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CO z-induced acidosis in barnacle muscle fibres prolongs the relaxation phase of the electrically stimulated 
contraction (Ashley, C.C., Franciolini, F., Lea, T.J. and Lignon, J. (1979) J. Physiol. 296, 71P). In order to 
test if this effect is due to a direct action of H + on the relaxation kinetics of the myofilaments, isolated 
myofibrillar bundles were contracted and relaxed in Ca 2÷ buffer solutions at pH 6.0 and 7.1, in the presence 
of 20 mM caffeine to inactivate the sarcoplasmic reticulum. At pH 7.1, the relaxation half-time was reduced 
from 1.5 to 0.3 s as the EGTA concentration in the relaxing solution was progressively increased from 0.3 to 
50 mM. The resulting curve was shifted in the direction of increasing EGTA concentration by lowering the 
pH to 6.0. This effect could be explained by the reduction in affinity of Ca 2+ for EGTA at pH 6.0, since 
relaxation half-times for a given relaxing pCa (calculated from the contaminating Ca 2+ concentrations in the 
relaxing solutions) were shorter (by about 40%) at pH 6.0 compared with 7.1. However, similar experiments 
using the new Ca 2+ -chelating agent 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA), 
which is much less pH sensitive than EGTA, indicated that there was no significant difference between 
relaxation half-times at pH 6.0 and 7.1 for a given relaxing pCa. It is concluded that because no prolongation 
of relaxation of the myofibrils was observed on lowering the pH from 7.1 to 6.0, the effect of CO z on the 
relaxation of intact muscle fibres is probably due to a modification of sarcoplasmic reticulum activity. 

Introduction 

Mechanical responses of skeletal muscle are 
fairly insensitive to changes in extracellular pH 
(pHo) [1], unless changes in intracellular pH (pH i) 
also occur. Under conditions where pH i is thought 
to change, such as through the introduction of 
extracellular CO 2, NH + or phthalate [2], the am- 
plitude of the twitch tension falls with decreasing 
pH i [3-5]. Each of the steps in the development of 
twitch tension is sensitive to pH i to some degree. 
Thus, the surface membrane permeability of 

Abbreviations: BAPTA, 1,2-bis(o-aminophenoxy)ethane- 
N, N,N',N'-tetraacetic acid; HDTA, hexamethylenediamine- 
N,N,N',N'-tetraacetate; Tes, N-tris(hydroxymethyl)methyl-2- 
aminoethanesulphonic acid; EGTA, ethylene glycol bis(fl- 
aminoethyl ether)-N, N'-tetraacetic acid. 
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barnacle muscle fibres to K + and CI-  is affected 
by both pH o and pHi,  with the most marked 
effects being observed below pH 5 [6]. Other re- 
ported membrane effects include a slowing of in- 
activation gating in the Na + channels of frog 
skeletal muscle by reduced pH i [7] and the block- 
ing of the voltage-dependent, outward K + current 
of crayfish slow muscle fibres by reduced pH i , 
thus causing an all-or-nothing Ca 2+ action poten- 
tial [8]. E-C * coupling is probably sensitive to pH, 
since Ca2+-induced release of Ca 2+ from the 
sarcoplasmic reticulum of skinned cardiac muscle 
fibres is reduced by lowering solution pH [9]. 
Other experiments using skinned muscle fibres 
have demonstrated that, at the myofilaments 
themselves, Ca 2÷ is less effective in generating 

* E-C, excitation-contraction. 



tension when the pH of the surrounding medium 
is reduced [9-11]. Finally, the sequestration of 
Ca 2+ by the sarcoplasmic reticulum is pH depen- 
dent: loading of the sarcoplasmic reticulum of 
skinned muscle fibres has a pH optimum of 6.2-7.4 
depending on the pCa of the solution [9], while the 
activity of isolated Ca2+-ATPase from barnacle 
fragmented sarcoplasmic reticulum has an opti- 
mum pH of 7.4 [12]. 

