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Effects of ryanodine receptor agonist
4-chloro-m-cresol on myoplasmic free
Ca?* concentration and force of

contraction in mouse skeletal muscle
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#The Rolf Luft Center for Diabetes Research, Department of Molecular Medicine, Karolinska Institute, Stockholm, Sweden

Summary In single mouse skeletal muscle fibers injected with fluorescent Ca?* indicator Indo—1, 4-chloro-m-cresol
(chlorocresol, 4-CmC) and its lipophilic analogue 4-chloro-3-ethylphenol (4-CEP) increased resting myoplasmic free
[Ca*] ([Ca*]) in a dose-dependent manner. In this regard, 4-CEP was more potent than 4-CmC and both were more
potent than caffeine. High concentrations of 4-CmC (1 mM) or 4-CEP (500 uM) caused large and irreversible increase
in resting [Ca® leading to contracture. 4-CmC potentiated the [Ca*], increase and force of contraction induced by
tetanic stimulation. Unlike caffeine, 4-CmC did not affect the activity of sarcoplasmic reticulum Ca?* pump or the
myofibrillar Ca** sensitivity. A low concentration of 4-CEP (20 uM) had no effect on resting [Ca®*], on its own, but it
enhanced the resting [Ca?], increase induced by caffeine and also potentiated the [Ca?] increase and contraction
induced by tetanic stlmulatlon However, a relatively high concentration of 4-CEP (200 uM) inhibited tetanic stimulation-
induced [Ca?*]. increase and contraction. Dantrolene, a muscle relaxant, inhibited 4-CmC-induced [Ca?], increase
under resting conditions. However, when 4-CEP was applied in the presence of dantrolene, there was an exaggerated
increase in [Ca*]. We conclude that 4-CmC and 4-CEP are potent agonists that can increase [Ca®], rapidly and
reversibly by activating ryanodine receptors in situ in intact skeletal muscle fibers. These compounds, specially 4-CmC,
may be useful for mechanistic and functional studies of ryanodine receptors and excitation-contraction coupling in
skeletal muscles.

INTRODUCTION

Ryanodine receptors (RY receptors) are Ca?** release
channels in the sarcoplasmic reticulum (SR) that play a
crucial role in excitation—contraction coupling in striated
muscles {1]. Functional RY receptors are tetramers of 560
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subunits. cDNAs for three RY receptors have been cloned
[2]. RY, and RY, receptors are the major isoforms
expressed in skeletal and cardiac muscles, respectively.
The immunophilins FKBP12 and FKBP12.6 associate
with RY, and RY, receptors, respectively, and stabilize the
channel [3]. RY, receptor is activated in response to
depolarization of transverse tubular membrane probably
through a mechanical interaction with the dihydro-
pyridine receptor. In heart, depolarization-induced Ca?*
entry through the L-type voltage-gated Ca?** channels
activates RY, receptor by a mechanism called Ca?-
induced Ca®* release [4,5]. Mutations in RY receptors
have been associated with several disease conditions.

Abbreviations used: RY receptor, ryanodine receptor; 4-CmC, 4-chioro-m-
cresol; 4-CEP, 4-chloro-3-ethylphenol; [Ca?*}, myoplasmic free [Ca?], SR,
sarcoplasmic reticulum. .
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Malignant hyperthermia is a pharmacogenetic disorder
characterised by enhanced sensitivity of RY, receptor to
halogenated anesthetics and muscle relaxants like
succinylcholine leading to Ca** release, sustained muscle
contracture and hypermetabolic state [6].

A wide variety of structurally unrelated substances
have been demonstrated to release Ca?* from SR [7].
These include ryanodine, caffeine as well as sulfhydryl
oxidizing agents and drugs like halothane and
doxorubicine. The effects of such substances on RY
receptors have been characterised to a variable extent
and only a few of them are considered useful as
pharmacological or diagnostic tools in studies involving
RY receptors. Ryanodine, a plant alkaloid binds to
specific high or low affinity sites on the RY receptors and
can have either stimulatory or inhibitory effects. Studies
in cell free systems show that ryanodine usually activates
the channel when used at nanomolar concentrations and
inhibits -the channel when wused at micromolar
concentrations [8]. The molecular mechanism by which
this occurs is not well understood. Ryanodine is often
difficult to use because of its slow and essentially
irreversible nature of binding to the receptor. Such
difficulty becomes more pronounced when ryanodine is
to be used in experiments with intact cells and
distinction between its stimulatory and inhibitory action
becomes essential for correct interpretation of the
results.

