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A B S T R A CT Metabolic balance studies were carried
out in normal dogs to define the renal mechanisms re-
sponsible for the adaptation to, and recovery from,
chronic hypocapnia. A chronic reduction in arterial
C02 tension (Paco2) of some 15 mmHg was achieved
by means of chronic exposure of the animals to 9% oxy-
gen in an environmental chamber. The development of
hypocapnia was associated with a marked suppression
of net acid excretion which, together with a slight ac-
cumulation of organic acids, produced a reduction in
plasma bicarbonate concentration (8 mEq/liter) that
led to nearly full protection of extracellular pH (AH+=
- 2.5 nmoles/liter). When Paco% was returned to con-
trol levels, an augmentation of acid excretion restored
plasma composition to normal after a brief period of
"posthypocapneic metabolic acidosis."

The changes in renal acid excretion during both adap-
tation and recovery were accomplished in a fashion no-
tably different from that previously observed in chronic
hypercapnia, being linked to changes in cation rather
than chloride excretion. Thus, in dogs ingesting a nor-
mal NaCl diet, suppression of hydrogen ion excretion
during adaptation to hypocapnia was associated with an
increased excretion of sodium rather than with a re-
tention of chloride. The fact that this loss of sodium oc-
curred without a concomitant loss of potassium strongly
suggests that the hypocapneic state specifically depressed
distal sodium reabsorption; if distal sodium reabsorption
had not been depressed, a reduction in proximal sodium
reabsorption or a diminution in distal hydrogen ion
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secretion (or both) should have produced an increase
in potassium excretion.

The interpretation that chronic hypocapnia diminished
sodium reabsorption was supported by the finding that
when renal sodium avidity was enhanced by restriction
of sodium intake, acid retention was accomplished by a
loss of potassium rather than of sodium. The accom-
panying reduction in plasma bicarbonate concentration
was slightly less than that observed in dogs ingesting
a normal NaCl diet, a finding probably accounted for
by a slight difference in the availability of cation for
excretion under the two experimental circumstances.
These findings, taken together with the observation
that augmented acid excretion during recovery from hy-
pocapnia is linked to cation retention, suggest that an
adequate intake of cation during both adaptation and re-
covery from chronic hypocapnia may be critical to the
physiologic regulation of acid-base equilibrium.

INTRODUCTION

A variety of studies have delineated the renal adjust-
ments responsible for the defense of pH in chronic hy-
percapnia (1-4), but nothing is known of the mechanisms
that account for the adaptation to chronic hypocapnia.
In the present study we have attempted to characterize
the renal regulation of acid-base equilibrium in chronic
hypocapnia by means of detailed metabolic observations
in dogs exposed to low oxygen tensions in an environ-
mental chamber.

Our data demonstrate that the tubular transport
mechanisms linked to changes in acid excretion during
both adaptation and recovery are notably different from
those encountered in chronic hypercapnia. During a
sustained reduction of Paco2, the adaptive changes in
acid excretion were accomplished by a loss of cation
rather than a retention of chloride. Similarly, during re-
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Covery from hypocapnia, increased acid excretion was
linked to a retention of cation without a change in
chloride balance. These findings suggest that dietary
cation intake may importantly influence the renal acid-
base adjustments in chronic hypocapnia just as dietary
chloride intake influences the renal response during re-
covery from chronic hypercapnia.

METHODS
Studies were carried out on 22 female mongrel dogs in an
environmental chamber (5) that allows the percentage of
oxygen in the atmosphere to be controlled automatically
within ±0.5%. Hyperventilation and hypocapnia were in-
duced by decreasing the percentage of oxygen in the cham-
ber, using nitrogen as a diluent. To prevent the expired
carbon dioxide from accumulating in the atmosphere, the
air in the chamber was continuously recirculated through
a carbon dioxide removal system capable of maintaining the
ambient carbon dioxide concentration in the chamber at less
than 0.3% for extended periods. The CO2 scrubber is de-
scribed in detail at the end of the Methods section.

The dogs were fed 30 g/kg of an artificial diet (1) ho-
mogenized with twice its weight of water. The intrinsic elec-
trolyte content of the diet was as follows: sodium, less than
1 mEq/100 g; potassium, less than 0.1 mEq/100 g; and chlo-
ride, less than 1 mEq/100 g. This diet was supplemented
with neutral potassium phosphate, 2.5 mEq/kg of body
weight. The control weights of the dogs ranged from 10
to 20 kg (average weight, 14 kg).

