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Intracellular Acid-Base Regulation.

II. The Interaction

between CO: Tension and Extracellular Bicarbonate
in the Determination of Muscle Cell pH *

SHELDON ADLER,} ARLENE Roy, AND ArRNoLD S. RELMAN §
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Boston, Mass.)

In the preceding paper (2) we showed that the
acidity of resting skeletal muscle in wvitro can be
readily changed by variations in external [HCO;"]
as well as by variations in CO, tension. In those
studies one factor was varied while the other
was kept normal, and so we obtained no informa-
tion about possible interactions between CO, ten-
sion and extracellular bicarbonate in the control
of cell pH.

In acid-base disorders in vivo, primary disturb-
ances in CO, tension or extracellular [HCO; ]
are usually modified by compensatory changes in
the other quantity. Occasionally, a primary dis-
turbance in one parameter is compounded by a
superimposed disturbance in the other. In clini-
cal acid-base disorders, as a consequence, cells are
usually exposed to alterations in both CO, ten-
sion and extracellular [HCO,"]. It is therefore
important to know to what extent each factor
modifies the cellular effect of the other. At any
given extracellular pH, how much can varying
combinations of Pco, and extracellular [HCO,]
change the intracellular pH?

To answer this question a series of further ex-
periments has been carried out with the intact

* Submitted for publication July 20, 1964 ; accepted Sep-
tember 8, 1964.

Presented in part before the American Federation for
Clinical Research, May 1964, and published in abstract
form (1).

Supported in part by a U. S. Public Health Service
research career program award (K6-AM-1589) from
the National Institute of Arthritis and Metabolic Dis-
eases, by a research grant from the National Heart In-
stitute (HE-6395), and by a grant-in-aid from the
American Heart Association.

+ National Institutes of Health postdoctoral fellow,
Evans Memorial Department, 1962-1964.

1 Address requests for reprints to: Arnold S. Relman,
750 Harrison Avenue, Boston, Mass. 02118.

21

rat diaphragm preparation previously described
(2-4). As before, C'*-labeled DMO* was used
to measure cell pH in the steady state. In the
present experiments, a large number of different
combinations of Pco, and [HCO, ] was estab-
lished by setting one factor at a given elevated
or reduced level and then systematically varying
the other over a wide range.

The results show that cellular pH is a complex
function of both Pco, and external [HCO,"]. It
cannot be accurately predicted from the extracel-
lular pH alone, for it depends upon the particu-
lar combination of CO, tension and extracellu-
lar bicarbonate that determines any given extra-
cellular pH. The clinical and physiological im-
plications of these findings are discussed.

Methods

All the experimental techniques and analytical meth-
ods used in this work were described, or referred to, in
the preceding paper (2). Diaphragms were incubated
at 37° C at a fixed external pH established by choosing
the desired concentration of HCO; in the medium and
the percentage of CO; in the CO:-O; gas mixture. Half
the diaphragms were removed after 4 hours of incuba-
tion under given conditions and the remainder at 6 hours.
In no instance was there a significant change? during
the interval, and so observations at the two time inter-
vals were always combined. In a few experiments, inu-
lin space was not measured, and an assumed extracellular
space (equal to that found under similar conditions in
other experiments) was used in the calculation of cell
pH. This was done only when the extracellular medium
was very acidic, under which conditions relatively large
variations in extracellular space have negligible effects
on the calculated cell pH.

1 5,5-Dimethyl-2,4-oxazolidinedione-2-C*.

