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It is generally recognized that potassium depri-
vation may result in the development of a plasma
alkalosis, which is characterized by the paradoxi-
cal excretion of an acid urine (1-12). Conversely,
the administration of sufficient potassium chloride
results in a plasma acidosis and the simultaneous
excretion of an alkaline urine (8, 13-16). Studies
previously reported have shown that the dicho-
tomous plasma and urinary findings following po-
tassium administration result from a decrease in
the renal tubular reabsorption of base-bound bi-
carbonate (13). The inappropriate aciduria oc-
curring in hypokalemic alkalosis has led to the sug-
gestion that renal reabsorption of bicarbonate is
increased in circumstances where inadequate in-
take or excessive losses of potassium have occurred
(1, 13, 17). This implies a renal failure to com-
pensate the plasma alkalosis accompanying hypo-
kalemia and assumes a renal contribution to the
continuation of the plasma alkalosis. Although
it has not been measured previously, it would ap-
pear virtually certain that hypokalemia enhances
the renal tubular reabsorption of bicarbonate; the
mechanism whereby the influence of potassium is
mediated, however, remains more speculative (1,
13, 17). Accordingly, the studies described herein
were carried out on human subjects and on dogs
1) to determine the effects of potassium depletion
on the renal mechanisms implicated in stabilizing
the plasma bicarbonate, and 2) to clarify the
mechanisms whereby potassium influences the re-
nal tubular reabsorption and urinary excretion of
bicarbonate bound base.

The studies reported below indicate that hypo-
kalemia results in an increased renal tubular reab-

1 This work was presented, in part, at the meetings of
the American Society for Clinical Investigation in At-
lantic City, May, 1954.

2This work was supported by United States Public
Health Service Grant H-1641.

sorption of bicarbonate, and that the effects of po-
tassium are independent of alterations in plasma
pCO2.

METHODS

The following experiments were carried out on 10
human subjects and on 6 dogs. Six of the patients had
gastric cancer and were studied on a metabolic balance
regimen: a) During a control period; and b) during an
interval of potassium deprivation. The studies completed
on these patients included measurements of glomerular
filtration rate and urinary bicarbonate, sodium, potassium,
chloride, and pH. Plasma was analyzed daily for pH,
carbon dioxide content, chloride, sodium and potassium.
Metabolic studies included daily measurements and analy-
ses of intake and fecal drainage, and urinary losses of
chloride, potassium and sodium. During the control pe-
riod, the renal tubular reabsorption; of bicarbonate was
determined previous to and following the infusion of 1000
to 1500 cc. of M/6 lactate or 2 per cent sodium bicarbonate
to ensure frank excretion of bicarbonate and an alkaline
urine. The patients were then maintained, following
gastrectomy, on potassium-free, parenteral fluids for an
interval of 5 to 19 days. Daily fluid replacement given the
patients included glucose in water, normal saline, and B
vitamins. No postoperative complications occurred in
the patients during the interval of study reported here.
At the termination of the hypokalemic period, the renal
tubular excretion and reabsorption of bicarbonate was
again measured and compared to that observed in the
control period.8 Four additional patients were studied
during an episode of hypokalemic alkalosis. In these pa-
tients, measurement of the renal excretion and reabsorp-
tion of bicarbonate was made during the period of alka-
losis; no metabolic studies were done in these patients.4
(In two of these patients renal clearances were meas-
ured during a period of adequate potassium supplementa-

Metabolic balances showed a negative potassium bal-
ance in these patients ranging between 180 and 280 mEq.;
no attempt was made in these studies to correlate the de-
gree of potassium depletion with bicarbonate reabsorption.

' One of these patients had hyperadrenocorticism. Two
patients were receiving cortisone with inadequate po-
tassium supplementation and one patient had potassium
depletion resulting from an inadequate dietary intake and
diarrhea secondary to a severe dumping syndrome.
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tion and at a time when plasma electrolytes were nor-
mal.)

