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THE ROLE OF EXTRACELLULAR
CALCIUM

IN THE CONTRACTIONS
PRODUCED BY ACETYLCHOLINE IN

CHRONICALLY DENERVATED MUSCLE

MOIRAT. HALL,, M.A. MALEQUE! & R.M. WADSWORTH
Department of Physiology and Pharmacology, University of Strathclyde, Glasgow, G1 1XW

1 Acetylcholine-induced contractions of the isolated chronically denervated soleus muscle of the
mouse consist of two phases, but both phases are equivalent to the contracture phase seen in vivo.

2 Low [Ca?t], (0.5—1.5 mM) augmented peak tension, as well as the rate of relaxation, of the first
phase, but inhibited the second phase. Ethyleneglycol-bis{B-aminoethyl ether)-N,N -tetraacetic acid
(EGTA) or La3+ (2 mm) also inhibited the second phase, but not the first.

3 It was concluded that the first phase requires Ca2+ release from the sarcoplasmic reticulum, and is
terminated by inactivation of the contractile process. The second phase is caused by the entry of ac-
tivator Ca2* from the extracellular space.

4 Increasing [Ca?*], to 5 or 10 mM after the addition of acetylcholine caused a contraction, starting
after a delay of about 50 seconds. EGTA or La3* added during the second phase of the acetylcholine
contraction caused relaxation after a much shorter lag time.

5 It is concluded that most of the Ca2* entering from the extracellular fluid is taken up by the sar-
coplasmic reticulum.

6 The acetylcholine second phase was augmented in low (25 mm) [Na*l,. It is concluded that Na+
and Ca?* compete for the acetylcholine controlled ionic channels.

7 Isolated chronically denervated diaphragm muscles were less sensitive to acetylcholine and the
contraction usually consisted of a first phase only.

8 It is concluded that sequestration of Ca2+ entering from the extracellular fluid is more complete in

the diaphragm.

Introduction

Chronically denervated skeletal muscle is supersen-
sitive to close arterially injected acetylcholine (Brown,
1937; Axelsson & Thesleff, 1959). There is a double
response which consists of a fast initial contraction
associated with a burst of fibrillary potentials followed
by a slow contracture and the abolition of fibrillation
(Brown, 1937; Rosenblueth & Luco, 1937; Bowman
& Raper, 1964). Chronically denervated muscle has
‘usually been reported to produce single phase contrac-
tions when isolated (Elmqvist & Thesleff, 1960;
Letley, 1960; Freeman & Turner, 1969; Liillmann &
Sunano, 1973), but biphasic responses have been ob-
tained in the chronically denervated and isolated
diaphragm (Preuner, 1971; Liillman, Preuner &
Schaube, 1974) and soleus muscle (Hall, Maleque &
Wadsworth, 1975).

In this paper, we have compared the effect of

'Present address: Department of Physiology, Meharry
Medical College, Nashville 37208, U.S.A.

changing [Ca?*], or of adding La3+ on the two phases
of the acetylcholine contracture of mouse isolated
denervated muscle. The experiments show that the
second phase is dependent on an extracellular supply
of calcium for activation but the first is not.

Methods
Denervation

Muscles of adult male mice were denervated under
ether anaesthesia using aseptic precautions. The
animals were killed 7—12 days later by a blow on the
head and the muscle on the operated side examined for
fibrillations and removed. The soleus muscle was
denervated by removing 1 cm of the sciatic nerve from
the popliteal space of one leg. The diaphragm was
denervated by evulsion of one phrenic nerve where it
crosses the brachial plexus.