Caffeine is the most widely used activator of RY

receptors but is also far from being a satisfactory one. It

needs to be used at millimolar concentrations that may
have many nonspecific actions. Caffeine inhibits SR Ca?*
pump, increases myofibrillar Ca?* sensitivity, inhibits
several ion channels, and increases cellular cAMP level
[9,10]. Furthermore, despite many studies, it is still
unknown which site(s) on the RY receptors mediates
caffeine effect. Some studies suggest that the caffeine-
binding site may lie within the amino terminal region of
RY receptors [11] but it may even be on a different
protein closely associated with RY receptors [12].

Thus, there is clearly a lack of suitable ligands that
could be used for mechanistic studies of RY receptors or
for diagnostic purposes. Recently, a new group of RY
receptor agonists have been described. These are 4-
chloro-m-cresol (chlorocresol, 4-CmC) a preservative
commonly present in some pharmaceutical preparations
and its lipophilic analog 4-chloro-3-ethyl phenol (4-CEP)
[13]. These monocyclic hydrocarbons directly activate RY
receptors in planar lipid bilayer and release Ca?* from
fractionated skeletal muscle terminal cisternae [14-16].
These agents are being used for studying RY receptors in
different cells [13,17]. A common use of 4-CmC is in the
skeletal muscle cells where the agent is being used in in
vitro contracture tests for diagnosing susceptibility to
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malignant hyperthermia [18]. However, while numerous
studies have characterised effects of caffeine on skeletal
muscle, many aspects of the effects of 4-CmC and related
compounds remain to be studied. There is currently no
information on the pattern of [Ca?*], changes induced by
4-CmC in intact skeletal muscle fibers and how such
changes are affected by other RY receptor agonists and
antagonists. In the present study, we have characterised
[Ca?], changes induced by these compounds and their
effects on contractility of skeletal muscle fibers. Our
results show that 4-CmC potently and reversibly
activates RY receptors in situ in skeletal muscle fibers
without affecting SR Ca?* pumping or myofibrillar Ca*
sensitivity.

MATERIALS AND METHODS

Dissection and mounting

Male mice (NMRI strain) were killed by rapid cervical
dislocation. Single fibers were dissected from the flexor
brevis muscle of the hind limb [19]. Isolated fibers were
mounted in a chamber between an Akers 801 force
transducer and an adjustable holder allowing the fiber to
be stretched to the length giving maximum force in
response to electrical stimulation.

Solutions and drugs

Experiments were performed at room temperature
(22-24°C). The fiber was continuously superfused by a
standard Tyrode solution containing (in mM): NaCl 121,
KCl 5.0, CaCl, 1.8, MgCl, 0.5, NaH,PO, 0.4, NaHCO, 24,
glucose 5.5, fetal calf serum 0.2%. The solution was
gassed with 95% O, and 5% CO, which gave a bath pH of
74. The rate of superfusion was 1 ml/min and the volume
of the muscle chamber was 200 pl. Thus, changes in
bathing solutions were accomplished within ~12 s. 4-
CEP, 4-CmC and forskolin were dissolved in DMSO and
final concentration of DMSO in the solution was <
0.001%. Caffeine and dantrolene were dissolved directly
in the Tyrode solution.

