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Wroblewski, Krzysztof, Simon Spalthoff, Un-Jin Zimmerman,
Robert L. Post, Joseph W. Sanger, and Robert E. Forster. The role
of carbonic anhydrase in the recovery of skeletal muscle from anoxia.
J Appl Physiol 99: 488–498, 2005. First published March 31, 2005;
doi:10.1152/japplphysiol.01409.2004.—To investigate the role of car-
bonic anhydrase in the recovery of skeletal muscle from anoxia, pH
and cell phosphates were measured by 31P-nuclear magnetic reso-
nance in superfused newborn rabbit myotubes and cultured mouse
soleus cells (H-2Kb-ts a58) after �2–3.5 h without superfusion. In
control studies, pH and phosphocreatine fell and Pi rose during anoxia
and recovered within �10 min after reperfusion began. A carbonic
anhydrase inhibitor, acetazolamide, and dimethylamiloride, an inhib-
itor of the Na�/H� antiporter NHE1, delayed the recoveries of pH,
phosphocreatine, and Pi for �10 min, but the rate of recovery, once
initiated, was unchanged. In the presence of the inhibitors, after
reperfusion started, the pH did not rise immediately, despite a large
inwardly directed HCO3

� gradient, suggesting that HCO3
� movement

was unimportant in acid elimination. Lactate, measured by its methyl
protons, rose during anoxia and did not fall after 1 h of reperfusion
and could not have eliminated protons by cotransport. We conclude
that NHE1 is the major exporter of protons by skeletal muscle in
recovery from a period of anoxia and that it is essential for functioning
carbonic anhydrase to be attached to NHE1 to activate it. The
mechanism of late recovery of pH could be the mobilization of
another proton transporter or removal of the inhibition of the Na�/H�

antiporter. Inhibition of carbonic anhydrase in skeletal muscle retards
acid removal and modifies muscle metabolism significantly after
anoxia.

skeletal muscle cells; pH; NMR; acetazolamide; dimethylamiloride

WE HYPOTHESIZED THAT ONE (or more) of the four carbonic
anhydrase (CA) (EC 4.2.1.1) isozymes in skeletal muscle (13)
are required to remove the acid produced by heavy exercise or
anoxia. Kowalchuk et al. (24) have administered a sulfonamide
CA inhibitor, acetazolamide (AZ), to human subjects and
measured the rate of recovery of intracellular pH of an arm
muscle after exercise by 31P-NMR. The onset of the realkalin-
ization of muscle pH was delayed by the drug, but this did not
necessarily implicate muscle CA, because erythrocyte CA
would have also been inhibited, which would have reduced the
rate of acid (CO2) removal from muscle by blood. We at-
tempted to inhibit muscle CA separately from erythrocyte CA
with a membrane-permeable and highly active sulfonamide
inhibitor, ethoxzolamide, but this approach was unsuccessful.
We report here studies by NMR of the rate of recovery of pH

and phosphorus metabolites of isolated, suspended skeletal
muscle cells (33) from acidosis. The cells were in suspension
rather than attached to a flat substrate (48) to pack a larger
volume of cells into the NMR tube. We used anoxia to produce
acidosis rather than NH3 export to mimic and exaggerate the
partial deoxygenation that occurs in working muscle. We chose
to study neonatal rabbit myocytes cultured on gelatin beads
(26), which develop into mature skeletal muscle myotubes with
well-characterized contractile elements. We also studied a
skeletal muscle cell line, H-2Kb-ts a58 (H-2K).

METHODS

The experimental procedures were carried out under protocols
approved by the Institutional Animal Care Committee of the Univer-
sity of Pennsylvania. The first preparation was a primary culture of
newborn rabbit muscle myocytes cultured under 95% O2 and 5% CO2

with 100- to 300-�m cross-linked gelatin beads at 37°C in DMEM
(GIBCO 11885) containing 10% newborn calf serum and 1% peni-
cillin/streptomycin. The myocytes attach themselves to the beads,
fuse, and in �3 wk form myotubes that contain the myosin of mature
striated muscle cells, predominantly fast-type glycolytic (Fig. 1A), and
can be seen to contract rhythmically. The second preparation was a
myoblast cell line (Fig. 1B) prepared from H-2K mouse soleus
muscle, provided to us by T. A. Partridge (32), and cultured in the
same medium as the rabbit myocytes plus 2% chicken embryo extract
and 10,000 units of interferon. From 0.25 to 1.25 ml of the packed
cells (200–500 � 106 cells) were separated from the culture flasks
with 0.25% trypsin and embedded in agarose beads (agarose type
VII-low gelling temperature, Sigma A-4018) (Fig. 1C) in each exper-
iment (5, 8). The perfusion system (Fig. 2) consisted of a 10-mm
precision diameter glass NMR sample tube to hold the cells in the
spectrometer, to which were attached an inflow line and two outflow
lines, consisting of 4 m of 0.88-mm inner diameter polyvinyl chloride
tubing to deliver and remove perfusate. A shorter line was available to
withdraw outflowing samples of perfusate by hand. A porous (35-�m
pores) 3-mm-thick polyethylene filter disk held the cells in place. A
capillary tube containing a water solution of methylene diphosphonic
acid (MDP) provided a phosphate standard. The perfusate was im-
pelled by a four-headed peristaltic pump outside the magnetic field.