628

MOIRAT. HALL, M.A. MALEQUE & R.M.WADSWORTH

Composition of physiological salt solutions used

Table 1

Concentration (mm)

glucose sucrose
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Krebs-Henseleit
0.5 mm Ca?*-Krebs
1 mM Ca?*-Krebs
1.5 mM Ca?*-Krebs
5 mM Ca?*-Krebs
10 mm Ca?+-Krebs
Low Nat+-Krebs

Tris-Krebs

Organ bath procedure

The muscles were suspended in 5 ml baths under a
resting tension of 0.5 g (soleus) or 2 g (diaphragm).
Contractions were isometrically recorded with Grass
FTO3C, Nihon-Kohden 58-1T or Ether strain gauges
writing out on a Grass 7B or Washington 400 MD2
recorder. The physiological salt solutions, which were
maintained at 37°C, had the compositions shown in
Table 1.

In order to determine whether 25 mm Tris would
affect the responses (Gillespie & McKnight, 1975) a
comparison was made between acetylcholine
responses in HCO,;~/H,PO,~ buffered and Tris
buffered solutions. One comparison was made where
[Ca**]o=5 mM (n=4) and another where
[Ca?**], =10 mM (n=4). In both cases the tension
and time course of acetylcholine responses were not
affected by the choice of buffer.

Electrophysiology

Muscles were pinned out in a perspex chamber
through which there was a continuous flow of Krebs-
Henseleit solution (about 1 ml/minute). They were il-
luminated from below and viewed with an Olympus
dissecting microscope. Muscle fibres were impaled
with electrodes pulled from Pyrex glass tubing (o.d.
1.2 mm, wall thickness 0.3 mm) and filled with 3m
KCI after which they had a d.c. resistance of 10-30
MQ. Membrane potential was recorded with a Grass
P16 preamplifier and displayed on an oscilloscope and
pen recorder. Drugs were added to the perfusing solu-
tion or injected into the bath. In some experiments,
less than half the muscle was pinned out and the other
end was connected to a transducer mounted at an
oblique angle for isometric tension recording.

The drugs used were acetylcholine chloride (Sigma),
caffeine citrate (Evans), ethyleneglycol-bis-(B-
aminoethyl ether)-N,N'-tetraacetic acid (EGTA,
Sigma) and lanthanum chloride (Hopkin and
Williams).

Statistics

The results are quoted as the mean + the standard
error of the mean. The significance of difference was
assessed using the paired ¢ test, taking P < 0.05 as

significant.

Results
Soleus
Acetylcholine responses when [Ca*t],=2.5 mMm.

Contractions obtained with acetylcholine (5.5 x 106
M to 5.5 x 10~M) in Krebs-Henseleit solution contain-



a mv
60

[}

(i)
0

10

|g_} \

60

mv 40 \
20
oL |

K+

Figure 1

ACETYLCHOLINE IN DENERVATED MUSCLE 629
b_
1g
mV
60
o \/_\
ol 1
oL ACh
S tsod
"y
E
s
-
5 40+
[o]
Q
2 20}
o
Qo
£
§ 0 __/,l 1 ]

1078 10758

Concentration (M)

Denervated soleus preparations. (a) Depolarization produced by acetylcholine (ACh) (5.5 x 1076 M)

added to the perfusing solution by injection. The type of response marked (i) was recorded only when penetra-
tion was made in the region where the nerve entered the muscle, but (ii) was obtained in all parts of the fibre.
(b) Effects of ACh (6.5 x 10~¢ M) on tension and depolarization simultaneously recorded. ACh was added by
syringe but the rate of addition was slower than that used in the organ bath experiments, resulting in a
more gradual contractile response. (c) Effect of K* 50 mm on tension and membrane potential, recorded
simultaneously. A second phase was never seen. (d) Concentration-response curve showing effect of ACh on
membrane potential. (O) Resting membrane potential; (®) peak depolarization after changing perfusion solu-
tion to one containing ACh. Each point shows the mean of 12 experiments, the standard errors being indicated

by the vertical bars.

ing 2.5 mM Ca?* were normally biphasic (Figures 1b
and 2, and Hall et al., 1975). Fibrillatory activity was
extinguished at the maximum depolarization which
corresponded to the peak of the first phase. Thus both
first and second phases (in vitro) are equivalent to the
contracture phase seen in vivo. We observed no
separate contraction accompanied by an increase of
fibrillatory activity as occurs in vivo (Brown, 1937;
Rosenblueth & Luco, 1937; Bowman & Raper, 1964).