In muscle fibres of the barnacle, CO 2- and 
phthalate-induced acidosis not only reduces the 
amplitude of the contraction (and free Ca 2+ tran- 
sient) but also prolongs the relaxation phase [5]. 
Both effects have also been observed with cardiac 
muscle [13,14]. The aim of the experiments de- 
scribed in this paper was to test whether the effect 
on relaxation could be attributed to a direct effect 
of pH on the relaxation kinetics of the myofila- 
ments. This was done by activating isolated 
myofibrillar bundles in Ca 2+ solutions and relax- 
ing them in Ca 2+ buffer solutions in the presence 
of caffeine to inactivate the sarcoplasmic reticu- 
him. Solution pH was decreased from 7.1 to 6.0 to 
simulate changes in pH i of crustacean muscle fibres 
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exposed to 100% CO~ [15]. It is concluded that 
such a reduction in pH i in the intact muscle would 
not significantly affect the relaxation kinetics per 
se of the myofilaments, suggesting that the prolon- 
gation of relaxation arises from changes in the 
properties of the sarcoplasmic reticulum. 

Materials and Methods 

Myofibrillar bundles were prepared from muscle 
fibres of the barnacle Balanus nubilus, then tension 
was detected using an RCA transducer as de- 
scribed previously [10,11], and the output dis- 
played on a Devices M2 pen recorder. The re- 
sponse time of the pen recorder was less than 10 
ms for 95% full-scale deflection. 

The composition of the bathing solutions is 
given in Table I. The values of the apparent affin- 
ity constants of Ca 2+ and Mg 2+ to the ligands are 
given in Table II; the free Ca 2+ and Mg 2+ con- 
centrations were calculated using methods previ- 
ously described [11,16]. Relaxing solutions con- 
taining EGTA concentrations between 0.3 (low 
relaxing, LR) and 50 mM (high relaxing, HR) 

TABLE I 

COMPOSITION OF SOLUTIONS 

Contaminant [Ca]t was measured by atomic spectrometry to be approx. 10 #M in both pH 7.1 and 6.0 solutions; activating solutions 
had CaCI 2 added. Subscript t refers to total concentration. VLA, very low activating; VLR, very low relaxing; HR, high relaxing. The 
tonicity of BAPTA solutions was maintained by 140 mM sucrose. All concentrations are expressed as raM. In addition all solutions 
contained: creatine phosphate (10 mM), creatine kinase (20 uni ts /ml)  and caffeine (20 mM) 

Solution pH [K + ] [Na + ] [CI- ] [Tes]t [ATP]t [MgATP] 
No. 

(1) VLA 7.1 131 30 12 18 5.0 4.3 
(2) VLR 7.1 133 30 12 18 5,0 4.3 
(3) HR 7.1 116 30 16 18 5,0 4.4 
(4) HR 7.1 133 30 12 18 5,0 4.4 
(5) VLA 6.0 131 30 l0 160 5.0 3.5 

(6) VLR 6.0 129 30 1 t 160 5.0 3.5 
(7) HR 6.0 128 30 10 160 5.0 3.5 
(8) VLA 6.0 242 30 I l 160 5.0 3.6 

(9) VLR 6.0 242 30 11 160 5.0 3.6 
(10) HR 6.0 244 30 10 160 5.0 3.3 
(! l) HR(BAPTA) 7.1 137 30 12 18 5.0 4.3 
(12) HR(BAPTA) 6.0 156 30 9 160 5.0 3.2 
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were prepared by mixing solutions (very low relax- 
ing, VLR; and HR) in the appropriate proportions 
(e.g., at pH 7.1, Nos. 2 and 3, Table I). To main- 
tain ionic strength at the low EGTA concentra- 
tions, HDTA was used [ 17,18]. 