2 Throughout this paper, differences between means
that are described as “significant” have a p value (Stu-
dent’s ¢ test) of <0.01. When p is > 0.05, the differ-
ence is considered not significant.
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TABLE I

Effects of change in Pco; on muscle acidity when extracellular [HCO5™]
is held constant at 5.6 to 6.8 mEq per L*

No. of Medium Musclet
an:lygu [HCOs™] Pco: [H*] pH [H+] pH
mEq/L mm Hg nmoles/L nmoles/L
Icw

8 6.0 17 69 7.16 92 4+ 7 7.03
8 6.1 18 69 7.16 824+ 5 7.09
8 5.6 28 126 6.90 140 = 9 6.85
8 6.5 29 105 6.98 124 = 4 6.91
8 5.7 34 145 6.84 151 £ 22 6.82
8 5.8 36 146 6.84 162 4 11 6.79
8 6.2 53 203 6.69 229 + 29 6.64
8 6.8 119 417 6.38 456 + 37 6.34

* nmoles = nanomoles (10~° moles); ICW = intracellular water.

t In this and all subsequent Tables, data on muscle [H*] are given as mean =+ standard deviation.

shown is the negative log of the mean [H*].

Results

1) Effect of changes in CO, tension on muscle
acidity at high or low external bicarbonate levels.
In this group of experiments the external [HCO,"]
was fixed at one of three abnormal levels (5.6 to
6.8 mEq per L, 12.7 to 14.5 mEq per L, or 43
to 49 mEq per L), and the CO, tension was var-
ied over a wide range to produce external pH’s
ranging from 6.38 to 8.22. The data are sum-
marized in Tables I, II, and III; except for one
experiment (last line, Table I) they are also de-
picted in Figure 1.

In the Figure, extracellular [H*] is plotted
against intracellular [H*]. Each point represents
the data from one of the experiments in Tables I
to ITI, given as the mean = standard error of the

The pH value

mean of seven or eight muscle analyses. The
experimental points are connected by dashed lines,
drawn by inspection. The heavy solid line is the
relationship for a “normal” extracellular HCO,"
concentration of 22 to 23 mEq per L, as deter-
mined in the previous paper (2).

When external bicarbonate was very low (5.6
to 6.8 mEq per L), progressive increases in hy-
drogen ion concentration of the medium, produced
by increasing Pco,, resulted in proportional in-
creases in intracellular acidity over the entire
range studied (Table I and Figure 1). As shown
by the lower dotted line in Figure 1, there ap-
peared to be direct linear relationship between
cellular and extracellular [H*]. At any given
[H*] in the medium, cellular acidity was less at

TABLE II |

Effects of change in Pco, on muscle acidity when extracellular [HCO;™]
s held constant at 12.7 to 14.5 mEq per L*

Medium Muscle
al;xg.fygis [HCO:™] Pco: [H*] pH [H*] pH
nmoles/L
mEgq/L mm Hg nmoles/L ok W(
8 13.7 18 30 7.52 59+ 4 7.23
8 14.4 27 45 7.34 93+ 8 7.03
8 14.5 28 46 7.34 89+ 7 7.05
8 13.5 40 71 7.15 118 4= 12 6.93
8 14.1 48 81 7.09 141 £ 12 6.85
8 14.2 62 104 6.98 141 = 12 6.85
8 12.7 65 123 6.91 141 + 11 6.85
8 12.7 66 124 6.91 138 += 9 6.86
8 12.9 66 123 6.91 147 £+ 12 6.83
8 12.8 67 126 6.90 150 = 8 6.82
8 14.1 88 150 6.82 198 + 16 6.70
8 13.3 124 224 6.65 251 £ 23 6.60

* See footnote to Table I for abbreviations.
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TABLE III

Effects of change in Pcos on muscle acidity when extracellular [HCO;™]
s held constant at 43 to 49 mEq per L