The maximum of the first phase occurred in 10 s or
less, while the maximum of the second phase was
reached in 4 to 9 minutes. The first phase developed
more slowly with lower concentrations of acetyl-
choline or when the rate of injection into the bath was
more gradual. The time course and peak tension of the
second phase was rather variable from one experi-
ment to another. In a few experiments, a second phase
could not be obtained with [Ca?t], = 2.5 mm while in

some others the first addition of acetylcholine
(5.5 x 10~¢ M) failed to produce a second phase
although subsequent additions reproduceably gave
biphasic responses. With lower concentrations of
acetylcholine (5.5x 10-7 M or 1.1 x 10~¢ M) the
second phase was seen occasionally, but the first
phase was always present.

The mean resting membrane potential of chronical-
ly denervated mouse soleus fibres was 52 + 1.3 mV,
75 impalements (in innervated soleus fibres it was
74 + 2.3 mV, 75 impalements). Acetylcholine caused
dose-dependent depolarization (Figure 1d); the time to
peak depolarization was rather variable between ex-
periments and appeared to depend on the rate of addi-
tion of the drug and on the position of impalement.

In innervated muscles, the endplate zone (defined as
the region from which the miniature endplate poten-
tials (m.e.p.ps.) could be recorded) was found to lie in
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Figure 2 Contractions of denervated soleus muscles produced by acetylcholine (ACh), potassium and
caffeine in different [Ca?+],, (a) Responses to ACh 5.5 x 10~¢ M. (b) Pairs of responses to KCI (K*) 50 mM and
caffeine (Caf) 13 mM recorded in Krebs solution containing [Ca?*], = 2.5, 1.6 and 1 mM (left, centre and right,

respectively). Wash out is indicated by (@).

a band near the widest part of the muscle where it was
penetrated by the nerve. This corresponds to the
region that stains for cholinesterase (Albuquerque &
Mclsaac, 1970). Out of 50 penetrations made into this
region of denervated fibres, 28% gave the type of
response denoted (i) in Figure 1a, while the remainder
gave a response similar to that indicated by (ii). In the
absence of the nerve and of m.e.p.ps, it was not possi-
ble to say which of these penetrations were made close
to the original endplates but it seems likely that the
type (i) response is associated with the former endplate

zone. In support of this interpretation, it was found
that type (ii) responses were recorded from each of 9
penetrations made into peripheral parts of denervated
fibres.

In the majority of penetrations, the acetylcholine
effect consisted of a rapid fall in potential with an
asymptotic tendency towards an equilibrium level that
was maintained for at least 10 min (type (ii) response).
The time to peak depolarization was shorter with
syringe addition than that achieved by changing the
perfusion fluid (Table 2). Liillmann & Sunano (1973)

Table 2 Time to peak depolarization (s) from addition of acetylcholine (ACh) (5.5 x 10~¢ M) and KCI (50 mMm)

Type (ii) — perfusion
Type (ii) — syringe

ACh (6.5 x 10~ M)

52 + 6.7s.(n=10)
25+3.7s.(n=18)

KCI (50 mm)

59 +7s.(n=12)
32 +4s.(n=12)



also reported prolonged depolarization produced by
acetylcholine, although the contraction was transient.

KCl! and caffeine response when [Ca*t],=2.5 mM.
KCI caused a contraction that started to decay after a
few seconds, tension returning to baseline within 1
minute. No second phase was ever observed.
Depolarization was rapid, asymptotic and stable once
equilibrium was reached. No repolarization was
observed as long as [K], remained elevated (Figure
Ic). In six experiments where acetylcholine gave a
type (i) response, KC1(50 mm) was tested while retain-
ing the same penetration and in each case it produced
a type (ii) response.