The experiments carried out on dogs were designed to
determine the effects of potassium on the enhanced bi-
carbonate reabsorption, which has been reported to oc-
cur following elevations in plasma pCO, (17-19). In
these experiments, sodium bicarbonate was infused
throughout to ensure adequate urinary excretion of bi-
carbonate; the animals were then given 10 per cent CO2
to breathe for periods of two to six hours, and the re-
nal tubular reabsorption of bicarbonate determined before
and after the infusion of potassium chloride, given at rates
of 0.3 to 0.5 mEq. per minute for 120 to 360 minutes.

The clearance of inulin was utilized as a measure of
glomerular filtration rate in the human subjects and in
the dogs. The methods employed in the chemical analy-
sis and collection of samples have been described in previ-
ous communications (13, 20). Urine was collected under
oil from an indwelling catheter for pH and carbon dioxide
analyses, which were done within two to five hours after
collection. The remaining urine was preserved for sub-
sequent analysis. Plasma analyses of total CO, and pH
in the patients were determined on venous blood drawn
without stasis; in the dogs the plasma analyses were de-
termined from arterial blood. The reabsorption of bi-
carbonate was calculated as that amount reabsorbed per
100 cc. of glomerular filtrate by subtracting the excreted
moiety from that filtered.

RESULTS

Table I shows the renal tubular reabsorption
and excretion of bicarbonate in one of the patients

TABLE I

Reabsorption of bicarbonate bound base in the control period
previous to and during the infusion of sufficient M/6 lactate
to ekvate the plasma bicarbonate to lvels shown here and in
the same patient foUowing an interval of potassium free
fluids for six days

Urine

Bicarbonate

Plasma Glom. Excreted Reabsorbed
Time bicarbonate filt. rate mEq./ mEq./100
mis. mEq./L. cc./mix. mi. cc. G.F. pH

Lactate infusion
-180 Infuse inulin in 5%g./W at 2.07 cc./min.

30 27.0 103 .002 2.7 5.6
90 27.0 106 .002 2.7 5.4

M120 Infuse Mlactate 5.5 cc./min.
(Continue inulin infusion)

200 29.6 98 .195 2.76 -
250 32.0 98 .400 2.79 7.6
300 31.7 95 .350 2.8 7.8

Potassium deprivation six days
-180 Infuse inulin 5%g./W at 2.46 cc./min.

60 31.8 107 .001 3.18 5.7
100 32.0 96 .001 3.2 5.6
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FIG. 1. REABSORPTIONOF BICARBONATEIN NoRMALPA-
TIENTS AND IN HYPOKALEMIAPATINTS

The solid circles represent single determinations of bi-
carbonate reabsorption as calculated prior to and during
the infusion of alkali. Four to five determinations of bi-
carbonate reabsorption were measured on each patient
at varying plasma levels of bicarbonate as indicated.
The open circles represent the average bicarbonate re-
absorption as calculated from three clearance periods and
three plasma analyses during the period of hypokalemia.
(Bicarbonate reabsorption was measured in four of the
patients on two separate occasions during the interval of
hypokalemia.)

studied: a) In the control period following the in-
fusion of sodium lactate; and b) following an in-
terval of six days of potassium deprivation after
surgery. The infusion of lactate resulted in frank
urinary excretion of bicarbonate and an alkaline
urine, whereas the renal tubular reabsorption of bi-
carbonate remained essentially normal. The same
patient during the hypokalemia interval, at a time
when plasma levels of bicarbonate and pH showed
an elevation comparable to that seen following lac-
tate, showed an increase in bicarbonate reabsorp-
tion and the excretion of an acid urine containing
sparse amounts of bicarbonate. The data ob-
tained in this patient were similar to those ob-
served in all of the patients studied, and are sum-
marized in Figure 1. This figure illustrates the
difference in renal tubular reabsorption of bicar-
bonate in normal patients given an alkaline load,
and in patients exhibiting hypokalemic alkalosis.5

5 It has been emphasized that potassium influences bi-
carbonate reabsorption only with intracellular losses of
considerable magnitude; no alteration in bicarbonate re-
absorption occurs following an acute decrease in extracel-
lular potassium concentration as produced by alkali in-
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TABLE 1I

Measured glomerular ration rates and clclated plasma
pCO2 wvues in ten paints during hypokakemia and

in eight patis during a control period when
adeqate potassium was being administered *

Control

Glom.
pC02 filt. rate

mm. Hg cc./min.