No. of Medium Muscle

0. of

analyses [HCOs™] Pcoz [H+] pH [H+] pH

mEg/L mm Hg nmoles/L nmoles/L
Icw

8 46.9 12 7 8.22 36+ 6 7.44
8 43.4 17 10 8.02 46 = 9 7.34
8 45.3 38 20 7.70 69 + 14 7.16
8 45.4 38 20 7.69 67 + 14 7.17
8 47.0 46 23 7.64 85 + 10 7.07
8 45.0 68 36 7.45 117 &+ 17 6.93
8 49.4 85 42 7.38 125 £ 15 6.90
8 45.0 124 66 7.18 164 = 12 6.78
8 46.3 125 65 7.19 154 £+ 13 6.81
8 49.0 187 91 7.04 175 £ 16 6.75
7 46.7 212 108 6.96 200 + 20 6.70

an external [HCO;™] of 6 to 7 mEq per L than became triphasic again. As shown in Figure 1,
at an [HCO;] of 22 to 23 mEq per L. the relationship between external and internal

At a more moderately reduced bicarbonate level [H*] now closely resembled the normal, except
(12.7 to 14.5 mEq per L), the shape of the curve that it was shifted to the right. The plateau oc-
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F16. 1. THE RELATIONSHIP BETWEEN EXTRACELLULAR AND INTRACELLULAR ACIDITY AT
DIFFERENT FIXED LEVELS OF EXTERNAL [HCOs™], As EXTERNAL [H*] 1s VARIED BY CHANG-
ING Pcos. The heavy solid curve indicates the relationship previously reported (2), at
an external [HCO;"] of 22 to 23 mEq per L. The three other curves represent the
data in Tables I to III; the external [HCO;"] is indicated. Each point is the mean
*+ standard error of the mean of seven or eight analyses. The curves are drawn
through the experimental points by inspection.
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curred at a more acid extracellular [H*] and at a
slightly more acid intracellular [H*], but it ex-
tended over approximately the same range of
Pco, (Table IT).

When extracellular [HCO,~] was raised to 43 to
49 mEq per L (Table III), the relationship be-
tween external and internal [H*] again deviated
from normal and tended to become more linear.
At all degrees of external alkalinity (external [H*]
< 40 nmoles per L), cellular [H*] was the same
at a bicarbonate of 43 to 49 mEq per L as at a
normal level of 22 to 23 mEq per L. As the me-
dium was acidified, however, cellular [H*] tended
to rise in a nearly proportional manner and was
significantly higher at any given extracellular [H*]
than it was when the external [HCO,"] was nor-
‘mal (Figure 1).

To permit analysis of the results in more physio-
logical terms, pertinent parts of the data from
this group of experiments are displayed in a
different manner in Figure 2. In this Figure, cell
acidity is plotted against CO, tension. The
straight lines crossing at right angles indicate the
normal levels of Pco, and intracellular acidity.
The upper two curves at low extracellular
[HCO,] include only those experiments in Ta-
bles I and II in which extracellular pH was be-
low normal (7.40). In conventional clinical
acid-base terminology, these curves define the con-
ditions existing when there is extracellular “meta-
bolic acidosis,” and they are so labeled. The por-
tions of the curves at CO, tensions to the left of
the vertical line can therefore be considered as
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F16. 2. THE RELATIONSHIP BETWEEN PCO; AND CELLU-
LAR ACIDITY AT THREE DIFFERENT FIXED LEVELS OF EXTRA-
cELLULAR [HCO;s™]. See text for details.

describing the effects of varying degrees of re-
spiratory compensation on intracellular acidity.
Those parts of the curves to the right of the line
describe the intracellular effects of respiratory aci-
dosis superimposed on metabolic acidosis.