Caffeine caused a more slowly developing contrac-
ture that usually appeared to consist of two phases: an
initial rapid contraction separated from a slow main-
tained contraction by an inflexion of wvariable
prominence (Figures 2 and 4).
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Effect of changing [Ca**/,. In low |Ca*t|, Krebs-
Henseleit solution, the second phase of the
acetylcholine contraction was reduced in amplitude.
With 1.5 mm [Ca?*], the second phase was still
present, but was only 12% of that observed in 2.5 mm
[Ca?*],. With 1.0 mM [Ca?*], the second phase was
abolished and there was relaxation below the baseline
(Figure 2). The maximum tension generated at the
peak of the first phase was increased in 1.0 and 1.5
mMm [Ca?*], and so was the rate of relaxation of this
phase (Figure 3a), thus reducing ¢ min in Table 3. When
the Ca?* concentration in the Krebs was reduced to 0.5
mM, the first phase was slightly reduced (to 86 + 7%
control). In some experiments, the deficiency of Ca?*
(ICa?**], = 1 mM) was made up by adding MgSO, to
give [Mg?* + Ca?*], = 3.7 mM. Acetylcholine was still
unable to produce a second phase in this solution.
Caffeine and KCl-induced reponses were also slightly
reduced in amplitude in 0.5 mM [Ca?*], but not in 1.0

Table 3 Tension and time-course of responses to acetycholine (5.5 x 10~¢ M) in denervated soleus

{

"
tmin
Contraction
First phase minimum Second phase n
4 (s) fi(g) tmin (s) fmin(Q) ty2)(s) f(g)
[Ca?t], 2.5 mm 5.4+ 1.1 1.56+01 55+2 0.14+0.06 100+ 8 0.67+0.11 10
[Ca?*], 0.5 mMm 4.1+0.8 1.3+0.1 45+2 —0.05 + 0.01 — — 12
[Ca?*], 1.0 mm 3.8+0.7 19+0.1 42+2 0.07+0.02 — — 10
[Ca?*], 1.6 mm 4.4 +0.7 20+02 50+4 004+001 79+ 5 0.08+0.03 8
[Ca?t],5.0 mm 48+ 1.2 16+0.1 50+3 044+008 69+ 5 1.29+0.12 12
[Ca?*], 10.0 mm 4.1 +0.5 *1.5+0.1 36+7 095+021 60+10 1.8 +0.14 8
La*t 2 mm 1.3+0.1 58+6 0.46+0.08 — 0.41 + 0.06 8
EGTA2 mm **18+02 43+5 0 — — 6
[Na], 256 mm **20+01 63+4 1.0 +0.1 89+ 9 1.6 +0.1 8

t =time; f = tension.

*10mm [Ca?*], actually reduced f,. The group of muscles used for this experiment produced a slightly larger
than normal mean f, tension in standard Krebs (1.97 + 0.09g).

**Neither EGTA nor 25mm [Na],, significantly altered f,. The groups of muscles used for these experiments
produced slightly larger than normal mean f; tension in standard Krebs (1.7 + 0.3g and 1.9 + 0.1g

respectively).

The control figures for all the other values were not different from controls in the original groups.

42
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Figure 3 (a) Superimposition of contractions ob-

tained with acetylcholine (ACh, 5.5 x 10~¢ M) in 2.5,
1.6 and 1 mM [Ca?*], from Figure 2. Peak first phase
tension and the rate of relaxation were greater in the
low [Ca?*], solutions. (b) Dose-response curve of ACh
(6.5 x 10~¢ M) second phase in the denervated
mouse soleus obtained with different [Ca?*],. Each
point is the mean of at least six experiments: vertical
bars show s.e. mean.

or 1.5 mM [Ca*], (Figure 2). When [Ca’t], was
lowered to 1.0 or 0.5 mM, relaxation during K+
depolarization occurred more rapidly (Figure 2).
However, when Mg?* was substituted for Ca?*, no
change in relaxation rate was seen.

