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It has been postulated recently that renal bi-
carbonate reabsorption is entirely dependent on
the exchange of hydrogen ions, derived from the
dissociation of carbonic acid within the cells of the
renal tubule, for the fixed base of filtered bicarbo-
nate in the tubular urine (1-3). According to
this theory, an elevation of the CO2 tension of the
extracellular fluid results in an increase in the
rate of bicarbonate reabsorption because it leads
to an increase in the rate of hydrogen ion
secretion.

Earlier studies, however, indicate that chloride
reabsorption may interfere with bicarbonate reab-
sorption presumably because of competition be-
tween these two ions for some common transport
mechanism in the proximal tubule (4). Since
plasma pCO2 was apparently within normal range
in those experiments, it was thought of interest
to study the effect of hyperchloremia on bicarbo-
nate reabsorption in the presence of an elevated
extracellular pCO2.

Our results indicate that under these circum-
stances the rate of bicarbonate reabsorption does
not depend entirely on the CO2 tension, but may,
in part, depend upon the rate of chloride ion
reabsorption.

METHODS

Normal adult mongrel female dogs were anesthetized
by the intravenous administration of 0.46 to 0.62 mg. of
sodium pentobarbital per kilogram of body weight. The
trachea was cannulated with a "Y"-shaped glass tube,
the two free arms of which served as inspiratory and ex-
piratory airways by means of flutter valves. The ani-
mals breathed spontaneously throughout the entire ex-
periment. The abdomen was opened by a midline in-

1 Supported by grants-in-aid from the New York
Heart Association and the American Heart Association.

2Fellow of the New York Heart Association.
3 Frances H. Zabriskie Fellow, St. Luke's Hospital.

cision and each ureter cannulated with a polyethylene
tube. The abdomen was then closed by a continuous
silk suture and the polyethylene tubes brought through
the suture line, care being taken not to kink the ureters
and tubes. Urine was collected directly under mineral
oil contained in a graduated cylinder.

During the successive periods of study, the dog breathed
first room air, then a mixture of CO, and air containing
10 per cent of CO,,

The different solutions were administered at desired
rates by means of a constant-speed Bowman pump via
a cannulated brachial vein. As the operative procedure
was begun, the animal was given intravenously within a 5
to 24-minute period 400 ml. of a 0.15 molar sodium bi-
carbonate solution containing 0.375 Gram per cent of
creatinine. Then a sustaining infusion containing from
0.93 Gram per cent of NaHCO, to 1.175 Gram per cent
of NaHCO, (0.11 to 0.14 molar solution) was adminis-
tered at rates varying between 6.4 and 18.5 ml. per min-
ute. This infusion also contained an amount of creati-
nine such that the dog received 15 mgm. of creatinine
per minute. When the operative procedures were com-
pleted, a fifteen to thirty-minute equilibration period was
allowed. Then control determinations were made, the
animal breathing room air and receiving the sustaining
infusion. The dog then inhaled the air-CO2 mixture and
after thirty minutes of administration of this mixture, a
second set of determinations was made, the dog still re-
ceiving the same sustaining infusion as during the first
set of determinations. Chloride loading was then ac-
complished by the rapid administration of a priming in-
jection of 30 to 45 ml. of a 3.33 Gram per cent of sodium
chloride solution. The sustaining infusion was then
changed to one containing 1.68 Gram per cent to 2.3
Gram per cent of NaHCO, (0.2 M to 0.27 M) and 4.35
Gram per cent to 7.6 Gram per cent of NaCl. It was de-
livered at rates of from 3.2 to 6.4 ml. per minute. After
thirty minutes of administration of this infusion, deter-
minations were again made. In some experiments the
first control period (room air breathing) was omitted.
The exogenous creatinine clearance was taken as equal
to the glomerular filtration rate (GFR).

Arterial blood samples were obtained at the midpoint
of each clearance period from a needle inserted into a
femoral artery. The blood was collected anaerobically
and rendered incoagulable with heparin. The pH of the
whole blood was determined immediately on a 0.5-ml.
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EFFECT HYPERCHLOREMIAON BICARBONATEEXCRETION

portion of the sample and the rest of the sample was de-
livered under mineral oil into a centrifuge tube and
centrifuged. The plasma was then immediately analyzed
for CO2 content.

