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INTRODUCTION

Pitts, Lotspeich, Ayer, and Schiess (1, 2) have
shown that in acute metabolic acidosis or alkalosis
the normal kidney handles bicarbonate as if there
were a maximal rate of tubular reabsorption which
is a direct linear function of the glomerular filtra-
tion rate (approximately 2.5 to 2.8 mEq. HCO5
per 100 cc. GFR, in dog and man). At plasma
bicarbonate concentrations significantly below 25
mEq. per L., bicarbonate is completely reabsorbed
and the urine is acid. When plasma bicarbonate
concentration is elevated above this threshold
value all the filtered bicarbonate in excess of the
limiting rate is excreted in the urine.

In respiratory disturbances of acid-base bal-
ance, however, the bicarbonate threshold must be
changed considerably, because in respiratory alka-
losis the urine is alkaline despite low plasma bi-
carbonate concentrations (3-5) and in respiratory
acidosis it is acid when plasma bicarbonate is high
(6). The mechanisms initiating these changes in
bicarbonate transport have not yet been elucidated,
although from a priori considerations one would
suspect that they must operate through a change
in either carbon dioxide tension or extracellular
fluid pH. The purpose of this report is to present
observations demonstrating that respiratory regu-
lation of bicarbonate reabsorption is effected
through changes in carbon dioxide tension and
is independent of extracellular fluid pH.

METHODSANDMATERIALS

Eleven experiments were performed on ten female
mongrel dogs weighing 14 to 21 Kg. Light general
anesthesia was maintained by the intravenous adminis-
tration of sodium pentobarbital (12.5 mg. per Kg. as a

1 Supported in part by grants from the Medical Re-
search and Development Board, Department of the Army,
and from the National Heart Institute of the National
Institutes of Health, U. S. Public Health Service.

2.5 per cent solution). A Magill endotracheal tube fitted
with an inflatable balloon was introduced into the trachea
and connected in series with a Mine Safety "Pneophore."
Respiratory movements were inhibited by the administra-
tion of d-tubocurarine chloride (0.7 mg. per Kg.) so that
respiratory exchange could be controlled by the inter-
mittent positive pressure device.

In order to assure complete oxygen saturation of ar-
terial blood at all times the animals breathed 95 per cent or
100 per cent oxygen mixtures throughout each experi-
ment. On each of the several occasions when it was
checked, saturation of arterial hemoglobin with oxygen
was complete despite the wide variations in pCO2. The
desired plasma bicarbonate concentrations were achieved
by rapid intravenous injection of sodium bicarbonate and
maintained by continuous infusion of an approximately
isotonic solution of an appropriate mixture of sodium bi-
carbonate and sodium chloride given at a steady rate
of 9.5 cc. per min. through a Bowman infusion pump.
Glomerular filtration rate was measured by the inulin
clearance technique. Frequent blood samples were with-
drawn anaerobically into heparinized syringes through
a plastic arterial cannula. Urine was collected under
neutral mineral oil through an inlying bladder catheter
and the bladder was emptied by manual compression at
the end of each period. Urine collection periods were
usually 10 to 12 minutes long. They were always begun
at least 40 minutes after any change in plasma pH or bi-
carbonate had been initiated, and at least 20 minutes after
plasma pH and bicarbonate had become essentially constant.

Urine and plasma were analyzed for inulin (7) and for
total CO2 content (8). Blood and urine pH were deter-
mined anaerobically at room temperature in a syringe-
type Cambridge pH meter and corrected to 370 C., using
an adjustment of .01 pH unit per degree. Carbon dioxide
tension in blood and urine was calculated from the
Henderson-Hasselbalch equation, using a value of 6.1 for
the pK in both instances and a value for a in blood of
.0301 and in urine of .0309. Bicarbonate concentrations in
plasma and urine were calculated as the difference between
the total CO, content and the dissolved carbonic acid.
Filtered bicarbonate was taken as the product of the fil-
tration rate and the plasma bicarbonate concentration.

Three types of experiments were carried out. In the
first type, while the animals breathed pure oxygen, carbon
dioxide tension was varied by changing pulmonary ventila-
tion. This produced large changes in pH, but the infu-
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sion of sodium bicarbonate assured plasma bicarbonate con-

centrations high enough to maintain an alkaline reaction
(i.e., plasma pH always greater than 7.45). To control

the possible role of neural or humoral influences arising
from changes in respiratory mechanics, similar variations
in pCO, were produced with no change in ventilation by
the substitution of a 5 per cent carbon dioxide, 95 per cent
oxygen mixture for the pure oxygen. In a third group of
experiments, pCO2 and plasma bicarbonate were changed
simultaneously so that a constant, alkaline plasma pH was

maintained during all the observation periods. This elimi-
nated the possible influence on renal bicarbonate transport
of a change in extracellular pH. Urine bicarbonate ex-

cretion in every experiment was always sufficiently high
to indicate that tubular reabsorptive capacity had been
exceeded.