The second phase of the contraction to
acetylcholine was augmented when the extracellular
[Ca?*] was increased (Figure 3b). It was found also
that the second phase started earlier with higher ex-
tracellular Ca2+ concentrations (Table 3). With Krebs
solution containing 5 mm Ca?* the second phase was
almost equal in size to the first, while at 10 mm there
was little relaxation between phases and the second ex-
ceeded the first in amplitude (Figure 4). The first phase
peak tension was reduced where [Ca?*], = 10 mm
(Table 3). The KCl and caffeine-induced responses
were not consistently affected by increasing [Ca?*], to
5 mM. In 10 mm [Ca?t], solution, the KCl-induced
contraction was reduced but caffeine gave contrac-
tions of control size. Even when [Ca2t], was raised,
no second phase to the KCl contraction was observed
(10 experiments).

Depolarization produced by acetylcholine was
studied with [Ca?t], = 1, 2.5 and 5.0 mM. The form of

reduced in amplitude in 0.5 mMm [Ca?*], but not in 1.0
or 1.5 mm [Ca?*], (Figure 2). When [Ca?t], was
lowered to 1.0 or 0.5 mMm, relaxation during K+
the response as well as the maximum change in the
[nenzlb]rane potential was unaffected by variation of the
Ca?t],.

EGTA. The addition of 2 mmM EGTA to normal Krebs-
Henseleit solution (containing 2.5 mm Ca?t) 2 min
before acetylcholine virtually abolished the second
phase while having no effect on the first phase peak
tension (Figure 5). However, the rate of relaxation
from the first phase was accelerated (Table 3). KCI-
induced contractions were not affected, while those of
caffeine were slightly reduced. The depolarization
produced by acetylcholine was unaffected by EGTA.

Lanthanum. Acetylcholine-induced contractions in
Tris-buffered Krebs were identical to those in normal
Krebs-Henseleit solution. The addition of LaCl, (2
mM) to this solution reduced but did not abolish the
second phase of the acetylcholine contraction (Figure
5). Increasing the concentration of La®* to 4 mm had
no additional effect. LaCl, (2 mM) slightly reduced the
acetylcholine first phase, and the KCI and caffeine
contractions. The change in membrane potential
produced by acetylcholine was not altered by LaCl, (2
mMm).

Time-course of the effects of changing [Ca*t],. In the
presence of low [Ca?*], (1 mM), acetylcholine
produced a first phase contraction only. But when
[Ca?*], was raised to S or 10 mM after 5 min (the
normal time of the second phase) there was a rise in
tension (Figure 6). The peak tension in these experi-
ments (Table 4) was very similar to that previously
observed (Table 3) for the acetylcholine second phase
in 5 and 10 mM [Ca?],. The half time for
development of this contraction in 5 or 10 mMm [Ca?*],
was similar to that shown in Table 3 at the same ex-
tracellular Ca?* concentration. When the Ca?* con-
centration of the Krebs solution was increased in the
continued presence of acetylcholine, tension develop-
ment started after a lag time that is not significantly
different from the time of the contraction minimum
(tmin) observed when the order of addition was
reversed.

The addition of EGTA (2 mMm) at the peak of the
acetylcholine second phase recorded in [Cat], = 5
mM produced relaxation sometimes preceded by a
transient rise in tension (Figure 6). The lag time was
less than that seen after increasing [Ca2*], in the
presence of acetylcholine, but the half times of con-
traction and of relaxation were similar in these two
experiments (Tables 4 and 5). Addition of lanthanum
(2 mM) also caused relaxation of the second phase of
the acetylcholine contraction (recorded in tris-buffered
Krebs). This effect was slower than that seen with
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Figure 4 Effect of increasing [Ca?t], on contractions obtained with acetylcholine (ACh) 5.5 x 10~¢ wm,
potassium chloride (K+) 50 mM and caffeine (Caf) 13 mM in denervated soleus preparations. (a) Responses to
acetylcholine recorded in [Ca?t], = 2.5, 5 or 10 mM; (b) pairs of responses to potassium and caffeine recorded

at the same three extracellular Ca2+ concentrations.