The Figure shows that when there is no re-
spiratory compensation, i.e., at a Pco, of 40 mm
Hg, the cellular [H*] is almost normal at an ex-
tracellular [HCO, ] of 13 to 14 mEq per L, but
is definitely increased when the [HCO, ] is 6 to 7
mEq per L. Compensatory lowering of Pco,
markedly reduces cell acidity under both condi-
tions. At a Pco, of approximately 30 mm Hg,
cell [H*] is restored to normal at the lower bi-
carbonate level and is actually lower than normal
at a bicarbonate of 13 to 14 mEq per L. Fur-
ther reduction in Pco, results in intracellular al-
kalosis even at the lower bicarbonate level. Thus,
partial respiratory compensation of extracellular
metabolic acidosis can cause a paradoxical alka-
losis within the muscle cell, despite a lower than
normal external pH (cf. first two lines, Table I,
and second and third lines, Table II). Elevation
of Pco,, i.e., superimposition of a respiratory aci-
dosis upon the metabolic acidosis, causes an even
greater rise in cell acidity, as shown by the ex-
tension of the curves to the right. It is note-
worthy, however, that at a HCO,~ of 13 to 14
mEq per L, a rise in Pco, from 48 to 67 mm Hg
(Table II) does not significantly increase cell
acidity. As shown by the steep ascent of the top-
most curve, cellular defense against a rising Pco,
is much less effective at a very low external
[HCO,7].

The lower curve in Figure 2 shows only those
experiments at an elevated extracellular [HCO,]
in which the pH of the medium was above nor-
mal, and hence this curve can be considered de-
scriptive of extracellular “metabolic alkalosis.”
The Figure shows that the cell is quite alkaline
when there is no respiratory compensation. Com-
pensatory elevation of Pco, progressively restores
cell pH towards normal, but at the highest Pco,
at which external pH is still above normal, cellu-
lar alkalosis has not been fully corrected (line 6,
Table III). When respiratory alkalosis is super-
imposed on metabolic alkalosis, cellular alkalinity
rapidly increases, as shown by the extension of the
lower curve to the left. No plateau in cell pH is
apparent over the entire range of Pco, studied.
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TABLE 1V

Effects of change in extracellular [HCO;3~] on muscle acidity when Pcos is held constant at 9 to 12 mm Hg

25

No. of Medium Muscle

0. of

analyses [HCOs™] Pco: [H*] pH [H+*] pH

mEg/L mm Hg nmoles/L nmoles/L
ICW
8 1.03 12 263 6.58 207 + 13 6.68
8 3.38 12 83 7.08 87+ 6 7.06
8 8.45 12 33 7.48 58+ 6 7.24
8 20.7 9.8 11 7.95 43 = 8 7.37
12 21.0 9.2 11 7.97 36+ 6 7.45

8 46.9 12 7 8.22 36+ 6 7.44

2) Effects of changes in extracellular bicarbo-

nate concentration on muscle acidity at high or low
CO, tensions. In a second group of experiments
the CO, tension of the system was fixed at three
different low levels (9 to 12, 17 to 19, and 27 to 29
mm Hg) and at two different high levels (62 to
69 and 119 to 129 mm Hg), while extracellular
[HCO,"] was varied to produce a wide range
of external [H*] values. The data are sum-
marized in Tables IV to VIII and are in part
displayed in Figure 3. Experiments at a Pco, of
27 to 29 are omitted to simplify the Figure. The
conventions used in the latter are the same as in
Figure 1.

As shown in the Tables and the Figure, the re-
lationship between cellular and extracellular [H*]
at different fixed levels of Pco, varies consider-
ably. At relatively low levels (9 to 12 and 17 to
19 mm Hg) the relationship is apparently linear.
At 62 to 69 mm Hg, the curve is triphasic and
closely resembles the normal. At the highest
Pco, level studied (119 to 129 mm Hg) the curve

has lost its plateau between an extracellular [H*]
of 40 and 120 nmoles per L, but still bears a gen-
eral resemblance to the normal. As clearly shown
in Figure 3, cellular [H*] can vary widely, at any
given extracellular [H*], depending upon the
Pco,.

In Figure 4, relevant parts of the data from
Tables IV, V, VII, and VIII are plotted as in
Figure 2, except that extracellular [HCO, ] is
shown on the abscissa. The vertical line at an
[HCO; ] of 23 mEq per L defines an arbitrarily
chosen “normal” level of bicarbonate at which
there is no metabolic compensation. The two up-
per curves labeled “respiratory acidosis” show the
data for all those experiments at high CO, ten-
sions in which extracellular pH was normal or
below. The two lower curves labeled “respira-
tory alkalosis” show those experiments at low CO,
tension in which extracellular pH was elevated.