Creatinine was determined in diluted urine and pro-

tein free filtrates of plasma by the method of Kennedy,
Hilton, and Berliner (5). Total CO2 in plasma and urine
was determined by the manometric extraction technique
of Van Slyke and Neill (6). The pH of the whole blood
and urine was determined anaerobically at room tem-
perature with a Beckman model G pH meter equipped
with a syringe-type glass electrode. A correction factor
(7) of 0.014 pH units per degree of difference between
room and body temperatures was used in the calculation
of the pH. Concentrations of bicarbonate and dissolved
CO, were calculated from the Henderson-Hasselbalch
equation employing a pK' of 6.1 for carbonic acid, and an
a equal to 0.0301 for plasma and 0.0309 for urine. The
concentrations of sodium and potassium in plasma and
urine were determined with an internal standard flame
photometer. Chloride concentration in the plasma was

determined on protein-free filtrates of plasma according
to the method of Schales and Schales (8). A modified
Volhard titration method (9) was used in determining
the chloride concentrations of urine. The amount of each
ion filtered per minute was calculated by multiplying its
plasma concentration by the glomerular filtration rate.
A Donnan distribution factor of 0.95 for Na* and K* and
1.05 for C1- and HCOS- was employed in this calculation.
The rate of excretion of each ion was calculated by mul-
tiplying its urine concentration by the urine flow. The
rate of reabsorption of water or any ion was taken as the
difference between its rate of filtration and its rate of ex-

cretion. To facilitate the analysis and the discussion of
the results, the amount of a given ion reabsorbed per
liter of glomerular filtrate was also calculated by dividing
the rate of reabsorption of that ion expressed in mEq.
per min. by the filtration rate expressed in ml. per min.
The concentration of each ion in the volume of water
reabsorbed or "reabsorbate" was calculated by dividing
the rate of reabsorption of each ion(mEq. per min.) by
the rate of water reabsorption (ml. per min.), the re-
sultant concentration being expressed in terms of mEq.
per L.

RESULTS

Ten experiments were performed on ten ani-
mals. The results are summarized in Table I and
the protocol of one of these experiments is given in
Table II. In four experiments (Nos. 1, 2, 3, and
4) the animals were studied, first, while breathing
room air and receiving intravenously an infusion
containing a 0.11 molar solution of sodium bi-
carbonate delivered at a rate of 6.4 ml. per minute,
then while breathing the air-CO2 mixture and re-

ceiving the same infusion, and finally while con-

tinuing to breath the same air-CO2 mixture but
receiving intravenously a 0.2 molar solution of
NaHCO8containing 5 Gram per cent of NaCl.
In one experiment (No. 5) the animal was studied
initially while breathing the air-CO2 mixture and
receiving intravenously a 0.11 molar solution of

TABLE II

Experiment illustrating the effect of sodium chloride infusion on the excretion and reabsorption of
bicarbonate during acute respiratory acidmsis

Bicarbonate*
Reab- Conc.

Reab- Plasma Urine sorbed in
Urine sorbate Fil- Ex- Reab- per L. reab-

Time GFR flow volume HCO,- pCO2 HCOs- pCO2 tered creted sorbed fit. sorbate
ml./ ml./ ml./ mEq./ mm. mEq./ mm. pEq./ pEq./ pEq./ mEq./

min. mix. min. min. pH L. Hg pH L. Hg min. min. min. mEq. L.

Dog 10, 9, 15.9 Kg., breathing room air

0-8 prime: 400 ml. 0.375% Creatinine in 1.25% NaHCO3
8 Begin infusion: 0.081% Creatinine in 1.175% NaHCOgat 18.5 ml. per min.

77-81 46.8 6.25 40.5 7.61 47.2 49 7.84 154.2 91 2,321 964 1,357 29.0 33.5
82-86 45.4 6.87 38.5 7.61 47.2 49 7.82 146.2 90 2,252 1,004 1,248 27.5 32.4

86 Begin inhale 10% CO2and 90%air for duration of experiment
116-119 44.0 8.34 35.7 7.42 57.7 92 7.68 120.7 103 2,666 1,007 1,659 37.7 46.5
120-123 42.1 7.0 35.1 7.42 57.7 92 7.69 127.7 106 2,551 894 1,657 39.4 47.2
123.5 prime: 45 ml. of 3.33% NaCI
124 Change infusion to: 0.278% Creatinine and 2.3% NaHCO3in 5%NaCI at 5.4 ml. per min.
154-157 48.3 11.18 37.1 7.37 51.7 92 7.59 110.2 115 2,627 1,232 1,395 28.9 37.6
158-161 48.7 10.82 37.9 7.37 51.7 92 7.58 108.2 116 2,644 1,171 1,473 30.2 38.9