RESULTS

In all experiments an increase in plasma pCO2,
with or without change in extracellular pH, and
with or without a change in ventilation, signifi-
cantly increased the rate of bicarbonate reabsorp-
tion, and a decrease in plasma pCO2 decreased bi-
carbonate reabsorption. The changes in pCO2pro-

duced no consistent or significant alterations in
glomerular filtration rate, although in a few ex-

periments the filtration rate tended to decline
slightly as the experiment proceeded.

Table I gives the protocol of an experiment typi-
cal of seven, in which pCO2was varied by changing
ventilation. The data are illustrated in Figure 1.
It is seen that with each change in pCO2 there was

an associated change in bicarbonate reabsorption,
expressed either in absolute terms (Table I) or

corrected to 100 cc. GFR. The bicarbonate con-

centration in the reabsorbate varied with the pCO2

in a similar fashion (Table I and Figure 1). It
should be noted that during the last three urine pe-

riods the GFRwas slightly reduced, but the acute
changes in reabsorbate concentration were in-
dependent of this phenomenon. The plasma pH
never was lower than 7.46. The changes in plasma
bicarbonate level apparently occurred as a result
of the renal response to the altered pCO2. In this
experiment, as in all others in which the sustaining
infusion was not changed, there were no consistent
changes in urine flow.

In two experiments in which plasma pCO2 was

varied, without changing ventilation, by switching
to a 5 per cent CO2 and 95 per cent oxygen mix-
ture, the results were entirely comparable to those
already described.

Table II and Figure 2 present the data from one

of two other experiments in which the plasma pCO2
was varied without alteration in plasma pH by
simultaneously changing ventilation and the plasma
bicarbonate level. Plasma pH was never lower
than 7.53. It can be seen that the effect on bi-
carbonate reabsorption was similar to that illus-
trated in Table I and Figure 1. In this experi-
ment, the rise in plasma bicarbonate levels and
the increased urine flow during the third and
fourth periods were probably due mainly to the
large intravenous load of sodium bicarbonate.
In the two experiments of this type, prolonged
periods of equilibration were required between
succesive observation periods in order to adjust
plasma bicarbonate and pCO2 to the desired levels.

In Figure 3 are plotted all the data taken from
fifty-four observations in the eleven experiments

TABLE I

Effect of changing CO2 tension on bicarbonate reabsorption during metabolic alkalosis
Dog Jackie: Weight 14 Kg. Loaded with 180 mEq. NaHCOsat 0 time and sustaining infusion containing 100

mEq./L. NaHCOsand 50 mEq./L. NaCl started at 9.5 cc./min.

[HCOa]
Total Plasma Glom.

elapsed filt. Urine Reabsorbate
time, pH pCO2 [HCO3) rate flow Excreted Reabsorbed concentration

min. mm. Hg mEq./L. cc./min. cc./min. mEq./min. mEq./min. mEq./L.
103-113 7.83 30 48.4 40 11.3 1.17 .760 26.6
113-123 7.84 29 47.5 44 13.9 1.35 .720 24.3
126 Ventilation reduced
202-212 7.46 83 55.8 49 12.9 1.33 1.40 38.8
212-222 7.48 78 55.3 41 10.9 1.12 1.16 38.2
223 Ventilation increased
285-295 7.81 36 53.8 33 11.3 1.10 .670 31.2
295-305 7.84 34 54.1 30 9.8 1.02 .620 30.2
307 Ventilation reduced
346-356 7.53 73 59.4 30 8.3 .76 1.05 47.5
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FIG. 1. THE EFFECT OF CHANGINGpCO, ON BICARBONATE REABSORPTION IN THE
PRESENCEOF METABOLIc ALKALOSIS

In this experiment pCO2 was increased by hypoventilation. The breaks in the
ordinate scale, in this figure and in Figure 2, represent the passage of time during
equilibration.

reported here. The graph demonstrates the rela-
tionship between pCO2 and the bicarbonate con-

centration of the reabsorbate, when pCO2 is varied
between 14 and 91 mm. Hg in the presence of a

metabolic alkalosis (pH 7.45 to 7.93). It can be
seen that there is a good, direct linear correlation
between these two parameters (r = .80). The
correlation between pCO2 and bicarbonate thresh-
old expressed as mEq. HCO5 reabsorbed per 100

cc. GFRx 10 was approximately the same (r =
.91); the regression equation for pCO2 on this
latter parameter was y = .28x + 12.3 and the
equation for pCO2 on the concentration of the
reabsorbate was y = .38x + 13.7.