A limited number of experiments were per- 
formed using the newly described Ca 2+ buffer, 
BAPTA [19,20]. Although this chelator shares with 
EGTA a high selectivity (greater than 105) for 
Ca 2+ over Mg 2+ , it is much less sensitive to pH 
than EGTA. Table II shows that the apparent 
affinity constant of Ca 2÷ to BAPTA is reduced by 
a factor of only 3.3 on lowering the pH from 7.1 to 
6.0, compared with a factor of 154 for EGTA 
under the same conditions. Relaxing solutions 
(Nos. 11 and 12, Table I) were prepared contain- 
ing 5.0 mM BAPTA at pH 7.1 and 16.8 mM 
BAPTA at pH 6.0 so that the pCa values of these 
two solutions were identical (assuming an equal 
Ca 2+ contamination from the other solution con- 
stituents). As for the EGTA solutions, ionic 
strength was maintained constant using HDTA, In 
addition, an attempt was made to balance the 
BAPTA-containing solutions with respect to tonic- 
ity by adding 140 mM sucrose to all the solutions 
at pH 7.1 (i.e., very low activating, VLA; VLR and 
HR) (not shown in Table I). Experiments were 
performed at room temperature (18-23°C), unless 
otherwise stated. 

Results 

Myofibrillar bundles of diameters 80-163 #m 
and about 5 mm in length were used to study the 
effect of EGTA concentration and hence the free 
Ca 2+ concentration in the relaxing solutions upon 
the rate of relaxation. Caffeine (20 mM) was pre- 
sent in all the solutions to ensure the depletion of 
the sarcoplasmic reticulum Ca 2+ and the effective 
inactivation of the sarcoplasmic reticulum pump 
[11]. A typical contraction-relaxation cycle of a 
bundle is shown in Fig. 1; after equilibration in a 
relaxing solution (VLR, No. 2, Table I) without 
EGTA, the bundle contracted in an activating 
solution (VLA, No. 1, Table I) which contained 
added Ca 2+ weakly buffered by ATP, so that the 
estimated free Ca 2+ concentration at pH 7.1 was 
13 #M. After equilibration in this solution, the 
bundle was relaxed in a solution in which the 
EGTA concentration was varied between 0.3 (LR) 
and 50 mM (HR) (No. 3, Table I). The effects of 
EGTA concentration in the relaxing solution upon 
the relaxation rate were examined at pH 7.1 (Fig. 2) 
and 6.0 (Fig. 3), using separate bundles. These 
relaxing solutions caused force to decline in an 
approximately exponential way; the half-times for 
relaxation are plotted against EGTA concentra- 
tion in Fig. 4 and against values of the pCa in the 
relaxing solution in Fig. 5. 

[Mg]t [Mg 2+ ] [HDTA]t [EGTA]t [BAPTA] t [Ca] t pCa Ionic 
strength 
(mM) 

6.0 1.1 50 0 
6.0 1. I 50 0 
7.8 1.0 0 50 
5.8 1.0 0 50 
5.2 1.2 50 0 

5.2 1.2 50 0 
4.9 1.1 0 50 
5.6 1.5 100 0 

5.6 1.5 100 0 
5.1 1.1 0 100 
6.0 1.0 45 0 
4.6 1.0 33 0 

0 0.05 4.9 220 
0 0.01 5.6 220 
0 0.01 10.4 220 
0 42.76 6.0 220 
0 0.04 5.0 220 

0.24 4.2 220 
0 0.01 5.6 220 
0 0.01 8.3 220 
0 0.04 5.0 370 

0.24 4.2 370 
0 0.01 5.6 370 
0 0.01 8.6 370 
5 0.01 9.6 220 

16.8 0.01 9.6 220 



TABLE II 

A P P A R E N T  A F F I N I T Y  CONSTANTS ( K  app) OF Ca 2+ A N D  Mg 2+ TO THE L I G A N D S  USED IN 
SOLUTIONS (At 22°C) 