[Ca**], measurement

Indo-1 pentapotassium salt was pressure injected into

- the myoplasm after impalement of the fiber with a

micropipette containing 10 mM of the dye dissolved in
150 mM KCl and 10 mM HEPES (pH 7.3). The experi-
mental chamber was mounted on a microscope equipped
for fluorescence and photometry. Fluorescence was
measured with a system consisting of a xenon lamp, a
monochromator and two photomultiplier tubes (PTI,
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Photo Med GmbH, Wedel, Germany). The excitation light
was set to 360 nm and the emitted light at 405 and 495
nm was measured. The Ca*-dependent signal was
obtained as the ratio of the light emitted at 405 to that at
495 nm. The fluorescence ratio was converted to [Ca],
by an intracellular calibration [20]. The dissociation
constant for Indo-1 was 283 nM. In experiments where
the effect on resting [Ca®*], was studied, fibers were
exposed to 4-CEP for 10 min and to 4-CmC until a stable
[Ca?*], was obtained. [Ca®*], was measured as the mean
over 10 s before and at the end of drug exposure,
respectively. While caffeine quenched the fluorescence of
Indo-1, 4-CmC and 4-CEP had no obvious interference
with fluorescence signals.

Assessment of contractiie function and Ca?* handling
during tetanic stimulation

Tetanic contractions were produced by giving a train
(total duration 350 ms) of supramaximal current pulses
(duration 0.5 ms). Standard stimulation frequency was
100 Hz except in experiments where the force-[Ca?*],
relationship was studied. In experiments with 4-CmC,
tetanic contractions were produced at 1 min interval. In
most experiments with 4-CEP, single 100 Hz
contractions were produced under control conditions,
after 10 min exposure to the substance, and after at least
10 min washout.

Analysis of SR Ca?* pump function

The methods.and assumptions involved in the analysis of
SR pump function have been described before [21]). The
effect of 4-CmC on SR Ca** uptake was studied by
analyzing the late slow phase of [Ca?], decline after
tetanic stimulations ([Ca*']; tails) [21]. For this purpose,
we used averaged [Ca?*], traces from three 100 Hz tetani
obtained under control conditions and three 100 Hz
tetani produced after [Ca?*]; had stabilised after exposure
to 4-CmC. [Ca?, tails were fitted to double exponential
functions. Ca?* uptake is proportional to the rate of
[Ca*]; changes (d[Ca?*]/dt) and thus a plot of d[Ca?]/dt
versus [Ca**]; would represent SR pump function curve.
d[Ca**]/dt was measured at regular intervals on these
curve fits and was plotted against [Ca®*]. The following
equation was fitted to the data points:

d[Ca?]/dt = A [Ca®*]¥ - L Eq.1

where A reflects the rate of SR Ca?* uptake and L is the SR
Ca? leak. N is a power function and was set to 4, which
gave a reasonable fit in all experiments. This was done
because small changes of N will have a very large effect
on A, which makes changes of A impossible to assess
with any accuracy.
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The effect of 4-CmC on the myofibrillar Ca?* sensitivity
was studied by giving tetani at 20-100 Hz and fitting
force~[Ca*], data-points to a Hill equation [21]:

P=P,_ [Ca®*|N/(Ca "+ [Ca?*|M)

where P is the force at saturating [Ca?*], P is the force
in percent of P_,,, Ca,, is the [Ca?], giving 50% of P__,
and N is a constant that describes the steepness of the
function. P_, was obtained by producing a 100 Hz
tetanus in the presence of 5 mM caffeine and was taken
as 100% in each experiment.

Eq. 2

Measurement of membrane potential

Membrane potential was measured in fibers of soleus
muscle from the same type of mice. Individual soleus
fibers were impaled by microelectrode filled with 3 M
KCl and the membrane potential was recorded. A single
action potential was produced by a brief shock (< 1 ms)
from an extracellular blunt microelectrode positioned
over the muscle fiber that was impaled by the measuring
microelectrode.

Statistics

Values are presented as means + SEM. Student’s paired or
unpaired #tests were used as test for significance and
significance level was set at 0.05 throughout.

Materials

4-chloro-m-cresol and 4-chloro-3-ethylphenol were from
Aldrich (Steinheim, Germany). Indo—1 was from Molecular
Probes Europe (Leiden, The Netherlands). Other reagents
were from Sigma (St Louis, MO, USA).