Two groups were studied: (a) A normal NaCl group (10
dogs) in which the diet was also supplemented with 2.5
mEq/kg of sodium chloride, and (b) a low NaCl group
(12 dogs) in which no sodium chloride was added to the
diet. Dogs that did not eat were tube fed twice daily and
dogs that vomited were excluded from further study. Meta-
bolic balance studies were carried out in 14 dogs (7 normal
NaCl and 7 low NaCl); in the remaining 8 dogs, only ob-
servations on plasma composition were made.

Experimental design
The experiments were divided into three periods: control,

hypocapnta, and (for the normal NaCl group only)
recovery.

Control. Dogs were maintained in an environment of
normal room air for a period of 5-8 days before the induc-
tion of hypoxemia and hypocapnia. At least four arterial
blood samples were obtained during this period of ob-
servation.

Hypocapnia. The percentage of oxygen in the atmosphere
was decreased from 21 to 9% in a stepwise fashion over a
period of 4-5 days. This process of acclimatization was em-
ployed because in preliminary studies a reduction in oxy-
gen concentration to 9% over a shorter period (2448 hr)
almost invariably led to vomiting and prostration. After
acclimatization the dogs were maintained in a 9% oxygen
atmosphere for 1-2 wk. During this time at least four ar-
terial blood samples were obtained.

Recovery (Normal NaCi group only). Restoration of a
normal Paco2 was accomplished by increasing the oxygen
concentration to normal in a stepwise fashion over a pe-
riod of 4-8 hr. Studies were then continued for an addi-
tional period of at least 5 days.

Analytical methods
The analytical methods used to determine pH, total CO2

content, oxygen saturation, and lactate have been described
previously (6, 7), as have the methods used for the balance
technique in this laboratory (8). The pH, pK', and solu-
bility coefficient of CO2 were corrected to the temperature
of the dogs (which was measured by rectal thermometer at
the time each blood sample was taken) employing the data
of Rosenthal (9) and Severinghaus, Stupfel, and Bradley
(10, 11). The arterial Po2 was calculated from the observed
oxygen saturation, using the hemoglobin dissociation curve
for the dog (12).

Carbon dioxide scrubber
The CO2 scrubbing apparatus utilizes a sodium hydroxide

solution to continuously remove carbon dioxide from the
chamber atmosphere. The apparatus consists of two caustic
towers (total capacity, Si ft2) placed over a 200 gallon re-
circulating tank containing a 2 N NaOH solution. During
operation of the system the NaOH solution is continuously
pumped from the bottom of the recirculating tank to the top
of the caustic towers at a rate of approximately 4 gallons
per min. At the same time air from the environmental
chamber is circulated by a blower through each of the
towers (in series) at a rate of 50 ft /min. The towers are
filled with a packing of polypropylene rings in order to in-
crease the area of contact between the caustic solution and
circulating air. After exposure to the NaOH solution, the
air is passed through a water wash system to remove the
caustic vapor and then through a cooling system to remove
excess moisture. It is subsequently reheated to room tem-
perature and returned to the chamber.

At the termination of each study the recirculating tank
is drained and flushed with water to remove accumulated
Na2CO&. With six to eight dogs in the chamber, an initial
volume of 150 gallons of 2 N NaOHsolution was found to
be more than sufficient to keep the chamber atmosphere at a
CO2 level of less than 0.3% for a 3 wk period of study.

RESULTS

Exposure to 9% oxygen produced a reduction in mean

arterial oxygen tension to 40 mmHg in the normal NaCl
group and to 38 mmHg in the low NaCl group. None of
the dogs showed untoward effects during the period of
hypoxemia and hypocapnia; no change in motor activity
was noted, and the animals appeared alert and in most
instances ate their diets spontaneously.