1) 43 90
43 89
49t 89

2) 43 97
43 104
45 108

3) 45 95
43 96
49t 99

4) 40 87
41 90
44t 98

5) 45 102
45 103
sot 100

6) 42 75
42 67
44 75

7) 43 90
43 86

8)

9)

10) 44 79
44 85
44 81

Hypokalemia

Glom.
pCo0 filt. mte

mm. Hg Cc.1mms.

44 80
44 82
49t 81

42 107
43 96
40 107

45 97
45 96
48t 97

43 101
44 97
46t 95

44 106
45 105
44 101

42 57
44 52
45 60

45 89
44 86
43 80

40 74
41 76

42 125
41 126
44 136

45 77
45 78
45 65

* The figures for glomerular filtration represent three
separate dearance periods. The plasma pCO2 represents
values calculated from three separate blood samples ana-
lyzed in duplicate.

t Blood drawn after morphine administration.

As shown here, the reabsorption of bicarbonate
was increased in the hypokalemic patients, as

compared to the normal control values of 2.7 to
2.8 mEq. per 100 cc. of glomerular filtrate. This

fusion or glucose and insulin (13). Furthermore, it is
generally recognized that plasma K levels per se are a

poor reflection of total body stores of potassium as meas-

ured by metabolic balances or isotopic dilution studies
(21). The potassium depleted patients presented here
had sustained intracellular as well as plasma losses of
potassium.

was found to be true at all levels of plasma bi-
carbonate shown.

Table II shows the calculated plasma pCO2 and
glomerular filtration rates in our patients during
the control period and during potassium depriva-
tion. As indicated here, no marked changes in
plasma pCO2 occurred in these patients despite
a plasma alkalosis and an enhanced bicarbonate
reabsorption. From this table it is also apparent
that a decrease in glomerular filtration rate could
not account for the enhanced bicarbonate reab-
sorption in all of the patients studied.,

To clarify the effects of potassium on bicarbo-
nate reabsorption and the relationship between
potassium and pCO2, experiments were carried
out on six dogs. In these experiments, the effects
of potassium on the elevated bicarbonate reab-
sorption, which has been reported to occur in the
presence of an elevated plasma pCO2, was evalu-
ated. A typical experiment is presented in Table
III; as shown here, the elevated bicarbonate reab-
sorption occurring in respiratory acidosis is de-
creased by the simultaneous administration of
potassium chloride. Furthermore, the decrease in
bicarbonate reabsorption following potassium ad-
ministration occurs with plasma levels of pCO2
which are equivalent to those seen during the pe-
riod of respiratory acidosis alone. The effects of
potassium and respiratory acidosis on bicarbonate
reabsorption were consistent in all the dogs studied
and are summarized in Figure 2. In this figure,
the bicarbonate reabsorption per 1000 cc. filtrate
is plotted in relation to the plasma pCO2; the
crosshatched area summarizes the range of normal
bicarbonate reabsorption in dogs, as calculated
from previously published data (13). As il-
lustrated by the solid circles, the administration
of potassium chloride decreased bicarbonate reab-
sorption to normal levels irrespective of elevations
in plasma pCO2; the open circles confirm the ob-
servations of others that elevations of plasma pCO2
per se enhance bicarbonate reabsorption (17-19).