The perfusate consisted of DMEM (GIBCO 11971), which origi-
nally contained, in addition to other lesser components, 110 mM
NaCl, 44 mM NaHCO3, 25 mM D-glucose, no phosphate, and no
pyruvate, to which was added 10% newborn calf serum and 1%
penicillin/streptomycin. It was sparged at 40°C with filtered 95%
O2–5% CO2 gas. However, the perfusate unavoidably lost more O2

than CO2 in passing through the pump and 4 m of plastic tubing so
that it had a PCO2 of 45 Torr, a PO2 of �485 Torr, a pH of 7.5, and a
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HCO3
� of 36 mM when it reached the cells. The volume of the tubing

from roller pump to sample was 2.48 ml, and that of the sample of
beads plus entrapped fluid was �2.5 ml. With a perfusion flow rate of
2 ml/min, the perfusion fluid in the system should have been replaced
four times within a spectrum accumulation time of 10 min. We
verified this experimentally by washout of a phosphate solution from
the sample tube.

The NMR spectra were obtained on a Bruker AMX-500 spectrom-
eter at the phosphorus resonance frequency, 202.5 MHz, using a
Bruker selective 31P/1H 10-mm probe. The temperature of the sample
tube was stabilized at 311K (38°C), which was checked with a
nonmagnetic temperature probe. To avoid radio-frequency heating
and the Nuclear Overhauser Effect, which would affect signal inten-
sities, the spectra were obtained without proton decoupling. Spectra
were usually obtained with a 10-min acquisition time (400 spectra), a
45° pulse, and a relaxation delay of 1.5 s and were processed using
standard Bruker software. The T1 values of the phosphate compounds
were �1 s (37), and the peak areas were corrected by the equation of
Hsieh and Balaban (16). A line broadening of 20 Hz and Lorentzian
curve fitting were applied to obtain NMR signal areas. The signal

from the MDP standard, which was totally visible to the radio-
frequency coil, was used to calculate the absolute amount of phos-
phate represented by each peak. To calculate the concentration of a
phosphate compound in the cells, we assumed a standard ATP
concentration in the stabilization period of 4.3 �mol/ml and divided
this into the micromoles of ATP in the cells during the stabilization
period determined by NMR to obtain the volume of cells in the NMR
tube. The concentration of any molecular species was its amount
divided by the cell volume. We obtained the average value of 4.3 mM
ATP in the cells by measuring the amount of Pi in four samples of
superfused H-2K cells in the NMR tube when 1) the perfusate
contained no phosphate, 2) when it contained 0.9 mM Pi, and 3) when
the cells and polyethylene disk were removed from the tube, and it
was filled with the perfusate containing 0.9 mM phosphate. From
these data, one can also calculate the volume of cells in each
experiment, which was between 0.1 and 0.6 ml (average 0.3 ml).

The amount of PCr in the cells was too small to measure accurately,
so 24 mM creatine was added to the culture medium at least 2 days
before an experiment and to the perfusate. When creatine was omitted
from the culture medium, the concentration of PCr was less than that
of ATP. Daly and Seifter (7) showed that muscle cells take up creatine
slowly by one or more saturable transporters sensitive to external Na�

concentration, which can raise cellular creatine by an order of mag-
nitude. The creatine forms phosphocreatine (PCr) by the action of
creatine kinase, consuming ATP in the process (43). pH was calcu-
lated from the chemical shift of Pi from the MDP standard using the
equation of Kemp et al. (23), adding the chemical shift between MDP
and PCr determined in phosphate solution. This equation is valid for
calculation of pH values between 5.5 and 8.0. Lactate measurements
were done on a Bruker AMX-300 spectrometer at the proton reso-
nance frequency, 300 MHz, using a 10 mM broadband probe with a
proton decoupling coil. The double quantum sequence described by
Jouvensal et al. (19) was used to eliminate a contribution from lipid to
the lactate signal, which signal was confirmed with lactate solution.

CA activity was determined by the changing pH method of Henry
(15) at 4°C. Bovine CA (95% protein, Sigma) was used as a standard.

Fig. 2. Diagram of the glass tube with its plastic tubing connections that fit
inside the magnet and contain the cell carriers. Perfusate flows in through the
“inflow” line, passes upward through the cell, through the plastic disk, until it
is drawn out in the “outflow” line, set to maintain 6 ml of perfusate above the
plastic filter disk. The sampling line is placed just above the plastic disk to
collect perfusate just as it leaves the disk. The emergency line is placed above
the fluid level to prevent the fluid level from rising higher if the outflow line
becomes overloaded. This means that air is continuously flowing into the gas
phase above the fluid.

Fig. 1. Photographs of myotubes grown on flat surfaces (A and B) and
embedded within beads (C). A: neonatal rabbit skeletal muscle myotubes. B:
myotube formed from the fusion of H-2Kb-ts a58 (H-2K) myoblasts. Both
preparations were stained with sarcomeric �-actinin antibodies. Bars 	 10 �m.
C: agarose beads with embedded H-2K cells. The diameter of the right lower
bead was 500 �m.
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We analyzed both cell types for CA activity and found 0.030 �M CA
in a preparation of myotubes and 0.068 �M in H-2K cells. By
comparison with the human red blood cell, in which the reversible
CO2 reactions are accelerated �17,000 times at body temperature
(17), the concentrations of enzymes in the cells studied would be
expected to accelerate the reactions �40–60 times.