Fig. 1 presents the sequence of changes in plasma
composition during adaptation to and recovery from
hypocapnia for a representative study of a dog on a
normal NaCl intake. During the first 5 days of hypo-
capnia the fall in Paco2 was associated with a decrease
in plasma bicarbonate concentration of 7 mEq/liter and
an increase in chloride concentration of 5 mEq/liter;
there was only a slight decrease in hydrogen ion con-

centration (2 nmoles/liter). During the subsequent 11
days of hypocapnia, the bicarbonate, chloride, and hy-
drogen ion concentrations and plasma C02 tension re-

mained virtually constant. In the recovery phase, the
Paco2 increased rapidly to the normal range, but the
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FIGURE 1 Changes in plasma acid-base composition dur
adaptation and recovery from hypocapnia in a represet
tive dog on a normal NaCl intake (No. 156). The fall
Paco, was induced over the first 5 days of the hypocaf
period by stepwise decrements in atmospheric oxygen c
centration to a final value of 9%. On day 16, the amb
oxygen concentration was returned to normal over a pei
of 8 hr.

plasma bicarbonate concentration increased more gra

ally, returning to the normal range only after 4-5 da
As a result, the animal developed a transient acid(
(lowest pH, 7.31).

Table I, mean Paco, fell from 36 to 21 mmHg, plasma
40 bicarbonate concentration from 21 to 13 mEq/liter, and

hydrogen ion concentration from 42 to 39.5 nmoles/liter
30 (P < 0.01 in each case). The mean plasma chloride con-
20 centration increased from 111 to 117 mEq/liter. No nota-
50 ble change occurred in either sodium or potassium con-

centration.
45 Low NaCI group (12 dogs). Fig. 3 presents the
40 steady-state Paco2, bicarbonate, and hydrogen ion con-

centrations before and during exposure to 9% oxygen.
I The mean steady-state values for each dog were cal-
20 culated in the same manner as described above for the

normal NaCl group. As can be seen in this figure, and
5 in the lower portion of Table I, mean Paco2 fell from 36

l0 to 24 mmHg, plasma bicarbonate concentration from
22 to 16 mEq/liter, and hydrogen ion concentration from
41 to 37 nmoles/liter (P < 0.01 in each case). It is

0 noteworthy that although the mean Paco2 in the low NaCl
group was 3 mmHg higher than in the normal NaCl
group during the hypocapnia period (P < 0.01), the hy-
drogen ion concentration in the low NaCl group was

ring 2.4 nmoles/liter lower (P < 0.01). No notable changes
nta-
I in
pnia
:on-
ient
riod

,du-
lys.

DSiS

EVIDENCEFORA STEADY-STATE

Statistical analysis of observations from all experi-
ments (both normal and low NaCl) demonstrated no

significant trend in either Paco2 or plasma bicarbonate
concentration from the first day at 9% oxygen (5th day
of the hypocapnia period) to the end of the period of
exposure (7-14 days). During the steady-state period
of hypocapnia (5th day to end of period) the maximum
deviation of Paco, from the mean value for the period
was 3 mmHg, and the maximum deviation of plasma
bicarbonate concentration was less than 2 mEq/liter.

PLASMACHANGESDURINGSTEADY-STATEHYPOCAPNIA

Normal NaCI group (10 dogs). Fig. 2 presents the
steady-state Paco2, plasma bicarbonate and hydrogen ion
concentrations before and during exposure to 9%oxygen.

The mean steady-state values for each dog were calcu-
lated for both the control and hypocapnia period from the
last four plasma determinations during each period. As
can be seen in the figure, and in the upper portion of
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FIGURE 2 Steady-state relationship between PacO2 and
plasma hydrogen ion concentration (upper panel) and
plasma bicarbonate concentration (lower panel) during
normocapnia and chronic hypocapnia in dogs on a normal
NaCl intake. Each point on the graph represents the mean
of the last four plasma determinations during each period
of observation. The cross bars indicate the mean control
and hypocapnia values (±1 SE) for the group.
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TABLE I
Plasma Composition in Chronic Hypocapnia*

Paco2 H HCOa Na K Cl Anion gap

mmHg nmoles/liter mEqlliter mEqiliter mEq/liter mEq/liter mEq/liter
Normal NaCl group

Control 36,0.6O 42.0±0.5t 21.010.4t 147+0.6 3.840.1 11140.66 1840.5t
Hypocapnia 2140.5t 39.540.5t 12.94-0.4t 14640.8 3.9A0.1 117,1.1t 2140.6t

Low NaCl group
Control 36-0.661 41.1 40.5t 21.6±0.4t 1444t0.5t 4.2d0.1 10840.6 190.5
Hypocapnia 24O0.4t 37.1J0.6t 15.7-0.5t 142bO.7t 4.2+0.1 109L0.9 2240.5t

* Values shown are the means 41- standard error.
Denotes that the difference between mean control value and mean value during chronic hypocapnia is significant at

a value of P < 0.01.

occurred in either plasma chloride or potassium concen-
tration. Plasma sodium concentration decreased by 2
mEq/liter.