DISCUSSION

It seems clear from these observations that, con-

trary to previous opinion (5, 6), renal bicarbonate

TABLE II

Effect of changing CO2 tension on bicarbonate reabsorption in presence of constant plasma pH
Dog Josie: Weight 16 Kg. Loaded with 72 mEq. NaHCOsat 0 time and sustaining infusion containing 45 mEq./L.

NaHCO3and 105 mEq./L. NaCI started at 9.5 cc./min.

[HCOa)
Total Plasma Glom.

elapsed filt. Urine Reabsorbate
time, pH pC02 [HCOs] rate flow Excreted Reabsorbed concentration
min. mm. Hg mEq.IL. cc./min. cc./min. mEq./min. mEq./min. mEq./L.

78-90 7.54 34 27.9 72 5.8 .402 1.62 24.3
90-102 7.56 33 28.1 72 7.1 .418 1.61 24.6

108 Loaded with 285 mEq. NaHCO3and sustaining infusion changed to 180 mEq./L. NaHCO. Ventilation reduced.
328-339 7.57 78 67.7 62 14.5 2.06 2.11 44.8
339-350 7.57 75 67.0 59 13.9 2.04 1.92 42.5
353 Sustaining infusion changed to 150 mEq./L. NaCl. Ventilation increased.
580-590 7.53 39 30.8 64 6.1 .609 1.34 23.4
590-600 7.54 36 29.9 63 6.3 .574 1.33 23.3
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FIG. 2. THE EFFCT OF CHANGINGPCO2 ON BICARBONATE REABSORPTION IN THE
PRESENCEOF A CONSTANT, ALKALINE PLASMApH

The pH was kept constant by adjustment of plasma bicarbonate level with each
change in pCO2.

reabsorption is directly related to the carbon di-
oxide tension of body fluids and is independent of
extracellular fluid pH. The data imply that the
increased renal threshold for bicarbonate in re-
spiratory acidosis is the result of the increased
carbon dioxide tension and does not depend on
either the existence of an extracellular acidosis
or on any change in blood pH. The data also im-
ply that alkalinuria in respiratory alkalosis is the
result of the lowered plasma carbon dioxide ten-
sion and not of the elevated plasma pH.

According to these findings, compensatory hypo-
ventilation in chronic metabolic alkalosis, with an
attendant rise in pCO2 should increase renal bi-
carbonate reabsorption. That bicarbonate reab-
sorption is, in fact, increased in severe compen-
sated, or partially compensated, metabolic alkalosis
is not generally appreciated, although calculation
shows that such must usually be the case, even
when the urine is alkaline. In Table III are cal-
culated the urine bicarbonate concentrations which
would obtain in an hypothetical alkalotic patient
with a plasma bicarbonate concentration of 40
mEq. per L. and a "normal" rate of bicarbonate
reabsorption, e.g., 2.8 mEq. per 100 cc. GFR (2).

The calculation is made for two different values
of GFRand three different daily urine volumes.
It can be seen that only at very high urine flows
and low filtration rates could the urine bicarbonate
concentration be less than 200 mEq. per L. At
the more usual urine flows and glomerular filtra-
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TABLE III

Urine bicarbonate coxcentratons which would be required in a
patient with a plasma bicarbonate of 40 mEq./L. and

a "normal" rate of bicarbonate reabsorption
(2.8 mEq./100 cc. GFR)

Estimated urine HCOs
Glom. filt. rate Urine volume concentration

cc./min. Liter/day mEq./L.

100 1 1730
2 865
5 346

50 1 865
2 432
5 173

tion rates, "normal" rates of bicarbonate reabsorp-
tion would result in urine concentrations much
higher than the highest values observed during
extreme bicarbonate loading in manand dog (1-3).
Furthermore, the calculated daily bicarbonate ex-
cretion would be large enough to remove rapidly
excess alkali from the body in almost all conceiv-
able clinical situations.

It is, therefore, probable that in most patients
with severe chronic alkalosis renal reabsorption
of bicarbonate is increased even when the urine is
alkaline. The difference between these patients
with alkaline urines, and those with so-called "para-
doxical aciduria," is probably only a matter of de-
gree since it would appear that neither group is
excreting bicarbonate "normally." The rise in
bicarbonate reabsorption resulting from hyper-
capnia is clearly useful to the organism defending
against respiratory acidosis, but it appears to be
inappropriate in metabolic alkalosis where it re-
stricts the renal elimination of alkali and tends to
perpetuate the elevation of the plasma bicarbonate
concentration. It is probably fortunate for the
organism that the respiratory response to acute
metabolic alkalosis is often slow (9) and incom-
plete (2, 3) because the kidney is thereby per-
mitted to excrete the excess alkali at a maximal
rate and restore plasma bicarbonate, as well as
plasma pH, to normal values.