In the upper two curves, when external
[HCO,"] was held normal, cellular acidity was
normal at a Pco, of 65 mm Hg, but significantly

TABLE V

Effects of change in extracellular [HCO;™] on muscle acidity when Pco:
is held constant at 17 to 19 mm Hg

No. of Medium Muscle

0. o

analyses [HCOs™] Pco: [H+] pH [H*] pH

mm L nmoles/L
mEg/L Hg nmoles/ ok W/

4 2.09 18 214 6.67 190 + 11 6.72
8 2.55 18 166 6.78 145 £+ 10 6.84
8 2.87 18 147 6.83 144+ 9 6.84
8 3.80 19 119 6.92 129 &= 9 6.89
8 3.47 17 119 6.92 120+ 6 6.92
8 4,54 18 96 7.02 104 = 11 6.98
8 5.97 17 69 7.16 92+ 7 7.03
8 6.05 18 69 7.16 82+ 5 7.09
8 13.7 18 30 7.52 594+ 4 7.23
8 211 19 22 7.67 68 4+ 6 7.17
8 211 18 21 7.68 64+ 8 7.19
8 43.4 8.02 46 = 9 7.34
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TABLE VI

Effects of change in extracellular [HCO3~] on muscle acidity when PO,
1s held constant at 27 to 29 mm Hg

Medium Muscle
No. of
analyses [HCOs™] Pcoz [H+] pH [H*] pH
mEq/L mm Hg nmoles/L nmoles/L
IcCw

8 4.40 28 148 6.83 168 + 10 6.78
8 4.41 28 150 6.82 184 + 11 6.73
8 5.51 29 126 6.90 140 == 9 6.85
8 6.53 29 105 6.98 124 + 4 6.91
8 7.72 28 88 7.05 140 + 8 6.85
8 10.6 29 66 7.18 109 + 11 6.96
8 14.4 27 45 7.34 93 + 8 7.03
8 14.5 28 46 7.34 89 4+ 7 7.05
8 21.2 28 31 7.51 95 £ 13 7.02
8 214 28 31 7.51 88 + 21 7.06

increased at a Pco, of 122 mm Hg. Compensa-
tory rises in extracellular bicarbonate tended to
alkalinize the cell slowly, so that a very large in-
crease was required to restore the cell [H*] to
normal at the highest Pco, level. However, the
Figure clearly demonstrates that a sufficient rise
in extracellular [HCO;"] can restore cellular pH
to normal even in the face of severe hypercapnia.
As shown in Table VIII, however, metabolic
compensation must be complete, i.e., extracellular
pH must be restored to normal, before cellular
pH is fully corrected.

When extracellular [HCO,"] was lowered, i.e.,
when metabolic acidosis was superimposed on
respiratory acidosis, cellular [H*] rapidly and
immediately increased, at the highest Pco, levels.
However, at a Pco, of 65 mm Hg, cell [H*] did

not increase significantly until external [HCO,"]
dropped below 10 mEq per L.

The two lower curves in Figure 4 show that
cellular [H*] is markedly reduced in uncompen-
sated respiratory alkalosis and is only slightly, or
not at all, improved by compensatory reduction in
extracellular [HCO,"]. As shown in Tables IV
and V, even complete metabolic compensation of
the extracellular respiratory alkalosis fails to
modify the alkalinity of the cells. Indeed, with
these low levels of Pco,, intracellular alkalosis
persists even when external [HCO,"] is lowered
enough to cause moderate extracellular acidosis.
When, on the other hand, extracellular metabolic
alkalosis was superimposed on the pre-existing
respiratory alkalosis, there was surprisingly little
further increase in the alkalinity of the cell.