PLASMACHANGESDURINGRECOVERYFROM
HYPOCAPNIA

The six normal NaCl dogs studied during the re-
covery phase all behaved in a similar fashion to the dog
illustrated in Fig. 1. The mean plasma bicarbonate con-
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FIGURE 3 Steady-state relationship between Paco2 and
plasma hydrogen ion concentration (upper panel), and
plasma bicarbonate concentration (lower panel) during
normocapnia and hypocapnia in dogs on a low NaCl diet.
Each point on the graph represents the mean of the last
four plasma determinations during each period of observa-
tion. The crossbars indicate the mean control and hypo-
capnia values (±1 SE) for the group.

centration was 15.7 mEq/liter on the day after return to
a normal atmospheric environment, 5 mEq/liter less
than the mean control value before exposure to hypocap-
nia (P < 0.01). As a result, five of the six dogs devel-
oped a transient acidosis (mean plasma H' = 48 nmoles/
liter); the remaining dog had a normal plasma hydro-
gen ion concentration due to persistent hyperventila-
tion. Over the next several days the mean plasma bi-
carbonate concentration returned virtually to normal,
reaching a value of 19.3 mEq/liter on the 4th day as
compared to a control value of 20.7 mEq/liter.

MISCELLANEOUS

In both the normal NaCl group and the low NaCl
group, the unmeasured anion concentration (Na + K -
[HCO3 + Cl]) increased by 3 mEq/liter during the pe-
riod of hypocapnia (Table I). Since plasma hydrogen
ion concentration changed only slightly during hypo-
capnia, this increase in unmeasured anions cannot be ac-
counted for on the basis of a titration of blood buffers
such as phosphate or protein; it therefore must have
reflected an accumulation of organic anions, the source of
which remains unclear. The only evidence at hand is
that lactate accumulation (measured in three dogs in the
normal NaCl group and in six dogs in the low NaCl
group) did not contribute significantly; the mean plasma
lactate concentration was 2.2 mmoles/liter during hypo-
capnia as opposed to a control value of 2.0 mnmoles/liter.'

Plasma phosphate concentration increased slightly
from a mean value of 1.4 to 1.7 mmoles/liter during hypo-
capnia in the normal NaCl group (P < 0.01 ); no change
was observed in the low NaCl group. The mean hemato-

'It is noteworthy that an almost identical increase in
unmeasured anions not related to a rise in lactate concen-
tration, also occurs in dogs with normocapneic hypoxemia
(13). This finding suggests that the increase in unmeasured
anions observed in the present study may have occurred in
response to hypoxemia rather than hypocapnia.
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crit increased from 46 to 55% in the normal NaCl
group, and from 50 to 58% in the low NaCl group
(P < 0.01 in both instances).

Balance data

CHANGESIN URINARYACID EXCRETIONDURING
ADAPTATIONTO HYPOCAPNIA

The cumulative changes in urinary net acid excretion
(estimated as differences from the mean daily control
excretion) during the first 5 days of hypocapnia for all
experiments are presented in Fig. 4 and in Tables II and
III. The first 5 days of study were chosen because all
of the noteworthy changes in both plasma acid-base
composition and urinary acid excretion occurred during
this interval. Cumulative net acid excretion decreased in
the normal NaCl group by a mean value of 37 mEq, and
in the low NaCl group by 42 mEq (P < 0.01 in both
cases). The major portion of this change could be ac-
counted for by a decrease in ammonium excretion in
both groups (28 and 30 mEq, respectively). The re-
mainder of the fall in net acid excretion was due to
a decrease in titratable acidity; no significant bicarbonate
loss was noted.

CHANGESIN ELECTROLYTEAND NITROGEN BALANCE
DURINGADAPTATIONTO HYPOCAPNIA

The cumulative changes in urinary electrolyte ex-
cretion during adaptation to hypocapnia are presented
in Fig. 4; the changes in electrolyte and nitrogen bal-
ance are presented in Tables II and III. Just as in the
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case of net acid excretion, all of the notable changes in
urinary electrolyte excretion were found during the first
5 days of study. As shown in the left-hand panel of
Fig. 4, in the normal NaCl group there was no sig-
nificant change in either urinary chloride or potassium
excretion, but there was a mean cumulative loss of so-
dium of 35 mEq (P < 0.02). In the low NaCl group
(right-hand panel of Fig. 4), no significant changes
were observed in either urinary chloride or sodium ex-
cretion, but there was a mean cumulative loss of potas-
sium of 28 mEq (P < 0.01).