6 Wehave observed and there has been reported a pro-
found decrease in glomerular filtration rate in hypo-
kalemic alkalosis; this was, however, noted by us only
in those patients who were more severely alkalotic than
the patients reported here, and has been seen most often
by us in situations of hypochloremic alkalosis following
excessive losses of gastric contents and extracellular
fluid.
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TABLE III

Efects of potassium on the enhanced bicarbonate reabsorption occurring with elevation of plasma pCO2 in dogs

Urine

Plasma Bicarbonate

Potassium Bicarbonate Glom. Reabsorbed
Time pC02 filt. rate Excreted mEq./100 cc.
mins. mEq./L. mm.Hg cc./min. mEq./mis. gkom. fil.

0 Prime-NaHCO&-5 gm.
Start infusion; NaHCOs-10 gm./L.; inulin-10 gm./L. at S cc./min.

70 2.9 31 38 68 .270 2.7
90 3.0 31 39 70 .280 2.7

105 Inspire 10% CO-90%Os
130 3.2 33 106 71 .140 3.1
150 3.2 35 110 69 .114 3.3
160 Start KC1-0.4 mEq./min.
240 5.6 32 112 71 .362 2.7
300 6.8 32 109 70 .400 2.6

ORESPIRATORY ACIDOSIS
* RESPIRATORYACIDOSIS + KCI
ONOMALRANGE

0o 0000
0 0

0

0

0 0 0

0 0

TO7 so0 100 110 120

PLSMA pCO2 Ama No.)

FIG. 2. BICARBONATE REABSORPTIONIN RELATION TO PLASMA PCO, IN
DOGSBREATHING10 PER CENTCO, BEFORE (OPEN CIRCLES) ANDAFTER THE
ADMINISTRATION OF POTASSIUMCHLORIDE (CLOSED Car ws)

DISCUSSION

It is apparent from the data presented that the
renal tubular reabsorption of base-bound bicarbo-
nate is increased in the situation of hypokalemia.
The enhanced bicarbonate reabsorption in turn
would appear to contribute to the plasma alkalosis
frequently accompanying potassium depletion.
Evidence has been presented that potassium per se

affects those renal mechanisms implicated in the
stabilization of plasma bicarbonate. Although a

decrease in glomerular filtration rate is known to
increase bicarbonate reabsorption (22), the changes
in glomerular filtration rate reported here could

not account for the enhanced bicarbonate reabsorp-
tion in all the patients studied. In addition, it
has been found that potassium chloride administra-
tion will decrease bicarbonate reabsorption in dogs
irrespective of alterations in glomerular filtration
rate (23).

The notable observations (17-19) that eleva-
tions in plasma pCO2 increase the renal absorption
of bicarbonate have led to the implication that ele-
vations in plasma pCO2 could enhance the reab-
sorption of bicarbonate in hypokalemia as well as
in respiratory acidosis. The finding in our pa-
tients that the plasma pCO2 was little altered does
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not furnish credence to this assumption. The
consistent finding of an elevated total CO2 and
blood pH with little change in plasma pCO2 indi-
cates that hypokalemic alkalosis as studied in our

patients was uncompensated. Similar elevations
of the blood pH with a normal pCO2have been ob-
served by us in hypochloremic alkalosis and fol-
lowing alkali infusion in both dog and man. Only
with superimposed pulmonary disease, anesthesia
or with morphine administration have we con-

sistently observed "respiratory compensations" to

occur in metabolic alkalosis (24).
The finding in dogs that potassium decreased

the renal tubular reabsorption of bicarbonate to
normal levels, irrespective of the level of plasma
pCO2, indicates that potassium per se influences
bicarbonate reabsorption even with elevations of
plasma pCO2. From these experiments and those
reported elsewhere, it would appear that potassium
and pCO2 affect the renal tubular bicarbonate
reabsorption independently and in the opposite
direction. This apparent antagonism and the
mechanisms whereby pCO2 and potassium affect
bicarbonate reabsorption may be reconciled, if
consideration is given to implicated alterations of
the pH within the renal tubular cell, as sum-

marized in Figure 3 (1, 17, 25-27).
With excessive potassium losses or deprivation,

there occurs a depletion of the major intracellular
cation. In this situation, a relative intracellular
acidosis occurs (1, 2, 12, 27, 28), and the meas-
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FIG. 3. RELAIONSHIP BETWEEN ESTIMATED INTrA-
cELLULAR PH IN THE RENAL TUBULES AND MEASURE
BICABONATEREBSORPON

ured bicarbonate reabsorption is increased. The
opposite occurs following potassium administra-
tion; the increase in intracellular cation concen-
tration which occurs could result in an elevation
of the intracellular pH (16). In this situation,
there is a decrease in the measured bicarbonate
reabsorption.