133 

THE BATHING 

Ligand Cation pH K app ( M -  i ) Conditions Reference 

EGTA 6.0,106 
3.9-10 4 

46 
3 

BAPTA 7.9.10 6 I 
2.4.10 6 [ 

50 100 m M  KCI 
15 / 

ATP 3324 130 m M  K +, 30 m M  Na+ a 
1050 130-240 m M  K +,  30 m M  Na + a,b 
6224 130 mM K +, 30 m M  Na + a 
1 825 130-240 m M  K +, 30 m M  Na + a,b 

H D T A  6.5 

0,5 / b b 

Ca 2+ 7.1 

6.0 
Mg 2+ 7.1 

6.0 i 

Ca 2+ 7.1 

6.0 
Mg 2+ 7.1 

6.0 

Ca 2+ 7.1 

6.0 
Mg 2+ 7.1 

6.0 

Ca 2+ 7.1 

6.0 
Mg 2+ 7.1 

6.0 

Creatine Ca 2+ 6.0 and 7.1 
phosphate  Mg 2+ 6.0 and 7.1 

Tes Ca 2+ 6.0 and 7.1 
Mg 2+ 6.0 and 7.1 

50-100 m M  K + 
20-50 mM Na + 

8 100-200 m M  K +, 35-40 m M  Na + 
0.6 

20 ~ 30 m M  Na +, 90-170 m M  K ÷ 
/ 12 

1 ~ 90-170 m M  K +, 30 m M  Na + 
/ 1 

11 
11 
11 
11 

19 
19 
19 
19 

11 
11 
11 
11 

18 
18 
18 
18 

11 
11 

11 
11 

" With corrections for different K + concentrations. 
b Values extrapolated from pH 7.1 using procedure of Portzehl et al. [16]. 

At pH 7.1, the relaxation half-time approached 
a plateau minimum value as the EGTA concentra- 
tion was increased. At 50 mM EGTA, the rate- 
limiting step is less likely to be the reduction in the 
free Ca 2÷ concentration in the myofibrillar space 
and more likely to reflect the kinetic properties of 

[ 
8olution I V L R  V L A  L R  - H R  

I 
EGTA(mM)I 0 - 0 . 3  0 0 . 3 -  50 

3 
pCa{pHT.I~ 5.6-8,2 4.9 8.2 - 1 0 . 4  

m 

. . . . . . . . .  

t~ 
",,F- 
5 s e c  

Fig. l. A typical contraction-relaxation cycle of a myofibrillar 
bundle. VLR, very low relaxing; VLA, very low activating; LR, 
low relaxing; HR, high relaxing. Notice change in chart speed 
during the contraction. 

the contractile apparatus. The procedure of using 
high EGTA concentrations to relax bundles previ- 
ously equilibrated in Ca-EGTA or unbuffered 
activating solutions of 20/~M free Ca 2+ has been 
employed before [17,21] in order to minimize Ca 2+ 
diffusional problems. 

For a given EGTA concentration the rate of 
relaxation was longer at pH 6.0 than at pH 7.1 
(Fig. 4). This can at least be partly explained by 
the fact that the apparent affinity constant of 
Ca 2+ to EGTA is reduced by a factor of about 154 
on reducing pH from 7.1 to 6.0 (Table II), so that 
there is a change in buffering power for Ca 2÷ . If 
this fact is taken into account, a plot of half-time 
against the pCa of the relaxing solution shows that 
at pH 6.0 there is a shift in the curve to the left, 
i.e., to higher pCa values, suggesting that relaxa- 
tion at a given pCa is accelerated at a lower pH 
(Fig. 5). This was also confirmed in single 
myofibrillar bundles, relaxed at both pH values 
and a single relaxing pCa (8.3). It is likely that at 
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Fig. 2. Successive contraction cycles from a myofibrillar bundle 
of diameter 90 #m, showing the effect of different EGTA 
concentrations in the relaxing solution at pH 7.1. In each cycle 
the bundle was equilibrated in VLR solution for 3 min (pCa = 
5.6) before activation in VLA solution and relaxation in solu- 
tions containing the following total EGTA concentration (mM): 
(a) 50, (b) 1.0, (c) 5 and (d) 10. Arrows show time of solution 
change and pCa values are given above them. Relaxation 
half-times (s) are (a) 0.35, (b) 1.17, (c) 0.55, (d) 0.52. Note the 
10-fold increase in chart speed during the plateau phase of the 
contraction. Contraction amplitude decreased as the series pro- 
gressed, but this did not affect the relaxation rate, since a fifth 
cycle in which the relaxing solution pCa was 10.4 had the same 
relaxation half-time as in a. 

