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Changes in intracellular pH and inorganic phosphate
concentration during and after muscle contraction as studied by
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The changes in intracellular pH and concentration of inorganic phosphate (P;) were studied during and

after contraction of bullfrog sartorius muscles by using 3'P-NMR. The intracellular pH was 7.04 in resting

muscles at 4°C and an alkalinization by as much as 0.08 pH unit occurred following 5 s tetanic

contraction. During the recovery period after contraction the increased level of intracellular pH returned

to the resting level, the time course of which coincided with that of the recovery of the P; concentration.

Based on the changes in the intracellular pH and P; concentration, the buffering power was estimated to
be 18 mM/pH unit.
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1. INTRODUCTION

31p_NMR is a powerful tool for studying the in-
tracellular pH of muscles because the chemical
shift of inorganic phosphate (P;) relative to that of
creatine phosphate (PCr) is a function of pH
[1—4]. Since NMR spectroscopy is inherently non-
. destructive, both the time course of a changing in-
tracellular pH and that of intracellular concentra-
tions of phosphate-containing metabolites can be
followed in the same muscles. Authors in [5]
developed the physiological techniques of main-
taining frog skeletal muscles alive for a long period
and observed the changes of intracellular concen-
trations of metabolites following contraction with
a time resolution of 7 min. An improved method
for time resolution has led us to a more detailed
study of time course. In fact, we observed recently
the time course of the levels of P; and PCr with a
resolution of 16 s under well-oxygenated condi-
tions [6].
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Here, by using *'P-NMR we determined the time
course of the changes in intracellular pH in
bulifrog skeietal muscles during and after
isometric tetanic contractions under well ox-
ygenated conditions. The results indicated an
alkalinization of intracellular pH during contrac-
tion. The buffering power of cytoplasm was also
estimated.

2. MATERIALS AND METHODS

Sartorius muscles of bullfrogs, Rana
catesbeiana, were used. Sixteen muscles (wet wt
~5-10 g) were mounted at their lengths in situ on
a muscle holder built in a 25-mm outer diameter
NMR sample tube. Muscles were supplied with ox-
ygen by superfusing at a rate of 17 ml/min at 4°C
with oxygenated Ringer solution [composition in
mM: NaCl, 115; KCl, 2.5; CaCl,, 1.8; piperazine-
N,N’-bis(2-ethanesulfonic acid) adjusted to pH
7.0 with NaOH, 6] bubbled with 95% O,-5%
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CO,. Muscles were stimulated in an NMR spec-
trometer magnet while the tension produced was
monitored.

31p NMR spectra were recorded at 81 MHz on a
Bruker WM200wb widebore spectrometer with
5 kHz spectral width, 60° pulse width and 2 s
recycling time. The probe temperature was kept at
4°C throughout the measurements. Eight tran-
sients were accumulated as a unit of observation
and thus the time resolution of the measurements
was 16 s. Muscles were stimulated 8—16 times at
intervals of 30—60 min and the FIDs during the
same preset time intervals phased with the stimuli
were further averaged. The time courses of in-
tracellular [P;] and pH were fitted with single ex-
ponentials by the least-squares method.

3. RESULTS

Fig.1 shows the *'P-NMR spectrum for bullfrog
sartorius muscles in the resting state at the end of
the recovery period after 5 s isometric tetanic con-
tractions. Small peaks of sugar phosphates were
detected but phosphodiesters were not found with
this signal-to-noise ratio. The concentration of P;
was low as compared with that of PCr [6]. By a 5-s
contraction, the peak of P; was shifted to the lower

PCr
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Fig.1. *'P-NMR spectrum of bullfrog sartorius muscles,
at the end of the recovery period after 5-s isometric
tetanic contractions. SP, sugar phosphates; a, & and 7,
ATP a-, 8- and y-phosphate. The peaks, except for PCr,
are also shown in the scale enlarged 4-times vertically.
Chemical shifts are expressed in ppm downfield from
PCr. The spectrum 1is the result of 352-data
accumulation [32 scans (4 units) times 11 contractions].
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field by about 0.1 ppm and was enlarged in its area
(fig.2). Both the chemical shift and the area of the
P; peak returned to the resting level as recovery
proceeded. The areas of P, corrected for ‘satura-
tion’ caused by the intervals of radiofrequency
pulses [6], were converted to concentrations by
assuming that the resting PCr content was
27 mmol/kg [5]. The intracellular pH values (pH)
were calculated from the chemical shifts of P; (6°®%)
according to the following equation:

pH = pK, + log (6°* — 84)/ (@B — 6°%)

where d4 and dp are the chemical shifts of H,POgs
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Fig.2. P; region of *'P-NMR spectra of the bullfrog

sartorius muscles at the indicated minutes after 5-s

isometric tetanic contraction. The recording indicated by

‘r’ is at the end of recovery; i.e., just before contraction.
Vertical bars are drawn at 4.68 ppm.
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and HPO3 ", respectively. The values of 6.88 (pKy),
3.55 ppm (6a) and 5.6 ppm (ds) used for the
calculation were the values determined under
physiological conditions [5].