* See methods section for calculations of derived data.
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NaHCO, administered at the rate of 6.4 ml. per
minute. The chloride loading was then accom-
plished first by the administration of a 0.2 molar
solution of NaHCO8 containing 4.35 Gram per
cent of NaCl at the same rate, then by changing
the infusion to a 0.2 molar solution of NaHCO3
containing 4.0 Gram per cent of NaCi and 0.5
Gram per cent of KC1 delivered at the same rate
of 6.4 ml. per min. Because the urine flow always
rose sharply in these first five experiments when
the hypertonic chloride infusion was given, an at-
tempt was made to prevent this in the last five
experiments (Nos. 6, 7, 8, 9, and 10) by ad-
ministering a 0.11 to 0.14 molar solution of Na-
HCO, at higher rates, i.e., 11 to 18.5 ml. per min.
The chloride loading was then achieved by ad-
ministering a 0.2 to 0.27 molar solution of Na-
HCO8containing 5 to 7.6 Gram per cent of NaCi
at slower rates of 3.2 or 5.4 ml. per min. In four
of these last five experiments (Nos. 6, 7, 8, and
9) the initial period of breathing room air was
omitted.

In all experiments, during chloride loading, the
amount of chloride filtered and the amount of chlo-
ride excreted in the urine both increased. Con-
comitantly, moreover, the rate of chloride reab-
sorption increased, as well as the concentration of
chloride in the reabsorbate and the amount of chlo-
ride reabsorbed per liter of glomerular filtrate.

In all experiments, the load of filtered bicarbo-
nate remained essentially unchanged during chlo-
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ride loading, rising slightly in four experiments
(Nos. 4, 5, 9, and 10) and decreasing slightly in
six experiments (Nos. 1, 2, 3, 6, 7, and 8). In
all experiments, however, whether the filtered bi-
carbonate slightly rose or decreased, the amount
of HCO.- excreted in the urine increased during
chloride loading and the amount of HCO,- reab-
sorbed per liter of glomerular filtrate decreased.

As can be seen in Table I, bicarbonate reab-
sorption increased as the plasma pCO2 rose, which
confirms the work of other investigators (2, 3, 10).
During chloride administration, however, there oc-
curred a fall in the rate of bicarbonate reabsorp-
tion and a rise in the bicarbonate excretion, de-
spite the persistence in the elevation of the plasma
CO2 tension. Figure 1 expresses graphically the
relationship between the plasma pCO2 and the
amount of bicarbonate reabsorbed per liter of glo-
merular filtrate during the administration of the
air-CO2 mixture and the infusion of bicarbonate,
both before and during chloride loading. The re-
sults observed before chloride loading are similar
qualitatively and quantitatively to those reported
by Brazeau and Gilman (2) as well as Dorman.
Sullivan, and Pitts (3). The points representing
such clearance periods are closely grouped along
a straight line. However, the points representing
the relationship between plasma pCO2 and the
amount of HCO3- reabsorbed per liter of glomeru-
lar filtrate during chloride loading are aberrant in
their location from the first group of points. In-
deed, during chloride administration, even at CO2
tensions ranging between 90 and 100 mm. Hg, bi-
carbonate reabsorption falls to between 25 and 30
mEq. per liter of glomerular filtrate, values only
found at CO2 tensions of 35 to 50 mm. Hg before
the chloride administration.

Plasma potassium levels were consistently be-
tween 1.8 and 2.8 mEq. per L. throughout all
experiments with the exception of the final period
of experiment No. 5 when the dog received KCI
incorporated into the chloride infusion. Urine po-
tassium excretion, with this latter period excepted,
ranged between 35 and 104 ,Eq. per min. Both
blood and urine values remained very steady
throughout each experiment and potassium ex-
cretion did not appear to be influenced either by
elevation of CO2 tensions or by the combination
of elevated pCO2 and chloride loading.
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DISCUSSION