TABLE VII

Effects of change in extracellular [HCO;~] on muscle acidity when Pco.
is held constant at 62 to 69 mm Hg

No. of Medium Muscle

0. o

analyses [HCOs™] Pco: [H+] pH [H+] pH

mEg/L mm Hg nmoles/L nmoles/L
Icw

8 8.1 69 209 6.68 238 £ 17 6.62
8 9.4 67 172 6.76 222 11 6.65
8 9.6 65 162 6.79 222 £+ 16 6.65
8 12.6 65 123 6.91 141 =11 6.85
8 12.7 66 124 6.91 138 + 9 6.86
8 12.8 67 126 6.90 150 + 8 6.82
8 12.9 66 123 6.91 147 + 12 6.83
8 14.2 62 104 6.98 141 + 12 6.85
8 22.5 65 69 7.16 134 + 15 6.87
8 22.6 68 72 7.14 121 & 7 6.92
8 28.3 64 54 7.27 132 + 8 6.88
8 36.8 62 40 7.40 119 + 2 6.92
8 45.6 68 36 7.45 117 + 17 6.93
7 54.1 62 28 7.56 95 &+ 16 7.02
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TABLE VIII

Effects of change in extracellular [HCO;™] on muscle acidity when Pco
is held constant at 119 to 129 mm Hg

No. of Medium Muscle

o.

analygee [HCOs"] Pco: [H*] pH [H+] pH

n s/L
mEg/L mm Hg nmoles/L n;oée W/

8 6.83 119 417 6.38 456 + 37 6.34
8 13.3 124 224 6.65 251 + 23 6.60
8 15.9 129 194 6.71 231 + 20 6.64
8 21.6 122 135 6.87 188 + 16 6.72
8 21.6 121 134 6.87 179 & 10 6.75
8 45.0 124 66 7.18 164 + 12 6.78
8 46.3 125 65 7.19 154 13 6.81
8 63.2 119 45 7.35 147 & 16 6.83
8 72.3 119 38 7.42 131 + 13 6.88
8 76.8 124 39 7.41 122 £+ 19 6.92

3) The relationship between extracellular and
intracellular acidity. In Figure 5, all of the data
in Tables I to VIII plus those in Tables I and II
of the preceding paper (2) are plotted to show
the relationship between extracellular and intra-

cellular acidity. The straight lines intersecting at
right angles indicate the normal values for each
parameter ; the diagonal line defines equal intra-
cellular and extracellular [H*] values.

It is apparent from this Figure that at any
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Fic. 3. THE RELATIONSHIP BETWEEN EXTRACELLULAR AND INTRACELLULAR

ACIDITY AT DIFFERENT FIXED LEVELS OF PcCO., AS EXTERNAL [H*] 1s VARIED BY
cHANGING [HCO;™]. The heavy solid line indicates the relationship previously
reported (2), at a Pco: of 34 to 41 mm Hg. The four other curves, at different
Pcos levels, represent the data in Tables IV, V, VII, and VIII. Each point is
the mean = standard error of the mean of four to 12 analyses. The curves are
drawn through the experimental points by inspection.
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given external [H*], cellular [H*] can vary
widely ; this variation, as shown in the Tables, de-
pends upon the particular combination of Pco,
and external [HCO, ] that determines the ex-
ternal [H*]. At an external pH of approximately
7.20, for example, internal pH was found to vary
from 6.80 to 7.10. All of the points falling in the
right lower quadrant of the Figure (“extracellu-
lar acidosis” and “cellular alkalosis”) represent
conditions under which the cell was paradoxically
alkaline while the extracellular fluid was more acid
than normal. All of these represent the effects of
partial respiratory compensation in metabolic aci-
dosis, there being no instance in which partial
metabolic compensation of respiratory acidosis
produced a similarly paradoxical intracellular
effect.

