Adrenalectomized rats also respond to respiratory
acidosis with a rise in serum bicarbonate and hypochloremia and with
chloruresis similar in magnitude to that seen in normal rats. Uniquely
different, however, is the unaltered rate of urinary excretion of acid.
This indicates that the increase in serum bicarbonate is primarily derived
from extra-renal buffering. Extra-renal buffering in response to hyper-
capnia has been observed in the nephrectomized dog.' Additional evi-
dence of extra-renal buffering has been presented by Schwartz and co-
workerse who showed that the rise in serum bicarbonate in the dog
exposed to carbon dioxide for 24 hours is not associated with changes in
acid excretion, although acid excretion does increase as exposure to carbon
dioxide is continued. Although the increased bicarbonate in the serum
is derived from extra-renal sources in these experiments, an increase in
the tubular reabsorption of bicarbonate is a prerequisite to its retention.

In the dog exposed to chronic respiratory acidosis, the maximum reab-
sorption of bicarbonate is not reached for several days and it has been
suggested that steroids play a role in this adaptive response.' Dogs

32.
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pretreated with desoxycorticosterone acetate rapidly develop an increase
in tubular reabsorption of bicarbonate, but it is difficult to dissociate this
effect from associated potassium deficiency." Roth and Gamble''16 have
stated that chronic DOCA administration in the dog has a direct effect that
increases the tubular reabsorption of bicarbonate independently of potassium
depletion. The present experiments show that the elevation of serum
bicarbonate produced by respiratory acidosis in the rat is not related
either directly or in a permissive sense to the presence of, or variation in
the level of, adrenal cortical hormones. Hypercapnia, a known potent
stimulus to the tubular reabsorption of bicarbonate"7"8 is apparently the
sole factor responsible for the changes observed under these experimental
conditions.

Sartorius, et al.'0 showed that adrenalectomized rats challenged with
metabolic acidosis have a markedly diminished renal response with 80
per cent less titratable acid and 50 per cent less ammonium excretion
when compared with normal rats similarly challenged. These observations
indicate that adrenalectomized rats also have an impaired ability to
increase acid excretion in response to respiratory acidosis. This deficit
persists in spite of apparently adequate replacement therapy and suggests
that an increase in urinary excretion of acid in response to respiratory
acidosis requires an increase in the endogenous production of steroids.
The serum chloride fell to lower levels (p < 0.01) in saline-maintained

rats than in control rats during CO2 exposure and there was a greater
negative chloride balance. This is most probably the result of the diminished
saline intake during carbon dioxide exposure and is reflected in the negative
sodium balance in this group. The negative chloride balance was in excess
of the sodium balance and in some animals in which sodium balance re-
mained positive, chloruresis was still observed. Adrenalectomized rats
whose intake of sodium chloride is abruptly reduced excrete more sodium
than chloride in the urine and develop a marked metabolic acidosis.'
This is in marked contrast to the findings in these rats whose sodium
chloride intake was moderately reduced while exposed to carbon dioxide.
The chloruresis that occurs in response to exposure to carbon dioxide is
clearly dependent upon factors other than saluresis, kaluresis, and in-
creased excretion of ammonium.

Adrenalectomized rats maintained on steroids had a lower serum
chloride and serum potassium as well as a slight decrease in muscle
potassium, associated with a higher serum bicarbonate and slightly in-
creased net acid excretion. These changes are compatible with minimal
potassium deficiency induced by the perhaps excessive dose of steroid.
To the extent that potassium deficiency was present it would not be
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expected to alter the response to hypercapnia since it has been shown
that significant potassium deficiency does not alter the serum and urinary
response to hypercapnia, except that muscle potassium, already low, does
not decrease further.' The higher net acid excretion in the saline-treated
adrenalectomized rats while maintained in air with the same dietary
intake and the same serum bicarbonate suggests a greater endogenous
hydrogen ion production following adrenalectomy without steroid re-
placement.
The fall in muscle potassium and the rise in serum potassium in normal

rats' exposed to carbon dioxide has been confirmed in these experiments.
The lack of fall of muscle potassium in the adrenalectomized rats suggests
that the fall seen in normal animals may be in some way steroid dependent.

SUMMARY

Control and adrenalectomized rats, maintained on normal saline or
by exogenous steroid, were exposed to carbon dioxide for 24 hours. In
response to respiratory acidosis, adrenalectomized rats developed hypo-
chloremia, an elevation of serum bicarbonate, and a chloruresis similar
to that found in controls. Unlike the reaction in controls, net acid excretion
did not increase during exposure to carbon dioxide. The rise in serum
bicarbonate is attributed to tissue buffering, which is maintained by an
increase in tubular reabsorption of bicarbonate. It is concluded that the
increase in renal reabsorption of bicarbonate and the chloruresis occurring
during exposure to carbon dioxide in the rat is not dependent on adrenal
cortical hormones.
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