pH 6.0, however, the relaxing state was still 
determined by the buffering power and hence indi- 
rectly by the rate of EGTA diffusion into the 
bundle even at 100 mM EGTA, as further in- 
creases in the buffering power of the solution (at 
pH 7.1) substantially reduced the half-time (Fig. 5). 

When the relaxation experiments were repeated 
using the BAPTA-containing solutions (Nos. 11 
and 12, Table I) there was no significant difference 
between relaxation half-times at pH 6.0 and 7.1 
(Table III). Because of the limited amount of 
BAPTA available, intermediate relaxing solutions 
were used containing 5.0 mM BAPTA at pH 7.1 
and 16.8 mM BAPTA at pH 6.0 (pCa of both, 
9.6). Nevertheless, the acceleration of relaxation 
which could be predicted by extrapolating the 
curves in Fig. 5 to a pCa of 9.65 was not observed. 
The absolute values for relaxation half-time were 
longer in the BAPTA experiments, probably on 

7.6 4.2 

7.9 
4.2 ] 

8.3 
4.2 

pH 6.0 

8.6 
4.2 ] 

d ~ 0.1 
]mN 

i i i i i i i i i i I 

5 s e c  

Fig. 3. The effect of EGTA concentration on relaxation rate at 
pH 6.0 and 370 mM ionic strength. Successive contraction 
cycles from a single bundle of diameter 90 /~m. Bundle was 
equilibrated in VLR solution for 3 min before each contraction. 
Solution pCa values are shown above each arrow. Total EGTA 
concentration (mM) in the relaxing solutions: (a) 10, (b) 20, (c) 
50, (d) 100. Half-times (s) of relaxation are (a) 1.7, (b) 1.0, (c) 
0.8, (d) 0.7. Note change in chart speed during each contrac- 
tion. 
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Fig. 4. Relaxation half-time ( 1 1 / 2 )  plotted against the EGTA 
concentration of the relaxing solution at pH 6.0 and 7.1. Points 
are mean values from several myofibriUar bundles (diameter 
80-100 #m) with number of observations alongside the points 
and S.E. bars shown where appropriate. Relaxing solutions at 
pH 6.0 had an ionic strength (F /2 )  of either 220 ( × )  or 370 
mM (O). Activating solutions at pH 6.0 (VLA) contained either 
11 or 67 #M free Ca 2+. 
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Fig. 5. The relaxation half-time data from Fig. 4, replotted 
against the pCa  values of the bulk relaxing solutions. 

account of the larger diameter bundles used, since 
with 5 mM BAPTA at pH 7.1 the rate of relaxa- 
tion will be partly determined by the rate of 
inward diffusion of the Ca 2÷ buffer into the bun- 
dle. 

Although the EGTA-containing solutions had 
higher tonicitY values (386 and 549 mosmol/1 for 
220 and 370 mM ionic strength, respectively) at 
pH 6.0 than at pH 7.1 (249 mosmol/l), the relaxa- 
tion rate in 50 mM EGTA was not significantly 
affected by the combined increases in ionic 
strength (from 230 to 370 mM) and in tonicity 
(from 386 to 549 mosmol/1) (Fig. 4). Unless these 
two factors have equal and opposite effects, it can 
be concluded that the increased tonicity of pH 6.0 
solutions is unlikely to alter the relaxation rate. If 