The data presented above indicate that during
acute respiratory acidosis, the renal excretion of
bicarbonate was significantly increased by acute
elevation of the plasma chloride concentration.
Since the filtered load of bicarbonate remained
essentially unchanged following the chloride in-
fusions, the increased rate of bicarbonate excretion
was entirely due to a reduction in the renal tubu-
lar reabsorption of bicarbonate. This occurred
despite a tendency for extracellular CO2 tension
to increase during the chloride loading. There
seem to be several theoretically possible explana-
tions for this increase in HCO8- excretion: 1)
Chloride loading interfered with H+ secretion by
the renal tubular cells, less HCO,- was converted
to CO2 and H20, more became available in the
tubular fluid and was excreted as NaHCO3; 2)
Chloride loading did not interfere either actively
or directly with the reabsorption of HCO3- but
promoted an osmotic diuresis which caused more
of the filtered HCO3- to be excreted; 3) The in-
crease in chloride filtration and the subsequent in-
crease in Cl- reabsorption interfered directly with
HC03- reabsorption; or 4) HCO3- was actively
secreted by the tubular cells.

It is unlikely that H+ secretion was depressed
by chloride loading in view of the fact that urine
pH decreased and urine pCO2 increased in most
experiments following the chloride loading. The
fall in urine pH per se, in alkaline urines such as
these, could be explained solely by the fall in
HCO3- concentration due to dilution (i.e., osmotic
diuresis) since the tubules are freely permeable to
CO2. However, the rise in urine CO2 tension to
values greater than that of the arterial plasma in
the face of rising urine flows can best be explained
on the basis of hydrogen ion addition to these
urines resulting in titration of HCO,- to form ad-
ditional carbonic acid. Such H+ addition could
come from distal tubular secretion of H+ into a
urine containing increasing amounts of HCO3-, or
it could come from an increase in the excretion of
acid buffers into this urine. Total buffer concen-
tration was not measured in these experiments;
but the concentration of one buffer (i.e., creati-
nine) was measured and found to decrease. It
does not seem unreasonable, therefore, to presume
that the concentration of other buffers would like-
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The points on the 100 per cent line represent control
values observed during CO, inhalation. The open circles
are the values obtained following the chloride loading,
during continued CO2 inhalation. The data from Wes-
son and Anslow (12) was obtained during mannitol diu-
resis under conditions of normal CO2 tension.

wise decrease as urine flow increased and hence
the rise in urine pCO2 appears to be the result of
continued secretion of hydrogen ion into a highly
alkaline urine. The decrease in HCO3- reabsorp-
tion following the chloride loading in the face of
continued H+ secretion must therefore be ex-
plained on the basis of some other mechanism.

It is difficult to hold that osmotic diuresis was
responsible for the decreased reabsorption of bi-
carbonate because in 8 of 10 experiments there was
a fall in the concentration of bicarbonate in the
reabsorbate following the chloride loading. This
occurred despite marked increases in urine flow
and decreases in reabsorbate volume in four of
these experiments (Nos. 1, 2, 5, and 9). If it is
allowed that there is normally no limitation to the
concentration of HCO3- in the reabsorbate one
would expect that under a constant rate of HC0O-
reabsorption (11) there would be an increase in
HCO3- concentration of the reabsorbate as the
urine volume increases and the volume of the re-
absorbate falls. This has been shown by Wesson
and Anslow (12) to occur during mannitol diu-
resis. In Figure 2 is plotted the per cent change
in the bicarbonate concentration of the reabsorbate
following chloride loading compared with the data
of Wesson and Anslow (12) obtained under con-
ditions of mannitol loading. During mannitol diu-
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resis there is a progressive linear increase in the bi-
carbonate concentration of the reabsorbate as
urine flow increases, whereas following chloride
loading in most of our experiments there is a fall
in the bicarbonate concentration of the reabsorbate
as urine flow increases. Since it has also been
shown that osmotic diuresis per se does not
particularly increase the excretion of bicarbonate
(13, 14) it is apparent that the increases in the
excretion of bicarbonate and decreases in the reab-
sorption of bicarbonate following chloride loading
are brought about by some other mechanism.

There remains the theoretical possibility that bi-
carbonate may have been secreted by the tubular
cells and that such a secretion of HCO3- by the
tubular cells may have been increased by chloride
loading, thus accounting for the observed increase
in excretion and apparent decrease in reabsorption
of bicarbonate during chloride loading. It can
only be stated in this regard that there is no di-
rect experimental evidence that such a mechanism
exists.