We were unable to calculate O2 and CO2 exchanges of the perfused
cells by the Fick principle because of the small differences in con-
centration of O2 and CO2 and of pH between the inflowing and
outflowing samples of perfusate. As an alternative, we measured O2

consumption in two aliquots of H-2K cells at 35°C in a oxygen
electrode chamber. Their total volume was calculated from a micro-
scopic count in a hemocytometer and a measured cell diameter (10.7
�m). The included fluid volume in lightly packed cells was 0.31 of the
total. The average consumption rate was 0.006 ml O2 �ml
cells�1 �min�1, the same in the presence or absence of 0.1 mM AZ.
This is a very low value but comparable to the published value of
0.0026 ml O2 �ml�1 �min�1 for resting human skeletal muscle (3).

AZ, a CA inhibitor (31), 5-N,N-dimethylamiloride-hydrochloride
(DMA), a specific inhibitor of NHE1 type Na�/H� antiporters (48),
and 4,4
-diisothiocyanostilbene-2,2
-disulphonate (DIDS), an inhibi-
tor of anion channels, were obtained from Sigma.

Experimental procedure. Approximately 2.0 ml of myotubes in
gelatin carriers or H-2K cells in agarose microcarriers suspended in
perfusate solution were introduced into the NMR tube (see Fig. 2).
This was done as rapidly as possible in order that the cells, which are
grown under an oxygenated atmosphere, do not become anoxic during
preparation of the experiment. The cells were perfused for 1.5–4 h to
allow pH and PCr to stabilize (stabilization or control period), then the
peristaltic pump was turned off for 2–3.5 h to expose them to anoxia,
at the end of which time perfusion was restarted and maintained for
1–4 h to observe the chemical changes during recovery. In the
experiments with AZ and DMA, the drug was added to the perfusion
medium at the start of the experiment or at least 30 min before
perfusion was halted. In the experiments with DIDS, because of its
damaging effect on the cells, it was not added until after 1 h of
stabilization.

The requirements of cells for oxygen are critical. Although the
perfusate contains a PO2 of �350 Torr, diffusion to the center of a
volume that is consuming O2 can require large oxygen gradients, as
was pointed out by Krogh (25). The magnitude of this change in (�)
PO2 to the center of the sphere can be computed from Eq. 1.

�PO2 � aR2/6D (1)

where a is the average O2 consumption in the sphere (in ml O2 �ml
volume�1 �min�1), R is the radius of the sphere (in cm), and D is
the diffusion coefficient of O2 in saline, 1.2 � 10�8 ml �
min�1 �Torr�1 �cm�1 �area (in cm2)�1 (10). �PO2 for an H-2K cell
with an O2 consumption of 0.006 ml �ml�1 �min�1 and a radius of 5.4
�m is only 0.024 Torr, a negligible fraction of 350 Torr. Myotubes on
the surface of the gelatin beads have a thickness of �5 �m, so the
�PO2 in them will also be negligible. There must be an even thinner
stagnant layer of perfusate with no O2 consumption on the surface of
the myotubes, which can be neglected. However, the agarose beads
have a diameter of 0.028 cm (Fig. 1) and are 35% H-2K cells, so the
average O2 consumption in the bead volume is 0.0022 ml �
ml�1 �min�1. The calculated �PO2 into their center is 23 Torr, which
leaves a more than adequate PO2 in the center of the beads. The need
of the perfused cells for substrate is more than satisfied by the 25 mM
of glucose in the perfusate. Allowing for the dilution of cells by
perfusate in the NMR tube, all of the dissolved O2 would have been
consumed in �1 min after perfusion stopped, and anaerobic metab-
olism would have begun.

To test the health of the cells experimentally, pH and the phosphate
metabolites of the myotubes and the H-2K cells were monitored by
NMR with and without 0.1 or 10 mM AZ for up to 7.5 h in the
perfusion setup, a total of four experiments. The cells remained

metabolically healthy, as judged by pH and PCr, which were steady
after an initial period of stabilization. In three experiments on H-2K
cells, they actually underwent two cycles of perfusion, no perfusion,
and reperfusion for a total of �15 h, at the end of which pH and PCr
were at the control levels. We, therefore, conclude that our preparation
maintains the cells viable and healthy for the duration of our exper-
iments.

To increase the signal-to-noise ratio, 400–800 spectra were col-
lected over 10–20 min and summed for each data point, which
multiplied the size of the peaks proportionally while the noise largely
canceled because it was random. The collection intervals used were
the shortest that gave a satisfactory ratio of signal to noise. In
interpreting the data, it should be noted that complete recovery of pH
within 20 min, for instance, implies recovery within a shorter interval.
If recovery were �90%, for instance, then there could have been a
delay of no more than 2 min.

Statistical analysis. To estimate the probability that a difference
between a control and an experimental outcome was due to chance,
Fisher’s exact probability test for a 2 � 2 table was used (9). For data
consisting of small samples, this test is more precise than is a test
designed for large samples. For a full description of the test, see
http://faculty.vassar.edu/lowry/fisher.html. The significance of a dif-
ference between values in the tables was determined by t-test, assum-
ing the data varied as a normal distribution.

RESULTS

We carried out 26 successful cell experiments, 9 on rabbit
neonatal myotubes on gelatin beads and 17 on the H-2K cells
in agarose beads, and were able to obtain well-defined NMR
peaks of PCr, Pi, and �-ATP with a collection time of 10 min,
although, in some experiments, it was necessary to collect for
20 min. An example of neonatal rabbit myotube spectra during
2.5–3 h of stabilization, 1.5 h with no perfusion (“anoxia”),
followed by reperfusion, is given in Fig. 3.