IO.4IHR) 

e.o IHR) 
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5 sec  

Fig. 6. Effect of an elevated free Ca 2+ concentration on the 
relaxation rate at pH 7.1. The relaxing solutions are (a) HR 
with 50 mM total EGTA and no added Ca 2+ (pCa = 10.4) and 
(b) HR with 50 mM total EGTA and added Ca 2+ (pCa =6.0). 
(b) Upper dashed line is steady tension to which bundle 
relaxed; lower dashed line is steady tension produced in subse- 
quent  exposure to H R  solution (pCa = 10.4). Relaxation half- 
times (s) are (a) 0.3, (b) 0.8. Bundle (diameter 100 gm)  was first 
equilibrated in VLR solution (pCa =-8.2) for 3 min and then 
activated in VLA solution, pCa values shown above the arrows. 
Temperature 14°C. 

anything it should prolong relaxation [22]. Tonic- 
ity was not tested specifically as a possible modifier 
of the relaxation rate. In the relaxation experi- 
ments using BAPTA, the solutions at pH 7.1 were 
iso-osmotic with those at pH 6.0. 

The amplitude of contraction in response to 
VLA solution at pH 6.0 was smaller than that at 
pH 7.1 for the same pCa value, a finding which 
has been previously observed in barnacle myo- 
fibrils [11]. Usually, at pH 6.0 it was necessary to 
raise the free Ca 2+ concentration from 11 to 67 
/.tM to get a maximal tension response. The half- 

TABLE III 

R E L A X A T I O N  HALF-TIMES OBTAINED W IT H B A P T A - C O N T A I N I N G  SOLUTIONS 

Two myofibrillar bundles were used; d iamete rs=  138 and 163 #m.  As in the experiments with EGTA-containing relaxing solutions, 
each bundle was first equilibrated in a VLR solution for 3 min and then contracted in a VLA solution which contained either 13/*M 
free Ca 2+ (pH 7.1) or 75/~M free Ca 2+ (pH 6.0). 

Relaxing solution No. Calcium chelator pCa pH Relaxation half-time Number  of 
(see Table I) (s) (-4-S.E.) determinations 

2 / 3  5 m M  EGTA 9.4 7.1 1.18--+0.25 4 
I1 5 mM  BAPTA 9.6 7.1 1.17-+0.22 3 
12 17 mM  BAPTA 9.6 6.0 1.34-+0.32 4 
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time for relaxation at this p H  and EGTA 
concentration was detectably longer (by 34%) if 
the bundle was activated by the higher free Ca 2÷ 
solution. The nature of the equilibrating solution 
before contraction did not affect the subsequent 
relaxation rate, only the rate of tension develop- 
ment, as had previously been reported [21,23]. 

During exposure of intact muscle fibres to 
CO2/saline the intracellular free Ca 2÷ concentra- 
tion is elevated [24]. In order to test whether, at a 
given pH, an increase in resting free Ca 2+ affects 
the rate of relaxation of myofibrillar bundles, a 
modified H R  solution (No. 4, Table I) was used in 
which Ca 2+ was added, as Ca-EGTA complex, to 
increase the free Ca 2+ to 1 /~M. This caused 
maximally activated bundles to relax to 13% of the 
initial contraction with a half-time of 0.8 s (n -- 2) 
(Fig. 6), compared with 0.3 s (n = 11) for H R  solu- 
tions of free Ca 2" less than 10 - l °  M. Thus, at a 
given pH, changes in free Ca 2+ concentration in 
the relaxing solution apparently affected the rate 
of relaxation; however, the free EGTA concentra- 
tion in the H R  solution at pCa 6 was only one-tenth 
of that in the H R  solution at pCa 10.4. 