No notable changes in fecal electrolyte excretion oc-
curred and therefore the changes in electrolyte balance
almost precisely reflected the changes in urinary electro-
lyte excretion (Tables II and III). No significant
changes in nitrogen balance were noted in either the
normal or low NaCl groups. Urinary phosphate excre-
tion during the first 5 days of hypocapnia decreased
slightly as compared to control (- 11 and -21 mmoles
in the normal and low NaCl groups, respectively). Uri-
nary sulfate excretion, measured in two dogs on a nor-
mal NaCl intake, showed no notable changes.

RECOVERYFROMHYPOCAPNIA

The changes in electrolyte and in acid excretion in
the six normal NaCl dogs studied during recovery from
hypocapnia are presented in Fig. 5, and the changes
in balance in Table II. During the first 5 days, over
which plasma composition returned virtually to normal,
acid excretion increased by a mnean value of 50 mEqand
there was a sodium retention of 38 mEq (P < 0.01 in
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H ,No K Cl
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FIGURE 4 Cumulative changes in urinary net acid and electrolyte excretion
(as compared to the mean daily control excretions) during the first 5 days
of hypocapnia in the normal NaCl group (left hand panel) and in the low
NaCl group (right hand panel). The horizontal solid line in each panel
indicates the mean value for the group. The significance level of the- differ-
ence between the mean value and zero is indicated below each panel.

1726 F. J. Gennari, M. B. Goldstein, and W. B. Schwartz

0

- 4



TABLE I I
Cumulative Changes in Electrolyte Balance and Net Acid

- Excretion in the Normal NaCi Group during the First
5 Days of Hypocapnia and the First 5

Days of Recovery*

Net
Dog Na Cl K N Ku? acid

mEq mEq mEq g mEq mEq

A. Hypocapnia
553 -56 -27 -10 -4 1 -44
554 6 19 10 1 8 -55
555 -87 -9 -15 -5 -3 -38
560 -18 -15 3 1 2 -37
154 -79 -52 -24 -8 -6 16
156 -14 15 8 1 5 -46
157 -25 13 8 1 5 -57

Average -39 - 8 - 3 -2 2 -37

B. Recovery
553 16 -12 -4 -5 8 69
554 51 - 1 9 3 2 46
560 43 9 9 2 4 25
154 47 17 10 -2 10 60
156 42 -2 5 2 -1 39
157 31 -1 -7 -3 1 61

Average 38 2 4 -1 4 50

* Changes from control have been cumulated separately for
each period.
t Kn = K corrected for N.

each case). These changes are approximately equal and
opposite in direction to those seen during adaptation to
hypocapnia. There was no significant change in chlo-
ride, potassium, or nitrogen balance.

TABLE II I
Cumulative Changes in Electrolyte Balance and Net Acid

Excretion in the Low NaCl Group during the First
5 Days of Hypocapnia

Net
Dog Na Cl K N Kn* acid

mEq mEq mEq g mEq mEq
Hypocapnia

251 -7 6 -32 -4 -21 -22
257 - 1 9 -9 1 -13 -48
259 -7 2 -42 -5 -30 -18
261 7 8 -39 1 -38 -78
269 -12 3 -7 4 -22 -46
270 1 8 -34 4 -51 -19
272 -13 -3 -23 7 -41 -65

Average - 5 5 -27 1 -31 -42

* Kn = K corrected for N.

100

75
CUMULATIVE

A 50
URINARY

EXCRETION
(mEq) 25

0

-25

-50

-75

H Na K Cl

-75

0 ~ ~ -50

o0 , 25

LA Q%

.. "
9

I

-
- -2

I ' -2'
£~~~~~~ 7 )

5

PO.OI P<O.OI NS NS

FIGURE 5 Cumulative changes in urinary net acid and
electrolyte excretion (as compared to the mean daily con-
trol excretions) during the first 5 days of recovery from
chronic hypocapnia in the normal NaCl group. The hori-
zontal solid line in each panel indicates the mean value for
the group. The significance level of the difference between
the mean value and zero is indicated below each panel.