Representative graphs of the time course of pH during an
experimental cycle in neonatal rabbit myotubes are presented
in Fig. 4 and in H-2K cells in Fig. 5. Cell pH fell within the first
10 min after perfusion stopped. The abrupt fall of �0.5 unit in
the first time period appeared in 4 of 7 experiments on both
types of cells without AZ and in none of 10 experiments with
AZ (P 	 0.015), suggesting an immediate inhibitory action of
AZ. The pH continued to fall in a concave upward fashion
during the rest of the anoxic period and in the absence of AZ
began to rise immediately, that is, within 10 min, after the start
of reperfusion (Figs. 4A and 5A). pH recovery began within the
first measurement period after the start of reperfusion and was
complete within a collection period. Average values for pH in
the control, anoxic, and reperfusion periods and the average
rate of fall of pH are given in Table 1. The pH values during
the control and recovery periods were 0.1–0.2 pH units higher
than reported in the literature (2), presumably because the
extracellular pH was 7.5, compared with the value of 7.4 in
normal animals, and the HCO3

� was 35.5 mM, 40% higher than
the normal value of 25 mM. The pH values for H-2K cells were
more variable than those of the neonatal rabbit myotubes.

Effect of AZ on pH. Representative time courses of rabbit
and H-2K myotube pH during a cycle in the presence of AZ are
presented in Figs. 4B and 5B. In the presence of AZ, cell pH
fell during the anoxic period similarly to the experiments in the
absence of AZ. pH during the three experimental periods and
the average rates of pH fall during anoxia were not different
from those in the control experiments (Table 1). However, pH
recovery was inhibited, and its onset was delayed 20 min in
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rabbit myotubes (Fig. 4B) and 40 min in H-2K cells (Fig. 5B).
Once pH recovery started, the rate of rise was as rapid as it was
in the absence of AZ; it returned to control levels within the
next collection period and remained there for the duration of
reperfusion. In 4 out of 10 experiments, pH overshot the
control values in the presence of AZ, including both neonatal
myotubes and H-2K cells. No useful estimate of the rate of pH
recovery can be calculated, only a lower limit, which was
essentially the same for all experiments and therefore is not

included in Table 1. The time course of recovery did not
correlate consistently with different durations of anoxia.

By treating the delay in onset of pH recovery as an event that
occurred or did not occur, the probability that the delay in pH
recovery in the presence of AZ was random was 0.029 for
neonatal rabbit myotubes and 0.008 for H-2K cells. It is
important to note that perfusion was always turned off or on
within �1 min after a spectrum had been collected, as indi-
cated by a data point, and the extracellular fluid was entirely

Fig. 3. 31P-NMR spectra of neonatal myo-
tubes growing on cross-linked gelatin beads
during the control period (A), at the end of
anoxia (B), and during recovery (C), plotted
against the magnetic field strength in parts per
million (ppm). MDP, methylene diphos-
phonic acid (standard); PME, phosphomono-
ester; PDE, phosphodiester; PCr, phosphocre-
atine. , �, and � are phosphate groups of
ATP.
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replaced by fresh perfusate in 4 min. Thus a delay of one time
point (�10 min) on the graph is significant.

The intracellular pH fell from 7.4–7.5 to a nadir, at the end
of a period of ischemia, of 6.24–6.44 in neonatal rabbit
myotubes and 6.25–6.69 in H-2K cells. Nielsen (34) reported
that arm venous blood pH in Olympic oarsmen can drop to
6.74 with a high lactate concentration, and the pH in the
working muscles must have been much lower. The pH in the
electrically stimulated leg muscles of a rabbit can decrease to
6.2 (47). Thus the pH in these cell preparations at the end of a
period with no superfusion was similar to that in skeletal
muscle in vivo at the end of heavy exercise.

Effect of AZ on phosphorus metabolites. Representative time
courses of PCr during an experimental cycle in neonatal rabbit
myotubes without and with AZ are presented in Fig. 6, and for
H-2K cells, in Fig. 7. PCr concentrations during control,
anoxia, and reperfusion periods are given in Table 2. Its values
varied widely because of differences in the amount of creatine
uptake by the cells. A similar wide variation in initial Pi also
occurred (Table 3). PCr fell during the anoxic period in a more
linear curve than pH in all experiments, reaching zero in two
out of three experiments on myotubes without AZ and in two
out of four experiments with AZ, but in no experiments with
H-2K cells. The initial, control PCr in the rabbit myotubes was
approximately three times greater than the similar values in
H-2K cells, and the rate of fall was also greater (significant of
both at P � 0.01), but the fractional decrease in PCr at the

nadir was not significantly different in the two types of cells.
PCr did not recover to the control level during reperfusion. A
delay in the onset of PCr recovery occurred in every experi-
ment in the presence of AZ but in none in its absence, an effect
significant at the P 	 0.03 level.

Representative graphs for the time courses of Pi without and
with AZ in experiments on rabbit myotubes and H-2K cells are
presented in Figs. 8 and 9, respectively; the data are given in
Table 3. Pi rose during anoxia and, in the absence of AZ, fell
to control levels within one observation period after the start of
reperfusion in all seven experiments. In the presence of AZ, the
initiation of the fall in Pi was delayed in four out of four
experiments on myotubes and in five out of five experiments on
H-2K cells. The probability that the delay in recovery was
random was 0.028 and 0.008, respectively.