Table 4 Tension and time-course of the effect of changing [Ca?*], in the presence of acetylcholine

(6.5 x 1076 m)
fi---4---
First phase Ca*t addition
fy tmin 4 f t3(2)
(g) (s) (s) (g) 5)
[Ca?t], 5Emm 1.6 +0.2 54 + 2 48 + 3 1.4+ 0.2 72 + 13
[Ca?t], 10 mm 1.56+0.2 54 +2 45 + 6 1.8+0.2 71+ 14

t =time; f=tension.
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Figure 5 Effect of lanthanum and EGTA on contractions induced by acetylcholine (ACh) 5.5 x 10-¢ m,
potassium (K+*) 50 mm and caffeine (Caf) 13 mM in the denervated soleus. (a) Contractions to ACh recorded
before and after lanthanum 2 mM and EGTA 2 mM. After acetylcholine in the presence of EGTA there is
relaxation below the baseline, indicated by the dashed line. (b) Control responses and those obtained in the
presence of lanthanum or EGTA.

Table 5 Tension and time-course of effects of EGTA and lanthanum on responses to acetylcholine
(5.5 x 10~% M) recorded in [Ca?*], = 5 mMm

First Contraction Second La*t or EGTA
phase minimum phase
1 tmin frmin fa tiag t} relax n
(g) (s) (@) (g) (s) (s)
La*t (2 mm) 1.7+ 0.1 52+4 052+013 086+023 21+13 96+ 15 5
EGTA (2 mm) 1.3 + 0.06 46+5 028+0.06 054+0.11 20+4 77 £ 19 6

t =time; f=tension.
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(a & b) Contractions to acetylcholine (ACh) 6.5 x 10~¢ M of denervated soleus muscles were

initially obtained in Krebs solution containing 1 mm [Ca?*] where a first phase only was produced. The
subsequent addition of CaCl, to give [Ca**], = 5 mM or 10 mM produced a slow increase in tension. (c & d)
Contractions to ACh were obtained in Krebs solution containing 5 mm [Ca?*] to give a large second phase. The
addition of EGTA (2 mm) or La3+ (2 mm) produced a transient contraction followed by slow relaxation.

EGTA and the rate of relaxation was more gradual
(Table 5 and Figure 6).

Low [Na/,. The second phase of the acetylcholine-
induced contraction was augmented in Krebs contain-
ing reduced Na* concentration (25 mM) but the first
phase peak tension was not affected (Table 3). Relaxa-
tion from the first phase was less and slightly delayed
resulting in a small increase in ¢ min. The rate of con-
traction in the second phase was faster, so that the half
maximum time #4 (2) was shorter. The maximum
tension developed in the second phase (f;) was much
greater than in controls. Thus, the overall pattern of
the second phase response resembled that in a high
concentration of calcium (10 mm).

Diaphragm

The chronically denervated mouse diaphragm muscle
was less sensitive than the soleus to acetylcholine, but
had a similar sensitivity to KCL. The EC,, in the soleus
was 7.6 x 107 M and in the diaphragm it was 1.3 x
10~ M.

In contrast to the soleus, the diaphragm usually
produced no second phase with acetylcholine in the
presence of [Ca?*], = 2.5 mM. Even when [Ca?*], was
raised to 5 or 10 mwm, there was very little or no second
phase except in some deteriorated preparations. In
these experiments the second phase was not reduced
by EGTA. In agreement with these results it was
found that increasing [Ca?*], from 1 mM to 11 mm
after addition of acetylcholine (5.5 x 10~* M) caused

much less and slower development of second phase
tension than in soleus preparations.