Although the acidity of the cell was thus rela-
tively independent of the acidity of the extracel-
lular medium, the Figure shows that whenever the
extracellular fluid was definitely alkaline the mus-
cle cell was also alkalotic, regardless of the par-
ticular level of Pco, or external [HCO,"]. It is
also evident that whenever the extracellular fluid
became very acidic the cell was similarly rendered
acidotic; thus, cell pH was always found to be
lower than normal when extracellular pH dropped
below 6.85, regardless of Pco, or external
[HCO,].

A final fact demonstrated by the Figure is that
the great majority of experimental points was
found to be above the diagonal line of equality.
In other words, the muscle cell was almost always
more acid than its environment. There were,
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however, a few exceptions to this rule, as shown
by the three points that are clearly below the diag-
onal. They represent examples of very severe ex-
tracellular metabolic acidosis in which there was
enough compensatory fall in Pco, to make the cell
more alkaline than the medium (line 1, Table IV;
and lines 1 and 2, Table V).

Discussion

These observations demonstrate that the acidity
of resting muscle cells cannot be accurately pre-
dicted from the extracellular pH alone. Intra-
cellular pH appears to be a complex function of
both Pco, and extracellular [HCO,]; at any
given extracellular pH, the acidity of the cell
varies according to the particular combination of
Pco, and [HCO,"] that determines the acidity of
the medium.

In general, Pco, seems to have a relatively more
important influence on cell pH than does the ex-
tracellular [HCO,"]. Thus, partial respiratory
compensation of severe metabolic acidosis readily
restores intracellular pH to normal (Table I),
but nothing less than full metabolic compensation
of severe respiratory acidosis suffices to correct
cellular acidity (Table VIIT). Furthermore, in
respiratory alkalosis even complete metabolic com-
pensation of extracellular pH fails to reduce sig-
nificantly the alkalinity of the cell, whereas in
metabolic alkalosis full respiratory compensation
restores cell pH almost to normal.
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The. predominance of the cellular effect of CO,
tension over that of external [HCO, ] can some-
times lead to a paradoxical situation in which
partial respiratory compensation of metabolic aci-
dosis produces an intracellular alkalosis despite a
lowered extracellular pH. For example, in the
sixth line of Table VI, the extracellular [HCO,"]
is 10.6 mEq per L, the Pco, 29 mm Hg, and the
pH 7.18. However, the muscle acidity in this
example is significantly reduced, rather than
increased.

Extrapolation of our experimental results to the
intact organism is obviously fraught with uncer-
tainty. Nevertheless, certain interesting com-
parisons and physiological implications deserve
to be mentioned here. The acid-base condition of
the extracellular medium in the example of the
preceding paragraph can be considered fairly typi-
cal of that existing in the blood in many cases of
clinical metabolic acidosis. If our in witro prepa-
ration behaves like muscle cells i vivo, the im-
plication of our findings would be that even partial
respiratory compensation of metabolic acidosis
suffices to prevent intracellular acidosis and may
actually result in cellular alkalosis. If intracellu-
lar acidity is the stimulus to compensatory hyper-
ventilation in the intact animal, obviously the pH
of the cells of the respiratory center must respond
in a somewhat different manner from that of
skeletal muscle.

These data may shed some light on certain as-
pects of clinical acid-base disorders. One rarely
sees patients surviving metabolic acidosis when
the extracellular pH is much below 6.8 or 6.9.
It may be significant that this is the level at which
the cellular pH of the diaphragm muscle begins
to decline sharply, regardless of whether or not
there is some respiratory compensation. Fur-
thermore, it is well known that patients seem to
tolerate chronic hypercapnia fairly well until the
Pco, reaches approximately 80 mm Hg; at or
above these levels, disturbances of consciousness
and other serious effects begin to appear. A pos-
sible explanation may reside in the observations
of this and the preceding paper, which show that
with or without partial metabolic compensation,
cellular pH does not decrease very much until
Pco, is elevated beyond 80 mm Hg. Finally, in
view of the striking susceptibility of cells to ex-
tracellular alkalosis (Figure 5), it is interesting

to consider that most clinical deviations of ex-

tracellular acid-base balance in the alkaline direc-
tion are relatively mild. Increases in blood pH
above 7.6 are unusual, whereas equivalent and
even greater degrees of acidosis are common.
All these considerations suggest that intracellular
phenomena play an important role in clinical
acid-base disturbances and that closer examina-
tion of the cellular response will prove to be
rewarding.