Total cell phosphate (TP) includes PCr, Pi, ATP, sugar
phosphates, and other compounds and provides an index of the
number of living cells at any time during the experiment. The
organic phosphates, which make up the majority of TP, do not
permeate intact cell membranes but can leak out when the cells
die. During the period without superfusion, any phosphate that
leaks out of the cells would still remain in the magnetic field,
would be included in the measured TP, and, therefore, would
not correctly indicate surviving cell mass. However, as soon as
the phosphate-free superfusate flow resumes, any extracellular
phosphate would be washed away, and TP would represent
living cells. Generally, TP drifted downward slightly over the
total experimental duration, but in experiments with DIDS it

Fig. 5. Intracellular pH obtained by 31P-NMR in H-2K cells vs. time in hours
as in Fig. 4. A: no AZ; B: with 0.1 mM AZ throughout.

Fig. 4. Intracellular pH obtained by 31P-NMR in neonatal rabbit myotubes vs.
time in hours, through a stabilization (control) period, an anoxic period, and a
final period of reperfusion. Time zero indicates the start of reperfusion: A: no
acetazolamide (AZ) in perfusate; B: 0.1 mM AZ in perfusate throughout.
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decreased a large amount on reperfusion, suggesting reperfu-
sion injury. Experiments in which the total phosphate fell
immediately on reperfusion to less than one-fourth of its value
at the end of anoxia were eliminated because most of the cells
were considered to have died.

The ATP concentration, which was assumed to be 4.3 mM
in the stabilized control period, did not demonstrate any con-
sistent decrease in anoxia or delay in recovery related to the
presence of AZ for either cell type. While in some experiments
it declined with anoxia, in approximately an equal number of
experiments it did not change. In those experiments in which

total phosphate fell sharply on reperfusion, indicating death of
cells, ATP fell markedly.

Effect of DMA on pH and metabolic recovery. DMA, which
specifically inhibits the Na�/H� antiporter or NHE1 (at a
concentration for half-maximal inhibition, Ki, of 0.3 �M) (48),
was added in a concentration of 10 �M to the perfusate in three
experiments on H-2K cells. Representative time courses for
pH, PCr, and Pi in one experiment are graphed in Fig. 10, and
the average data are given in Tables 1, 2, and 3, respectively.

Table 1. Effect of AZ and DMA on cell pH during anoxia and recovery

n

pH

Average Rate of
Fall in pH, pH/min

Average Delay in
Start of pH Rise, min

No. of Experiments
with Delay Over

Total No. of
ExperimentsStart Anoxia Nadir Recovery

Myotubes
Control 3 7.56�0.05 6.24�0.35 7.50�0 0.0078�0.0020 0 0/3
AZ 4 7.50�0.05 6.44�0.03 7.63�0.12 0.0069�0.0011 22.5�2.3 4/4

P	0.029
H-2K cells

Control 4 7.39�0.17 6.52�0.26 7.64�0.05 0.0078�0.0014 0 0/4
AZ 5 7.44�0.11 6.69�0.15 7.46�0.05 0.0048�0.0012 23.3�8.6 5/5

P	0.008
DMA 3 7.26�0.04 6.08�0.01 6.83�0.185 0.020�0.002 16.7�3.3 3/3

P	0.029

Values are averages � SE; n, no. of experiments. H-2K, H-2Kb-ts a58. Start anoxia, or end of stabilization, indicates the average value in the last 40 min of
the control period, just before anoxia started. Nadir is the lowest value at the end of anoxia. Recovery indicates the plateau value after reperfusion started. There
were no significant differences between the results, except for the last column, the occurrence or nonoccurrence of a delay in onset of the recovery of pH. The
probability that the delay in recovery of pH with acetazolamide (AZ) and dimethylamiloride (DMA) was random is given in the last column.

Fig. 6. Intracellular PCr obtained by 31P-NMR in myotubes vs. time in hours
as in Fig. 4. A: no AZ; B: with 0.1 mM AZ throughout.

Fig. 7. PCr obtained by 31P-NMR in H-2K cells vs. time in hours as in Fig. 4.
A: no AZ; B: with 0.1 mM AZ throughout.
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The average pH values were the same as in other experiments,
except that the nadir in H-2K cells with DMA was significantly
lower than that in neonatal myotubes. The pH did not recover
to the control level, and its rise after reperfusion was delayed
in all three experiments (Table 1). The average rate constant
for the fall in pH during anoxia was greater than for the control
experiment, but this difference was only significant at the 0.05
level. PCr concentration was similar to control values through-
out the cycle, as was the average rate constant for the decrease
in PCr. The initial Pi was not different from that of the H-2K
control data and fell to a similar minimal value during anoxia,
and the start of its recovery after reperfusion was delayed in all
three experiments, a significant difference at the P 	 0.03
level. Thus DMA retarded the recovery of pH, PCr, and Pi after
a period of anoxia.

Effect of DIDS on pH and metabolic recovery. In three
experiments on H-2K cells, 0.200 mM DIDS was added to the
perfusate, and the results of a representative experiment are
graphed in Fig. 11. During the control period in all experi-
ments, PCr, ATP, Pi, and pH were stable until perfusion
stopped, at which time pH, PCr, and ATP began to fall and Pi

to rise as in the other experiments, but PCr and ATP continued
to fall, both through reperfusion and never recovering. In all

three experiments, Pi recovered, that is it fell, in two after and
in one before reperfusion, but total phosphorus also fell,
indicating cell death and washout of extracellular Pi. We
concluded that DIDS damages the cells, which, combined with
anoxia, causes their death, so their data are not included in the
Tables 1–3.