It appears then that during acute respiratory
acidosis an increase in the amount of chloride re-
absorbed interferes with the reabsorption of bi-
carbonate. This is in accord with the earlier ob-
servations made by Pitts and Lotspeich (4) on
animals with presumably normal CO2 tensions and
is entirely consonant with the theory that there is
competition between these two ions for a common
reabsorptive transport mechanism. Indeed, it was
originally suggested by these investigators that a
dual process of bicarbonate reabsorption existed
whereby most of the bicarbonate filtered at the
glomerulus was reabsorbed by a specific anion
transport in the proximal tubule. In this schema
some of the bicarbonate ions not reabsorbed by
the proximal tubule were reabsorbed in the distal
tubule by a process involving exchange of H+ ions
originating within the tubular cells for Nae ions
derived from the tubular urine.

It was later observed by Berliner (1) that fol-
lowing the administration of Diamox@, the amount
of the additional bicarbonate excreted in the urine
was too great to be accounted for solely by the
abolition of the distal hydrogen ion secretory mech-
anism. Berliner therefore proposed that bicarbo-
nate reabsorption throughout the entire renal
tubule was dependent upon the hydrogen ion secre-
tion mechanism. This concept was supported by

the recent studies of Brazeau and Gilman (2) and
Dorman, Sullivan, and Pitts (3). Working in-
dependently, these investigators noted that as the
CO2 tension of the extracellular fluid is raised,
there is a concomitant linear increase in renal bi-
carbonate reabsorption. Since, presumably, H+
secretion by the renal tubules increases with in-
creasing pCO2, they concluded that the increased
rate of HCO3- reabsorption could best be ex-
plained by the assumption that the reabsorptive
mechanism was entirely dependent upon the ex-
change of H+ ions derived from carbonic acid in
the tubular cells for fixed base of filtered bicarbo-
nate in the tubular urine.

This H+ - B+ exchange theory of the renal
regulation of bicarbonate excretion however, does
not adequately account for the reciprocal changes
in the plasma HCO- levels which accompany rises
and falls in plasma Cl- levels. Indeed, it was this
phenomenon, together with the observation that
increased Cl- loading facilitated HCO3- excretion,
which led Pitts and Lotspeich (4) to postulate
specific ionic reabsorption of bicarbonate by the
proximal tubule. Moreover, although the theory
adequately explains the renal compensations in
acute and chronic respiratory acidosis and alkalo-
sis, it does not satisfactorily explain the renal com-
pensations for metabolic acidosis and alkalosis,
as pointed out by Brazeau and Gilman (2) as well
as by Relman, Etsten, and Schwartz (10). One
wonders if the main weakness of the theory does
not lie in the assumption that HCO3- reabsorption
can only occur through Ho ion secretion. If this
were so, one would expect that the urine pH
would decrease as HCO3- reabsorption increases.
That this is not the case is apparent from analysis
of the data published to date (1-3). In fact, in
experiments on dogs with chronic respiratory aci-
dosis (15), it can be seen that as HCO3- reab-
sorption increased with increasing plasma pH
levels, the urine became more alkaline and the
pCO2 of the urine declined.

It would appear then, that bicarbonate reab-
sorption is not entirely due to H+ - B+ exchange
since it is possible to elicit a reciprocal relationship
between chloride and bicarbonate reabsorption
and to induce an increase in the reabsorption of
one of these ions and a decrease in the reabsorp-
tion of the other while the pCO2 remains con-
stant. Furthermore, this reciprocal relationship
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was observed in the presence of two factors which
have been demonstrated both to reduce chloride
reabsorption and to increase bicarbonate reab-
sorption, i.e., (a) high plasma CO2 tensions (2,
3), and (b) a probable state of potassium deple-
tion (16, 17) resulting from the infusion of large
amounts of sodium bicarbonate, at least as judged
by the low plasma potassium levels.

SUMMARYANDCONCLUSIONS

1. In acute experiments performed on anesthe-
tized dogs, it has been observed that:

A. In acute respiratory acidosis, the amount of
bicarbonate excreted in the urine decreases
and the amount of bicarbonate reabsorbed
increases, whereas the amount of chloride
excreted decreases and the amount of chlo-
ride reabsorbed decreases;

B. The administration of chloride during re-

spiratory acidosis results in an increase in
the amount of bicarbonate excreted and a de-
crease in the amount of bicarbonate reab-
sorbed.

2. The phenomena observed suggest the pos-

sibility that at least part of the reabsorption of
bicarbonate is ionic and not dependent upon hy-
drogen ion secretion by the tubule. This part of
the bicarbonate reabsorption is affected by the
reabsorption of chloride in such a manner as to
suggest competition between the chloride and
bicarbonate ions for a common reabsorptive trans-
port mechanism in the tubule.
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