Conceivably, a change in extracellular pCO2 re-
sults in an equivalent change in intracellular pCO2,
since carbon dioxide is believed to permeate all
cells, and rapid equilibration is achieved between
the extra- and intracellular compartments. Thus,
changes in the extracellular pH resulting from
alterations in carbonic acid could effect a similar
alteration in the intracellular compartment (29).
In respiratory acidosis, elevation of the plasma
pCO2 and thus, intracellular carbonic acid, con-
ceivably decreases the intracellular pH. Under
these circumstances, the measured bicarbonate re-
absorption is increased (17-19). If the simul-
taneous administration of potassium minimizes the
alterations in intracellular pH by increasing the
intracellular cation concentration coincident with
the increase of intracellular carbonic acid, the en-
hanced bicarbonate reabsorption occasioned by the
elevated pCO2 should decrease. The experiments
summarized in Figure 2 indicate that this does
occur, and also provide indirect evidence that alter-
ations in intracellular pH, secondary to alterations
in intracellular pCO2 and potassium, influence the
renal tubular reabsorption of bicarbonate.

Presumably the decrease in bicarbonate reab-
sorption following carbonic anhydrase inhibition
could also be mediated through changes in intra-
cellular pH (1). Inhibition of the formation of
carbonic acid within the renal tubular cell could
result in an increased pH and thus, a measured
decrease in bicarbonate reabsorption. Similarly,
the increased bicarbonate excretion, which has
been observed following respiratory alkalosis (19,
30, 31) with a decrease in plasma pCO2, could
be accounted for by a decrease in intracellular
carbonic acid and elevation of the pH; under these
circumstances, the measured renal reabsorption
of bicarbonate is decreased.

Although it is impossible by methods currently
available to state with certainty that alterations in
intracellular potassium do not occur following ad-
ministration of carbonic anhydrase inhibitors or
with alterations in plasma pCO2, evidence pre-
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sented elsewhere indicates that the potassium
concentration within the renal tubular cell is un-
changed acutely in respiratory acidosis or follow-
ing the administration of carbonic anhydrase in-
hibitors (32). From these studies in which meas-
urements of the renal extraction of potassium
from arterial blood was compared to the urinary
excretion, it was concluded that all potassium re-
moved from the arterial blood during a given in-
terval was excreted in the urine during the same
interval. Only with potassium chloride adminis-
tration was there evidence that the potassium ex-
tracted from the arterial blood was not excreted
in toto and presumably entered the renal tubular
cell. This indirect evidence precludes the implica-
tion that alterations in the intracellular potassium
per se are responsible for the changes in bicarbo-
nate reabsorption observed in respiratory acidosis
or following a carbonic anhydrase inhibitor.

The importance of intracellular pH alterations
in conditioning the reabsorption of bicarbonate
has obvious importance in maintaining the bi-
carbonate concentration of extracellular fluid.

SUMMARYAND CONCLUSIONS

1. The renal tubular reabsorption of bicarbonate
is increased in hypokalemic patients.

2. The increased reabsorption of bicarbonate
could not be accounted for by elevations of plasma
pCO2.

3. In dogs, the elevated bicarbonate reabsorp-
tion, which occurs following elevation of the
plasma pCO2, is returned to normal by the admin-
istration of potassium chloride without a change
in pCO2.

4. Indirect evidence has been presented that a
relative change in pH within the renal tubular
cells may be the common denominator by which
alterations in potassium and pCO2 affect bicarbo-
nate reabsorption.
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