Effect of AZ on cell lactate. We measured the relative cell
lactate level during cycles of stabilization, anoxia, and reper-
fusion in two experiments on neonatal rabbit myotubes and two
on H-2K cells, both with and without 0.1 mM AZ. (Fig. 12).
There was no absolute standard, so the data are all normalized
to 10 at zero time, i.e., when reperfusion began. Lactate began
to rise immediately when anoxia started and increased 1.4- to
2.6-fold within 1 h. In none of the experiments had any value
returned to overlap with its preanoxia range as long as obser-
vations continued, namely 1–3 h.

DISCUSSION

Cell pH. Aickin and Thomas (2) postulated two mechanisms
for the removal of H� produced by the efflux of NH3 from
surface fibers of mouse soleus, the major one a Na�/H�

antiporter and a minor one involving HCO3
� and CO2. A

Table 2. Effect of AZ and DMA on cell PCr during anoxia and recovery

n

PCr
Average Rate of

Fall in PCr,
mM/min

Average Delay in
Start of PCr Rise, min

No. of Experiments with
Delay over Total No. of

Experiments
Start of

Anoxia, mM Nadir, % Recovery, %

Myotubes
Control 3 27.4�1.8 9.3�9.3 59�13 0.147�0.022 0 0/3
AZ 4 25.0�4.3 8.0�5.1 64�2.2 0.14�0.0022 40�12 4/4

P	0.029
H-2K cells

Control 4 7.1�1.8 44�4.3 76�7.6 0.036�0.011 0 0/4
AZ 3 8.3�1.6 32�14 27�12 0.030�0.010 13�6.7 3/3

P	0.029
DMA 3 9.0�2.2 33�15 68�16 0.107�0.050 �80 3/3

P	0.029

Values are averages � SE; n, no. of experiments. The column headings and numbers are explained in Table 1. Values at nadir and recovery are given in %
of value at start of anoxia. Myotube phosphocreatine (PCr) is significantly greater than H-2K PCr; at the start of anoxia in the absence of AZ by P	0.01 and
in the presence of AZ by P	0.05; in the recovery period in the absence of AZ by P	0.05 and in the presence of AZ by P	0.01. The probability that the delay
in recovery of PCr in the presence of AZ was random is given in the last column.

Table 3. Effect of AZ and DMA on cell Pi during anoxia and recovery

n

Pi
Average Rate of

Rise of Pi,
mM/min Average Delay, min

No. of Experiments with
Delay Over Total No. of

Experiments
Start

Anoxia, mM
Peak,

%
Recovery,

%

Myotubes
Control 3 6.22�2.49 255�55 111�31 0.049�0.013 0 0/3
AZ 3 6.11�1.34 310�126 246�160 0.045�0.015 17.5�4.9 3/3

P	0.05
H-2K cells

Control 4 3.16�0.59 190�19 65�4 0.023�0.004 0 0/4
AZ 5 2.92�0.75 333�114 96�24 0.036�0.008 36�11.2 5/5

P	0.008
DMA 3 2.63�0.45 343�72 275�107 0.096�0.0084 �80 3/3

P	0.029

Values are averages � SE; n, no. of experiments. The column headings and numbers are explained in Table 1. Values at peak and recovery are given in %
of value at start of anoxia. The probability that the delay in recovery of Pi in the presence of AZ or DMA was random is given in the last column. The rate of
rise of Pi was significantly greater for myotubes than for H-2K cells at a probability level of 0.05. It was twice as large because the amount of PCr was twice
as large in myotubes as in H-2K cells.
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lactate-proton cotransporter has been proposed as a third mech-
anism to eliminate protons from skeletal muscle (22, 49, 50).

The Na�/H� antiporter (39) is a family of ubiquitous stoi-
chiometric transporters, present in skeletal muscle (20), elec-
trically neutral, requiring no ATP, but driven by the net force
of the gradients of Na� and H� and inhibited by amiloride
compounds. In the presence of DMA, a specific inhibitor (6) of
the ubiquitous neutral Na�/H� exchanger (NHE1), the initial

Fig. 8. Pi in myotubes vs. time in hours as in Fig. 4. A: no AZ; B: with 0.1 mM
AZ throughout.

Fig. 9. Pi in H-2K cells vs. time in hours as in Fig. 4. A: no AZ; B: with 0.1
mM AZ throughout.

Fig. 10. pH (A), PCr (B), and Pi (C) in H-2K cells in the presence of 10 �M
dimethylamiloride (DMA) against time in hours, including the stabilization
period. Results in the absence of DMA for pH, PCr, and Pi are shown in Figs.
4A, 6A, and 8A, respectively.

Fig. 11. pH and PCr, and ATP and Pi in mM against time in hours for H-2K
cells during stabilization, anoxia, and reperfusion with the standard perfusate,
to which was added 0.2 mM DIDS. The results are typical of 3 experiments.
The dashed line shows the time of addition of DIDS.
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recovery of pH after anoxia was completely inhibited (Fig. 10).
Amiloride also delays the recovery of pH from exercise in rat
calf muscle (6). The activity of this antiporter has been re-
ported to decrease when ATP is depleted, but further investi-
gation showed that this is not caused by the reduction in ATP
per se, but possibly by phosphorylation of other molecules (1).
In our experiments, ATP levels varied �30% from point to
point, but the average remained constant through anoxia in
one-half of the experiments, and fell in one-half, in several to
zero. However, there was no correlation with pH or metabolic
recovery. We conclude that the Na�/H� antiporter participates
in the recovery of pH in our experiments.