Discussion 

The results presented here make it unlikely that 
the prolonged relaxation observed in intact muscle 
fibres exposed to CO 2 [5] can be attributed to a 
direct effect of acidification upon the relaxation 
kinetics of the contractile apparatus. A decrease in 
pH from 7.1 to 6.0 either shortened or had no 
effect on the relaxation time at a given pCa in 
myofibrillar bundle preparations in which the 
sarcoplasmic reticulum was inactivated by 20 mM 
caffeine, depending on whether the Ca 2÷ chelator 
was EGTA or BAPTA. This decrease in pH was 
similar to the fall in intracellular pH (pHi)  of 
muscle fibres exposed to 100% CO 2 [15]. A more 
likely cause of the effect of CO 2 on intact fibres is 
an impairment of the sarcoplasmic reticulum Ca 2÷ 
pump as a result of the decrease in pH i, although 
it is possible that an increase in intracellular CO 2 
and HCO3- may be involved. One difference be- 
tween the EGTA and the BAPTA experiments 
which could have been responsible for the dis- 
crepancies in the pH effect was that the EGTA 
relaxing solutions had higher tonicity values at pH 

6.0 than 7.1. However, documented evidence from 
intact frog fibres [22] and myofibrillar bundles [25] 
suggests that if higher tonicity has any effect at all 
it should be to slow relaxation, which is the oppo- 
site of what was observed at pH 6.0. It may also be 
that the high pH sensitivity of EGTA means that 
the estimated pCa values for the EGTA solutions 
at p H  6.0 are less reliable than those for the 
corresponding BAPTA solutions. 

There is evidence from several sources that the 
activity of the sarcoplasmic reticulum Ca 2+ pump 
could be impaired as a result of the intracellular 
acidification produced by CO 2. Garcia et al. [12] 
found that the Ca2+-ATPase activity of sarcop- 
lasmic reticulum vesicles from barnacle muscle 
was undetectable at pH values below 6.5. In frog 
skeletal muscle a reduction in pH~ of 0.7 units 
depresses Ca 2÷ transport by the sarcoplasmic re- 
ticulum [26]. This is supported by the findings of 
Fabiato and Fabiato [9], who showed that there is 
a pH opt imum of 6.6-7.0 at pCa 7.0 for the Ca 2+ 
loading of the sarcoplasmic reticulum in skinned 
fibres from frog skeletal muscle, so that pH values 
of below 6.6 reduce Ca2+ loading. 

Alternatively, the prolongation of the relaxation 
in fibres exposed to CO 2 may be a consequence of 
the increase in the intracellular concentrations of 
gaseous CO 2 and H C O 3 ,  and not of the reduction 
in pH i . Indeed, it has been shown that the increase 
in intracellular free Ca 2÷ which occurs in intact 
muscle fibres exposed to CO 2 [24] can be ex- 
plained by a release of Ca 2 + from an intracellular 
store, p robably  the sarcoplasmic reticulum, 
brought about by either gaseous CO 2 or HCO 3 in 
the sarcoplasm [27-29]. Whether this Ca 2+ release 
is due to an impairment of the sarcoplasmic re- 
ticulum Ca 2+ pump or whether it represents an 
increase in the efflux from the sarcoplasmic re- 
ticulum by the enhancement of an existing release 
mechanism is not yet known. Obviously, an effect 
of these agents on the sarcoplasmic reticulum Ca 2+ 
pump could explain the prolonged relaxation of 
intact fibres exposed to CO 2. 

The observation that phthalate, an agent known 
to reduce pH i readily, also prolongs the relaxation 
phase of intact muscle fibres when applied exter- 
nally [5], supports the idea that a change in pH i is 
responsible but does not exclude an additional 
effect of CO2 or HCO~-. 



In  fat iguing muscle-there is a decline in the rate 
of the relaxation phase, which is accompanied  by a 
reduct ion  in  pH i and  changes in the intracel lular  
concent ra t ions  of metaboli tes  [30,31]. The reduc- 

t ion in pH i does no t  seem to be the sole control-  
l ing inf luence on relaxat ion rate, since its preven- 

t ion  by iodoacetate did no t  prevent  the decline in 

relaxat ion rate [30]. Evidence ob ta ined  from fa- 
t igued muscle using 3~p-NMR is consis tent  with a 

decrease in the affinity for ATP  hydrolysis, as a 

resu l t  of the increases in H ÷ , A D P  and  Pi be ing 
responsible for the decreased relaxat ion rate dur-  
ing fatigue [31]. 