Although the evidence presented here indicates
that any compensatory retention of carbon dioxide
will tend to elevate the renal bicarbonate threshold
in alkalosis, other factors may be operating as well.
Sodium depletion (4, 6, 10) and potassium deple-
tion ( 11 ) have been implicated as causes of "para-
doxical aciduria," and recently it has been shown

that acute experimental reductions in glomerular
filtration rate will also raise the renal bicarbonate
threshold ( 12). One or more of these latter factors
may act together with an elevated pCO2 to decrease
bicarbonate excretion in any particular case of
chronic alkalosis. For example, in the case of
gastric alkalosis with "paradoxical aciduria" stud-
ied by Kennedy, Winkley, and Dunning (13) the
plasma pCO2 was about 60 mm. Hg, but there was
also severe potassium depletion as well as a mod-
erate reduction in glomerular filtration rate. The
present experiments were also occasionally com-
plicated by small variations in GFR (Table I),
and all animals developed some degree of hypo-
kaliemia as the result of prolonged loading with
sodium bicarbonate solutions (14). The scatter
of points in Figure 3, as well as the failure of pCO2
to correlate strictly with bicarbonate reabsorption
in some individual dogs (Figure 1), may be at-
tributable in part to one or both of these factors.

Despite the probability that reabsorbate con-
centration is also affected by changes in urine flow
(15), the correlation between pCO2 and reab-
sorbate concentration was chosen for illustration
because it best describes how changes in pCO2
would affect renal regulation of plasma concentra-
tion under normal circumstances. It should be
noted, however, that bicarbonate reabsorption cal-
culated as mEq. per 100 cc. GFRcorrelates with
pCO2 in essentially the same way. This indicates
that despite the variations in urine flow, the use of
reabsorbate concentration is valid for the purposes
of discussion in this study.

Examination of Figure 3 suggests that the re-
lation betwen pCO2 and reabsorbate concentra-
tion may be the manifestation of a renal mechanism
tending to stabilize extracellular fluid pH. If one
assumes a constant, normal pH of 7.35 for the dog,
it is possible to calculate from the Henderson-
Hasselbalch equation a theoretical relationship be-
tween pCO2 and reabsorbate concentration. This
line (y = .53x) has a slope very similar to that
of the observed regression line (m = .38), although
the latter defines a small variation in reabsorbate
pH (pH 7.48 at pCO2 = 40 mm. Hg; pH 7.36 at
pCO2 = 80 mm. Hg). It is impossible from the
data at hand to determine how much of this varia-
tion may be due to experimental error or to com-
plicating factors such as potassium depletion.
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However, even if the observed line is an accurate
description of the renal response, the relatively
narrow limits of pH variation indicate that the
mechanism would defend extracellular pH with
considerable efficiency over a wide range of pCO2.
The existence of such a mechanism is further sug-
gested by the clinical observation (16) that extra-
cellular pH is often within normal limits in patients
with primary CO2excess.

These experiments provide no clue to the means
by which the pCO2 exerts its effect on bicarbonate
reabsorption. One possibility is that hypercapnia
increases acidity within renal tubular cells, pro-
ducing a condition comparable to that resulting
from potassium deficiency (11, 14). Another pos-
sibility is that the high pCO2 increases carbonic
anhydrase activity (17) and thereby accelerates
bicarbonate transport. Experiments to be reported
from this laboratory (18) indicate that renal car-
bonic anhydrase activity is probably increased when
pCO2 is high and that under these circumstances
the increased enzyme activity may be responsible
for the augmented transport of bicarbonate.

SUMMARYANDCONCLUSIONS

There is a direct, approximately linear rela-
tionship between plasma carbon dioxide tension
and renal bicarbonate reabsorption in the anes-
thetized dog which can be demonstrated in the
presence of extracellular alkalosis and does not re-
quire any change in pulmonary ventilation or in
extracellular pH. It is suggested that renal ad-
justment of bicarbonate reabsorption is related
to carbon dioxide tension in a manner which tends
to preserve the neutrality of the reabsorbate and
the extracellular fluid. The data indicate that
changes in pCO2 are primarily responsible for the
increased bicarbonate threshold in respiratory aci-
dosis and the reduced threshold in respiratory alka-
losis. Respiratory compensation of metabolic alka-
losis increases the bicarbonate threshold and thus
tends to perpetuate the elevation of extracellular
bicarbonate concentration.

The mechanism of action of pCO2 on bicarbon-
ate transport is not revealed by these experiments,
but it is suggested that changes in acidity or car-
bonic anhydrase activity within renal tubular cells
may be responsible.
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Addendum. Independent observations by P.
Brazeau and A. Gilman (Federation Proc., 1953,
12, 19) and by P. J. Dorman and W. J. Sullivan
(Personal communication) are in substantial
agreement with the findings reported here.
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