In the second mechanism of acid export, the CO2 mecha-
nism, studied in erythrocytes, HCO3

�, enters the muscle cell in
exchange for another anion (41), probably chloride, and reacts
to form CO2, which diffuses out of the cell, completing a
proton transfer across the impermeable membrane of the eryth-
rocyte. This was first described by Jacobs and Stewart (18).
Aickin and Thomas (2) found that DIDS, which blocks the rate
of HCO3

� entrance into the cells, reduced the rate of proton
removal from mouse soleus cells rendered acid by NH3 re-
moval. They did not inhibit CA or subject the cells to anoxia.
CA II in the cytoplasm would accelerate the formation of CO2,
although the half time of the uncatalyzed reaction is �5 s (17),
rapid enough to complete the release of the gas in 10 min, the
spectra collection period for the present experiments.

It is most probable that the main action of AZ is to block the
NHE1 antiporter for the following reasons. 1) The export of
protons by the CO2 mechanism is small compared with that of
the antiporter, as noted by Aickin and Thomas (2). 2) AZ

blocked the recovery of pH to the same extent as DMA, which
is presumably inhibiting only the Na�/H� antiporter. 3) During
the lag period after reperfusion produced by both DMA and
AZ, there is a large inward gradient of HCO3

�, which might be
expected to move the anion into the cell, where it would form
CO2 and raise pH, which did not occur. We interpret this as
presumptive evidence that the skeletal muscle cells are imper-
meable to HCO3

� at this point. There may also be inhibition of
the CO2 transporter (11, 44), so the gas does not leave the cells
easily.

It has been recognized for over 40 yr that the concentration
of CA in mammalian red blood cells was several orders of
magnitude greater than necessary to catalyze the exchange of
CO2 in the pulmonary capillaries (30, 31). The concentration of
AE1 transporters approximates this excess concentration of
enzyme (45). Thus it has become apparent that most of the CA
II in the red blood cell is bound to the HCO3

�/Cl� exchangers
to enhance their activity, but not to accelerate the exchange of
CO2 per se between erythrocyte cytoplasm and plasma (40).

A lactate-proton cotransporter has been demonstrated in
skeletal muscle (22, 49, 50) and proposed as a third mechanism
for the removal of H� from muscle (21). However, although
cell lactate concentration rose during anoxia, it did not fall
during several hours of reperfusion (Fig. 11). Therefore, it
could not have contributed significantly to the recovery of pH
by any pathway. Biopsies of human skeletal muscle, after
repeated 0.5-min bursts of exercise followed by 4-min rest
periods, demonstrated similar increases in lactate concentra-
tions, which fell during the first two rest periods but actually
rose during the third (29). Our cells were stressed for a much
longer period but did no work and, therefore, would be ex-
pected to metabolize less lactate. Garcia et al. (12) cloned a
monocarboxylate transporter resembling the erythrocyte lac-
tate transporter but found it restricted to mitochondria-rich
skeletal muscle. The neonatal rabbit myotubes without calcium
are reported to be mainly glycolytic (26), unless calcium is
added to the growth medium, which suggests that a lactate
transporter may not be present in our cells. Whole blood
outside the cells, which may facilitate lactate export from
skeletal muscle in vivo, is lacking in our preparation.

Function of CA in muscle. The only reported reaction of AZ
is to inhibit CA, with the exception of competing with parami-
nobutyric acid in bacterial metabolism (14). Therefore, the
effect of AZ in retarding pH recovery is expected to depend
ultimately on its reaction with CA, or on some as yet uniden-
tified reaction. The Ki values of the high-activity isozymes, CA
II, CA IV, and CA V, for AZ are �0.02 �M (42). The drug in
the perfusate would have entered the cells within several
minutes (17) and, at the concentrations used, 0.1 or 10 mM,
would have inhibited all of the isozymes of CA within the
cytoplasm and on the outer surface of the sarcoplasm, except
CA III. This last isozyme has a low activity, a Ki for AZ of
0.306 mM, but is present only in slow-oxidative skeletal
muscle, and the neonatal rabbit myotubes and H-2K cells are
predominantly glycolytic. CA III has recently been shown to
act as an antioxidant in skeletal muscle (51). Maren (30) found
that increasing levels of AZ had no additional effect in animals,
once CA was completely inhibited. A concentration of 0.1 mM
is 5,000 times Ki, so 10 mM would not be expected to have any
additional actions. Six pH experiments were carried out in 10
mM AZ and four in 0.1 mM AZ, but no significant differences

Fig. 12. Relative amount of lactate against time in hours for H-2K cells
without AZ (dashed lines and open circles) and with 0.1 mM AZ (solid lines
and solid circles). The vertical line at zero is the start of reperfusion, and lactate
points are normalized to this value. Graphs of myocytes with and without AZ
were similar.
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were observed in any of the data in the Tables 1–3. Inhibition
of CA in the cell by AZ would slow the rate of CO2 formation,
which might then retard the rise in cell pH, but the uncatalyzed
rate could complete the process by the next spectrum. It is not
clear how a reduction of the rate of formation of CO2 in the
cytoplasm would cause a delay or lag in pH recovery. We did
not use a membrane-impermeable CA inhibitor to separate the
function of CA IV on the cell surface from that of isozymes
inside the cell.