Discussion
Acetylcholine first phase

Both acetylcholine and K* produce persistent
depolarization; this is accompanied by a contraction
which, however, subsides within 1 minute. A second
phase of the tension response was observed with
acetylcholine only. In single frog twitch fibres, K*-
induced contractures are complete in about 5 s despite
continued depolarization (Hodgkin & Horowicz,
1960) and this is thought to be due to ‘inactivation’ of
the calcium release mechanism that occurs spon-
taneously with time (Liittgau, 1963; Curtis, 1964;
Milligan & Edwards, 1965; Caputo, 1972; Stuesse,
Lindley & Kirby, 1974; Stuesse & Lindley, 1975;
Chandler, Rakowski & Schneider, 1976).

It seems likely that decay of the acetylcholine first
phase is due to contractile inactivation. Both K+ and
acetylcholine-induced contractions spontaneously
relax following a similar time course after reaching
their maximum at about the time of peak depolariza-
tion. Further evidence for this comes from the obser-
vation that, in low [Ca?*],, relaxation was more rapid
resulting in a shortened ¢ min. The value for ¢ min was
also shortened in solutions containing high calcium
concentrations, not because relaxation was more
rapid, but because phase 2 developed more rapidly. In
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single frog muscle fibres contractile inactivation is in-
creased when [Ca?t], is reduced (Liittgau, 1963;
Caputo & Giminez, 1967), but not if Mg?* is sub-
stituted for Ca?* (Liittgau, 1963). Since the acetyl-
choline first phase was also shortened in low [Ca?t],
(except when Mg2+ was substituted for Ca?t), we con-
clude that it is initiated by depolarization of the
membrane and terminated by contractile inactivation.

Acetylcholine second phase

The second phase of acetylcholine contraction, unlike
the first, was reduced by La’* or when [Ca?*], was
lowered and was augmented when [Ca?t], was raised.
Since this part of the acetylcholine contraction is com-
pletely dependent on extracellular calcium, we con-
clude that calcium ions enter the myoplasm from the
extracellular space and directly activate the myofibrils.
It is to be expected that some Ca?* would enter
through the acetylcholine controlled ionic channels
since acetylcholine increases endplate permeability to
Ca?*, as well as to Na+* and K+ (Takeuchi, 1963; Katz
& Miledi, 1969; Evans, 1974). Furthermore, it has been
shown that sufficient calcium ions can enter by this
route to initiate directly a contraction both in
denervated mammalian muscle (Jenkinson & Nicholls,
1961) and in frog muscle (Manthey, 1974).

The second phase was abolished when [Ca?*], was
reduced to 1 mm, although there must have been a
considerable concentration gradient favouring Ca2+
entry since [Ca®*]; during relaxation is <10-¢M
(Ebashi & Endo, 1968). This could be explained if
Ca?* influx was balanced by sequestration into the
sarcoplasmic reticulum, as suggested for K+ contrac-
tures by Caputo (1972). The delay before initiation of
the acetylcholine second phase probably represents
the time necessary for saturation of the sarcoplasmic
reticulum uptake process, since only when this is com-
plete can Ca?* entering from the extracellular space
lead to the development of tension. This delay was
similar whether the muscle was first equilibrated with
acetylcholine or with [Ca%*]l, = 2.5 mMm. Thus, the
time taken for the starting of the second phase in
normal Krebs (about 50 s) broadly corresponds to the
time required for the start of the second phase when
[Ca?*], was raised in the presence of acetylcholine. On
the other hand, additions of EGTA or La*+ during the
second phase produced inhibition of this phase after a
much shorter lag time, probably representing the time
required for diffusion through the bath to the superfi-
cial muscle fibres. The half time (14.(2)) for development
of the second phase tension in control Krebs was
similar to the half maximum relaxation time (¢} relax)
on addition of EGTA or La** (70—90 seconds). This
presumably is a measure of the speed of diffusion
through the thickness of the muscle.