The rise in plasma chloride concentration during adap-
tation and the fall during recovery, both of which oc-
curred without a concomitant change in chloride balance,
are presumably the result of a slight contraction in ex-
tracellular fluid volume when sodium was lost during
the adaptive phase and a subsequent reexpansion as so-
dium was retained after Paco2 was returned to normal.

DISCUSSION
The present study has demonstrated that the defense of
pH during adaptation to chronic hypocapnia is accom-
plished largely by a suppression of urinary net acid ex-
cretion. As can be seen in Fig. 4, in dogs ingesting a
normal NaCl diet a 15 mmHg reduction in Paco2 typi-
cally led to a 40-50 mEqdecrease in acid excretion. This
retention of hydrogen ion was far in excess of the amount
necessary to account for the fall in extracellular bicarbo-
nate concentration and was almost sufficient to account
for an equivalent reduction in intracellular alkali stores.
A slight accumulation of organic acids, as reflected
by a 3 mEq/liter increase in unmeasured anions, made
a small additional contribution to the reduction in body
buffer stores.

Although the defense of pH in both chronic hypocap-
nia and chronic hypercapnia is achieved by changes in
renal acid excretion, the way in which hydrogen ion
balance is altered in these two states is markedly dif-
ferent. In chronic hypercapnia the alterations in acid
excretion are linked to parallel changes in chloride ex-
cretion (1, 2), whereas in chronic hypocapnia they are
accomplished by reciprocal changes in cation balance.
Thus, during adaptation to hypocapnia in dogs in-
gesting a normal NaCl diet there was no significant
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change in chloride excretion, the renal retention of hy-
drogen ion being linked instead to an increase in sodium
excretion (Fig. 4).2 Similarly, during the recovery
phase, when Paco2 was returned to normal, there was an
augmentation of acid excretion that was accompanied by
a nearly equal retention of sodium (Fig. 5).

The observation that the retention of hydrogen ion
during adaptation to chronic hypocapnia was associated
with an increase in sodium excretion but not in potas-
sium excretion argues forcefully for the -interpretation
that the loss of sodium occurred largely if not exclusively
as the result of a depression of distal sodium reabsorp-
tion. If distal sodium reabsorption had not been de-
pressed, a reduction in distal hydrogen secretion by hy-
pocapnia should have sharply augmented potassium se-
cretion. Furthermore, if a depression of proximal
rather than distal sodium reabsorption were responsible
for the observed loss of sodium, the increased delivery
of sodium to the distal nephron should in itself have led
to an acceleration of potassium transport.

The interpretation that distal sodium reabsorption was
specifically depressed by the hypocapneic state gains
support from the observation that when tubular sodium
conservation was stimulated by prior dietary NaCl re-
striction, hydrogen ion retention was then accomplished
by a loss of potassium rather than of sodium (Fig. 4).'
It should be noted, incidentally, that in the NaCl-re-
stricted dogs the plasma bicarbonate concentration fell
slightly less and therefore plasma pH rose slightly more
than in animals ingesting a normal NaCl diet (Table
I). This minor degree of impairment of the adaptive
response can probably be accounted for by a slight dif-
ference in the supply of cation available for excretion in
the two experimental circumstances.

Since our data both during adaptation and recovery
have clearly demonstrated a close linkage between
changes in cation and changes in hydrogen ion excretion,
it seems reasonable to speculate that cation availability
is critical to the physiologic regulation of acid-base
equilibrium in chronic hypocapnia. One might anticipate,
for example, that dietary restriction of both sodium and
potassium during the period of adaptation would so
limit the capacity of the kidney to reduce hydrogen ion
excretion, that a marked alkalosis would result. By the

'In chronic hypoxemia unaccompanied by hypocapnia,
there is no significant loss of sodium, nor is there any
change in net acid excretion (13). These findings indicate
that the changes observed in the present study cannot be
attributed to the low oxygen tension per se.

3 It is of interest that during acute hypocapnia an increase
in both potassium secretion (14) and excretion (15, 16)
have been observed even in the face of a normal NaCl in-
take. The fact that our. chronic studies have not demon-
strated a deficit of potassium when the intake of NaCl is
normal suggests that the losses observed acutely by others
were transient.

same token it might be expected that dietary cation re-
striction, begun after adaptation to chronic hypocapnia,
would impair the ability of the kidney to augment acid
excretion when Paco2 is restored to normal. For example,
the animal which has lost sodium during adaptation and
is denied access to dietary sodium during the recovery
phase might well be expected to develop a sustained post-
hypocapneic metabolic acidosis, unless, of course, the
kidney were suddenly to turn to augmented chloride
excretion as a means of correcting the acidosis.'