Because AZ is a specific inhibitor of CA and its acceleration
of the reversible reactions of CO2 appears of minimal impor-
tance in eliminating acid from the cells, AZ must be acting
with CA in some other way. Li et al. (28) have shown that CA
II binds to the intracellular COOH terminal of the Na�/H�

exchanger (NHE1) in vitro and increases the transport of H� in
a transfected Chinese hamster ovary cell line (AP1) containing
human CA II and NHE1. AZ reduces the rate of this proton
transport, presumably by binding to the CA attached to the
NHE1 (a metabolon). CA binds to the cytoplasmic chain of the
band III protein (AE1) in red blood cells, and its inhibition
interferes with anion movement (40, 45, 46), analogous to its
effect on the Na�/H� antiporter. This raises the possibility
that, by an analogous mechanism, AZ reduces HCO3

� entrance
into skeletal muscle cells by anion exchange and thus lowers
the export of protons by the CO2 mechanism. The Ki for the
inhibition of the AZ-sensitive fraction of anion transport is
reported as 54 �M (45), some 2,700 times the Ki for the
catalytic action of CA II (4, 17, 17). Thus 0.1 mM AZ would
still inhibit �67% of the sulfonamide-sensitive AE1 anion
transport. The CA activity and the enzyme inhibition constant
for ethoxolamide, a lipid-soluble high-affinity CA inhibitor, are
the same in human red blood cells as in the lysate (4, 17).
Therefore, the binding of CA II to AE1 and NHE1 does not
affect the active site of the CA.

Our experiments showed that AZ delayed recovery of pH for
10–30 min, during which period neither NHE1 nor AE1 was
working effectively, temporarily inhibited by the sulfonamide.
Investigation of the mechanism of disinhibition after the delay
requires further work. Kowalchuk et al. (24) found a 6-min
delay in the recovery of pH after exercise in the human forearm
in the presence of AZ, but the rate of rise in pH was the same
as in the absence of the drug, analogous to Figs. 4B and 5B.

PCr and Pi recovery. Kowalchuk et al. (24) did not report
absolute concentrations of PCr and Pi, only Pi/PCr, but this
ratio should have shown a delay in recovery if PCr and/or Pi

were delayed, but it did not. PCr fell to zero during anoxia in
four experiments with our neonatal rabbit myotubes, while
Kowalchuk et al. did not report large values of Pi/PCr, sug-
gesting that the anoxic stress on our muscle cells was more
severe.

There is no reported reaction by which AZ or DMA can
inhibit directly the recovery of PCr from anoxia. PCr is
replenished from ATP and creatine by the creatine kinase
reaction, which is continuously in equilibrium on a physiolog-
ical time scale as measured by 31P-NMR (35). Ponticos et al.
(38) have shown that increased levels of AMP activate a kinase
that phosphorylates creatine kinase and inhibits it. However, it
presumably does not slow the enzyme enough to rate limit its
function as an ATP buffer. We propose that the increased H�

in anoxia acts through the creatine kinase equilibrium to
depress regeneration of PCr.

166 � 107 � �ATP��Creatine�/��ADP��PCr��H��� (2)

where brackets denote concentration. This argument implies
that pH recovery has to take place before the recovery of PCr.
In support of this, in no experiment was PCr or Pi recovery
delayed, unless pH recovery was also delayed. We expect that
pH increases before PCr, but, with the time resolution of our
method, it is only possible to conclude that they have both
recovered in 10 min.

Pi increases during anoxia because the ATP is dephos-
phorylated for metabolic needs, and the resulting ADP is
phosphorylated by PCr with a net release of Pi. Sugar phos-
phates also break down, but we did not routinely measure
them. With reperfusion and the end of anoxia, oxidative me-
tabolism restarts and a steady-state value of ATP/ADP should
be rapidly established. The ATP supplies metabolic needs and
phosphorylates creatine. In the control experiments, this pro-
cess was complete within 10 min, but, in the presence of DMA
and AZ, no PCr was formed for 10 min or more. It is possible
that the drugs prevent the initiation of oxidative metabolism,
despite the high PO2. For example, AZ might inhibit mitochon-
drial CA (CA V) and reduce metabolism of pyruvate (36), the
major substrate. If this were the case, glycolysis would be
needed to provide metabolic energy, and the pH would drop
farther. However, it remained constant for the duration of the
lag (Figs. 4 and 5).

In conclusion, protons are removed from skeletal muscle
cells after acidosis produced by a period of anoxia almost
entirely by a Na�/H� antiporter. HCO3

�/anion exchange into
the cells with formation of CO2 and lactate-H� cotransport
contribute minimally. CA plays a significant role in regulation
of cytoplasmic pH in skeletal muscle cells because AZ, a
specific inhibitor of it, delayed recovery to normal pH from
acidosis induced by anoxia, cessation of perfusion. This delay
may not be due to inhibition of the CA activity itself but to a
regulatory action of the enzyme on ion transport systems, the
proton-sodium transporter and/or the HCO3

�/Cl� exchanger.
The delay in recovery of pH also delayed recovery of PCr and
Pi to control levels. In vivo, AZ retards removal of acid from
exercised skeletal muscle. We conclude that a major cause of
this effect is inhibition of skeletal muscle CA itself rather than
inhibition of erythrocyte CA.
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