Acknowledgements 

We acknowledge the k ind gift of BAPTA from 
Dr. R.Y. Tsien, and  f inancial  suppor t  from the 
Medical  Research Council .  

References 

1 Foulks, J.G. and Perry, F.A. (1977) Can. J. Physiol. 
Pharmacol. 55, 709-723 

2 Roos, A. and Boron, W.F. (1981) Physiol Rev. 61,296-434 
3 Creese, R. 0950) J. Physiol. 100, 450-457 
4 Washio, H. and Mashima, H. (1963) Jap. J. Physiol. 13, 

617-629 
5 Ashley, C.C., Franciolini, F., Lea, T.J. and Lignon, J. (1979) 

J. Physiol. 296, 71P 
6 Hagiwara, S., Gruener, R., Hayashi, H., Sakata, H. and 

Grinnell, A.D. (1968) J. Gen. Physiol. 52, 773-792 
7 Nonner, W., Spalding, B.C. and Hille, B. (1980) Nature 284, 

360-363 
8 Moody, W., Jr. (1980) J. Physiol. 302, 335-346 
9 Fabiato, A. and Fabiato, F. (1978) J. Physiol. 276, 233-255 

137 

10 Ashley, C.C. and Moisescu, D.G. (1974) J. Physiol. 239, 
112P- 114P 

I1 Ashley, C.C. and Moisescu, D.G. (1977) J. Physiol. 270, 
627-652 

12 Garcia, A.M. Lennon, A.M. and Hidalgo, C. (1975) FEBS 
Len. 58, 344-348 

13 Pannier, J.L. Leusen, I. (1968) Arch. Int. Physiol. Biochem. 
76, 624-634 

14 Poole-Wilson, P.A. and Langer, G.A. (1975) Am. J. Physiol. 
229, 570-581 

15 Aickin, C.C. and Thomas, R.C. (1975) J. Physiol. 252, 
803-815 

16 Portzehl, H., Caldwell, P.C. and Ruegg, J.C. (1964) Bio- 
chim. Biophys. Acta 79, 581-591 

17 Moisescu, D.G. (1976) Nature 262, 610-613 
18 Moisescu, D.G. and Thieleczek, R. (1978) J. Physiol. 275, 

241-262 
19 Tsien, R.Y. (1980) Biochemistry 19, 2396-2404 
20 Rink, T.J., Tsien, R.Y. and Warner, A.E. (1980) Nature, 

283, 658-660 
21 Ashley, C.C. and Moisescu, D.G. (1973) J. Physiol. 233, 

8P-9P 
22 Howarth, J.V. (1958) J. Physiol. 144, 167-175 
23 Ashley, C.C. and Moisescu, D.G. (1975) in Calcium Trans- 

port in Contraction and Secretion (Carafoli, E., Clementi, 
F., Drabikowski, W. and Margreth, A., eds.), pp. 517-525, 
North-Holland, Amsterdam 

24 Lea, T.J. and Ashley, C.C. (1978) Nature 275, 236-238 
25 Podoisky, R.J. and Sugi, H. (1967) J. Gen. Physiol. 50, 

2496a 
26 Gonzalez-Serratos, H., Borrero, L.M. and Franzini- 

Armstrong, C. (1974) Fed. Proc. 33, 1401 
27 Ashley, C.C. and Lea, T.J. (1980) J. Physiol. 307, 29P-30P 
28 Lea, T.J. and Ashley, C.C. (1980) J. Muscle Res. Cell. 

Motility 1,460 
29 Lea, T.J. and Ashley, C.C. (1981) J. Membrane Biol. 61, 

115-125 
30 Edwards, R.H.T., Hill, D.K. and Jones, D.A. (1975) J. 

Physiol. 251,287-301 
31 Dawson, M.J., Gadian, D.G. and Wilkie, D.R. (1980) J. 

Physiol. 299, 465-484 