Although both La’* and EGTA depressed the

second phase, their effects were not identical. La3*
reduced the second phase but did not abolish it com-
pletely even when the concentration of La’* was
doubled. Since La3* postpones spontaneous relaxation
of K+ contractures (Dorscheidt-Kiffer & Liittgau,
1974) by delaying contractile inactivation (Andersson
& Edman, 1974) it is likely that the ‘second phase’
tension in this experiment was in fact the first phase,
greatly prolonged.

Low (25 mM) Nat solution had an effect on the
second phase resembling that of high (5 or 10 mm)
Ca?*. This was presumably because sodium and
calcium ions compete for the ionic channels opened by
acetylcholine. In fact, it has been shown by Lorkovi¢
(1972) that in depolarized denervated rat muscles
acetylcholine contracture tension is a function of
[Cal/[Na]2

In our experiments, the first phase peak tension was
increased and relaxation occurred more quickly in low
[Ca?*],, while in high [Ca?t], relaxation of the first
phase was delayed. These results confirm those of
Freeman & Turner (1969) using the denervated
diaphragm and of Gordon (1976) using the denervated
rat soleus. Gordon (1976) did not observe a second
phase because the contact time was short: the
acetylcholine was washed out soon after maximal
tension had occurred and before a second phase would
have had time to develop. ‘

Depolarization

The two types of depolarization observed in the dener-
vated mouse soleus (Figure 1) probably correspond to
the responses of the former endplate receptors
(diphasic) and the newly developed extrajunctional
receptors (monophasic). Albuquerque & Mclsaac
(1970) have shown that, although after denervation,
acetylcholine sensitivity increases along the whole
length of the extensor digitorum longus and soleus
muscles, sensitivity remained maximal at the former
endplate. There are also differences between the two
types of receptors in terms of their sensitivity to an-
tagonists (Beranek & Vyskodil, 1967) and in their
electrophoretic mobility (Brockes & Hall, 1975). In
denervated frog fibres, single channel conductance is
lower and average lifetime longer (Katz & Miledi,
1972; Dreyer, Walther & Peper, 1975; Neher &
Sakmann, 1975) but the reversal potential is similar
for endplate and denervated receptors (Trautmann &
Zilber-Gachelin, 1976). It is not clear which, if any, of
these differences account for the different types of
depolarization recorded at endplate and extrajunc-
tional sites. However, the organ bath studies clearly
point to the differences between the two phases of the
acetylcholine contraction being at the level of
excitation-contraction coupling.



Diaphragm

Responses of the denervated diaphragm differed from
responses of the denervated soleus in two respects. A
higher concentration of acetylcholine was required
and a second phase was seldom seen. However, two
phase contractions were obtained by Preuner (1971)
and by Liillmann et al. (1974) when using isotonic but
not when using isometric recording. In the depolarized
denervated rat diaphragm, the acetylcholine contrac-
tion is reduced in low [Ca?*], (Jenkinson & Nicholls,
1961). Thus it is probably equivalent to a ‘second
phase’, especially since a first phase could not have
occurred as the Ca?* release mechanism would have
been inactivated by depolarization. Similar results are
obtained using other denervated rat muscles in a
depolarizing solution (Lorkovi¢, 1972). Jenkinson &
Nicholls (1961) reported that in the depolarized dener-
vated diaphragm, acetylcholine contractions did not
occur if the temperature was above 30°C. Perhaps our
conditions (37°C, isometric recording) were therefore
not optimal for the development of the second phase.
Nevertheless, the difference between the soleus and the
diaphragm, observed under the same conditions, was
striking. It seems possible that this difference might be
due to a difference in receptor numbers or in the in-
tracellular Ca?* sequestration.

Following denervation, the Ca?* uptake activity of
the sarcoplasmic reticulum increases both in the
diaphragm (Howell, Fairhurst & Jenden, 1960) and in
the soleus (Margreth, Salviati, di Mauro & Turati,
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