The intracellular pH of the resting muscles was
7.04 and increased by as much as 0.08 by the 5-s
isometric tetanic contraction. Fig.3 shows the time
courses of the intracellular [P;] and pH after
muscles have relaxed mechanically from 5s
isometric tetanic contractions at 4°C. As shown in
fig.3a, the increased [P;] returned to the resting
level exponentially with the time constant of
18.7 min. Assuming that the internal pH recovers
in a single exponential manner after contraction,
the time course of pH recovery was best explained
by a single exponential with the same time constant
(18.7 min) as that for [P;].
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Fig.3. Time course of the changes: (a) in the intracellular
[Pi); (b) in the intracellular pH after 5-s tetanic
contractions. Time zero is the time at which the muscles
have completely relaxed from a contraction. The curves
drawn in solid lines are both exponential with a time
constant (7r) of 18.7 min. The resting levels of the
intracellular [P;] and pH are indicated by the dashed
lines.

FEBS LETTERS

June 1984

4. DISCUSSION,

The intracellular pH of the resting bullfrog sar-
torius muscles was determined as 7.04 from the
chemical shift of P;, which is in good agreement
with results in [2]. The intracellular pH was in-
creased by as much as 0.08 by the S5-s isometric
tetanic contraction. The author in [7] observed a
slight alkalinization following a contraction at the
muscle surface. Authors in [8] showed an increase
in intracellular pH of 0.002-0.004 following the
stimulation of highly stretched muscle fibers.

The alkalinization of muscles by contraction can
be explained as follows. Under a well oxygenated
condition, intermediate metabolites such as lactate
may not be increased during a short tetanic con-
traction. If this is the case only the hydrolysis of
ATP need be considered. The level of ATP is buf-
fered by PCr through Lohmann reaction.
Therefore, the net chemical change is the
hydrolysis of PCr into creatine (Cr) and P; in mus-
cle cells during a contraction as follows:

PCr*~ + H,0 — Cr® + HPO}~

The second dissociation constant of P; is 6.88 [5]
and hence a part of P; exists in the H,PO; form at
around a neutral pH:

HPO%™ + H* 2 H,PO;

At pH 7.08, which is the average value of the in-
tracellular pH just before and after the contrac-
tion, 39% of the produced HPO3~ should be pro-
tonated to H>PO4 according to the equation

log([H,PO7]/[HPO3"]) = pKa — pH

Thus the changes in cell composition are ex-
pressed by the sum of the above reaction formulas
at pH 7.08.

PCR?*” + H,0 —
Cr® + 0.61HPO3™ + 0.39H,PO; — 0.39H*

This indicates that the absorption of protons, or
alkalinization, occurs in muscle cells during
contraction.

From the present results we can estimate the in-
tracellular buffering power according to the above
reaction formula. As shown in fig.3a, the increase
in [P;] is 3.6 mM and thus the amount of protons
absorbed is calculated to be 1.4 mM. Since the in-
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crease in pH is 0.08, the buffering power is
estimated to be 18 mM/pH unit for bullfrog sar-
torius muscles.

The buffering power estimated here is lower
than those (35 mM/pH, 25°C and 44 mM/pH,
room temperature) measured for Rana temporaria
muscles [9,10]. If a significant amount of lactic
acid were produced following contraction, the ex-
tent of the observed alkalinization (0.08 pH unit)
would be less than that expected from the P; re-
leased, due to the acidification by the lactic acid
formed. If this were the case the buffering power
would be even smaller than 18 mM/pH unit. It is
unlikely, therefore, that a significant amount of
lactic acid would be produced under the present
conditions.

The time course of recovery in the intracellular
pH was explained by a single exponential with the
same time constant as that for the recovery in the
Pi concentration. This is consistent with the
assumption that the breakdown of PCr is the only
major process occurring in muscles under well ox-
ygenated conditions during short tetanic contrac-
tions. The possibility remains, however, that a
rapid recovery occurred during the initial 5 min of
the recovery period and the level of intracellular
pH then returned gradually to the resting level.

Unlike the [P;], the time course of the recovery
of PCr cannot be expressed by a single exponential
because of the post-contractile splitting [6]. The
PCr level just after the relaxation of contraction is
higher than the level expected from a single ex-
ponential recovery. This is thought to be due to a
time lag between the utilization and consumption
of PCr [6]. The present results are consistent with
the post-contractile PCr hydrolysis, when the
HPO;~ bound to proteins or membranes is re-
leased into the sarcoplasm accompanying a con-
traction without delay.
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