The thesis that selective dietary electrolyte deficits
may importantly influence the control of pH in respira-
tory acid-base disorders already has considerable sup-
port from studies of recovery from chronic hypercap-
nia. As mentioned earlier, alterations in acid excretion
are specifically linked to parallel changes in chloride
rather than cation excretion both during adaptation and
recovery from hypercapnia; for this reason a restriction
of chloride intake during recovery blocks the usual re-
duction in acid excretion and engenders a sustained
posthypercapneic metabolic alkalosis (2). Whether or
not cation restriction imposes analogous constraints on
the renal regulation of acid-base equilibrium in chronic
hypocapnia remains to be determined by further investi-
gation.

As mentioned earlier, our data demonstrate that sup-
pression of acid excretion during adaptation to severe
chronic hypocapnia is sufficient to prevent more than a
slight decrease in mean plasma hydrogen ion concen-
tration. A reduction of Paco2 to approximately 15-20
mmHg in dogs ingesting a normal NaCl diet was ac-
companied by a change of only 2.5 nmoles of hydrogen
ion per liter of plasma. Thus, as is not surprising, any
single value for hydrogen ion concentration may still
lie within the normal range (see 95% confidence band
in Fig. 6).' It follows therefore that in a given animal
with chronic hypocapnia, one can confidently expect to
detect the rise in pH only when a control observation
is available.

A comparison of our data with those obtained in man
after 1-4 wk of hypocapnia suggest that the defense of
pH in man is less effective than in the dog. In all studies

'It should be noted, incidentally, that even when liberal
quantities of sodium were available in the diet during the
recovery phase, the physiologic lag in augmenting acid ex-
cretion delayed the recovery process and led to a transient
state of posthypocapneic metabolic acidosis (Fig. 1).

'The statistical methods used to compute the range of
values for these significance bands have been described
previously (4). In constructing the bands, we have assumed
that the relationship between H+ and Paco2 is linear over
the range of carbon dioxide tensions studied. This assump-
tion seems reasonable, first, because the range of Paco,
levels is relatively narrow (15-40 mmHg), and second,
because the observed changes in hydrogen ion concentration
are small.
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FIGURE 6 Significance bands for plasma hydrogen ion and
bicarbonate concentration in chronic hypocapnia. In un-
complicated chronic hypocapnia in the dog, a single new
observation of hydrogen ion and bicarbonate concentration
will, with an estimated 95% probability, fall within the
respective zones. The technique employed in the calculation
of these significance bands has been described previously
(4).

in man in which control as well as experimental obser-
vations were carried out in the same subjects, there was
a decrease in hydrogen ion concentration of 5-10 nmoles/
liter when Pco2 was reduced to a range of 20-30 mmHg
(17-20). Since this change in hydrogen ion concentra-
tion was of sufficient magnitude to carry the values into
a frankly alkalotic range, it is rather surprising that in
two other studies of hypocapnia of comparable severity
and duration, the pH values were unequivocally normal
(21, 22); in these latter two studies, however, control
observations were not available and the data are there-
fore difficult to evaluate.

Finally, it should be noted that in the dog the defense
of pH is significantly more effective in chronic hypo-
capnia than in chronic hypercapnia. Whereas in chronic
hypercapnia, the plasma hydrogen ion concentration
changes by 0.33 nmoles/liter with each mmHg increase
in Paco2 (4), in chronic hypocapnia the change in plasma
hydrogen ion concentration is only half as great, i.e.,
0.17 nmoles/liter for each millimeter Hg decrease in
Paco2. The explanation for this difference is not clear,
but it is conceivable that the disparity may be related
to the fact, alluded to earlier, that acid excretion is
linked to cation excretion in chronic hypocapnia whereas
it is linked to chloride excretion in chronic hypercapnia.

The present data throw no light on this issue nor, at a
more fundamental level, do they reveal why different
tubular transport mechanisms are linked to acid excretion
when Paco2 is elevated as compared to when it is de-
pressed. It is clear, however, that the differences in the
physiological response to chronic hypercapnia and hy-
pocapnia pose a problem that merits further investigation.
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