The present experiments appear to provide some
clues to the nature of the mechanisms responsible
for the control of cellular pH. The data demon-
strate that the characteristic, triphasic curve de-
scribing the “CO, titration” of muscle under nor-
mal conditions is changed when the external
[HCO,] is sufficiently altered. Thus, as shown
in Figure 1, there appears to be intracellular
“buffering” of CO, in the vicinity of pH 6.9 when
extracellular [HCO,"] is 22 to 23 or 13 to 14
mEq per L, but this completely disappears at an
external [HCO, ] of 43 to 49 mEq per L or 6 to
7 mEq per L. The plateau in cell pH also does
not depend on a particular range of CO, tensions,
as shown quite clearly in Figure 2. At an ex-
tracellular [HCO,] of 13 to 14 mEq per L a rise
in Pco, from 50 to 70 mm Hg is completely neu-
tralized, but when the external [HCO, ] is 43 to
49 mEq per L, the same rise in Pco, causes a
significant increase in cellular acidity. The re-
sponse of the muscle to CO, is therefore not. likely
to be due to a purely physical process of intra-
cellular buffering.

Similarly, as shown in Figure 3, the character-
istic triphasic response of muscle pH to changes
in external pH produced by bicarbonate is not
determined solely by the external [H*], nor by
the internal [H*] at which the cellular mechanisms
are operating. Here again, it appears to be the
particular combination of external [HCO,"] and
Pco, that is important. This fact provides fur-
ther evidence against the idea that regulation of
acid-base balance within cells is simply a matter
of buffering. Our observations suggest, instead,
that the complex acid-base behavior of the cell is
more likely to be actively regulated by the meta-
bolic activity of the cell. We have recently ob-
tained more direct evidence in support of this
suggestion by studying the temperature depend-
ence of the muscle cell pH (5).
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Summary

A systematic study has been made of the inter-
action between external pH, Pco,, and external
[HCO,] in the regulation of muscle cell pH in
an intact rat diaphragm preparation. The results
demonstrate that cell pH is a complex function,
influenced by all three factors: external pH, ex-
ternal [HCO,], and Pco,.

At any given external [HCO,"] cell pH could
be changed by Pco,, and at any given Pco, cell
pH varied with external [HCO;"]. At the same
external pH, cell pH was dependent upon the
absolute values of Pco, and external [HCO,].

CO, tension had a relatively greater influence
on cell pH than did extracellular [HCO,7].
Partial respiratory compensation of extracellular
metabolic acidosis readily prevented cellular aci-
dosis and even caused paradoxical cellular alka-
losis, despite moderately low external pH. Par-
tial compensatory rise in external [HCO, ] mod-
erated but did not fully prevent cellular acidosis
in severe hypercapnia. However, irrespective of
absolute levels of Pco, or external [HCO,],
whenever external pH fell below 6.85 the cell was
acidotic. All degrees of extracellular alkalosis
caused alkalinization of cells, regardless of com-
pensatory changes in Pco, or external [HCO,].

The muscle cell was usually more acid than its
environment, but became more alkaline when
Pco, was reduced in severe extracellular acidosis.

Some clinical implications of these experiments
are discussed. We suggest that the regulation of
the pH of resting skeletal muscle cannot be ex-
plained by simple buffer reactions and is prob-
ably linked to active metabolic processes.
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