RESULTS

Effects of 4-CmC and 4-CEP on resting [Ca*],

We first examined whether 4-CmC and 4-CEP could act
on the resting conformation -of RY receptor in skeletal
muscle and activate the channel in situ. Figure 1A shows
the typical effect of 200 uM 4-CmC on resting [Ca?*], in a
single muscle fiber. [Ca?*], began to rise almost immed-
iately on arrival of 4-CmC to the chamber, increased
slowly to a plateau and reversed on wash out of the
substance. The increase in [Ca?*], caused by 4-CmC was
dose-dependent, the lowest concentration yielding a
significant rise being 100 puM (Fig. 1B,E). Repeated
application of 4-CmC to the same fiber induced repeated
increase in [Ca®*]. 4-CEP also increased [Ca?*], in a dose-
dependent manner and proved more potent than 4-CmC
(Fig. 1C-E). In the experiment shown in Figure 1D, 20 uM
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Fig. 1 Effect of 4-CmC and 4-CEP on [Ca?*), under resting
conditions. (A) Original record from one representatlve fiber
showing the time course of changes in [Ca?*], during exposurs to 4-
CmC. Period of exposure to 200 uM 4-CmC is indicated by the
horizontal bar above the record. (B) The magnitude of [Ca2*),
increase on exposure to different concentrations of 4-CmC.
Superimposed [Ca*], traces obtained from one fiber are shown.
Increasing concentratlons of 4-CmC were applied to the fiber
successively over 10 min periods; applications start at the
beginning of each trace. After each application, the substance was
washed out and [Ca®*] allowed to return-to the basal level before a
higher concentration of the agent was applied. (C) Original record
from one fiber showing the time course of changes in [Ca?*}, during
exposure to 200 uM 4-CEP and the subsequent wash-out. (D)
Superimposed [Ca?*], traces obtained from one fiber on exposure to
different concentratlons of 4-CEP, [Ca2+] was allowed to return to
base line between the applications (as in B). 500 uM 4-CEP
increased [Ca®], to > 5 uM lsading to contracture. The increase in
[Ca?*), by 500 uM 4-CEP was not reversible. (E) Comparison of
dose-dependent increase in [Ca*], by 4-CmC and 4-CEP. A[Ca®),
is the difference between [Ca2+], measured over 10 s befors and at
the end of apptication of the compounds Data points represent
mean and standard error of 4-10 measurements at different
concentrations.

4-CEP did not increase [Ca*"], whereas 100 uM of the
substance induced a small increase (~6 nM, as measured
at the end of 10 min exposure). A larger increase in
[Ca?*], (~50 nM) was achieved with 200 pM 4-CEP. At
200 and 500 pM concentrations; the maximal increases
in [Ca?*], were significantly higher with 4-CEP than with
4-CmC (Fig. 1B,DE). The rates of rise of [Ca*], on
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Fig. 2 4-CEP enhances caffeine-induced increase in [Ca?]. Figure
shows traces obtained from one fiber in the presence of 5 mM
caffeine (A), 20 uM 4-CEP (B), and 5 mM caffaine plus 20 uM 4-
CEP (C). 5 mM caffsine increased [Ca?*] which reached a plateau
and reversed on wash out (A). 20 uM 4~ éEP did not increase
[Ca?]. (B). Superimposed traces obtained on application of 5 mM
caffeine alone (dotted line; from A) or 5 mM caffaine plus 20 uM 4-
CEP (solid line) are shown in (C). (D) shows lack of response of
another fiber to 10 uM forskolin and 20’ uM 4-CEP.,

application of 200 uM of the substances were, however,
faster with 4-CmC (t,, = 82 * 15 s, # = 5) than with 4-
CEP (t,,=198 + 28 s, n=10) (P =0.016) (cf. Fig. 1A and
1C). 500 uM 4-CEP increased [Ca*], to very high level
(e.g.> 5 uM) often close to the saturation point of Indo-1,
thus making exact measurement of [Ca®], difficult. At
this concentration, 4-CEP induced an increase in resting
force which started at a [Ca*}, of 356 + 29 nM (#=4) and
led invariably to an irreversible contracture. With 4-
CmC, 1 mM of the substance was required for such
effect. The large [Ca?*], increase achieved with 500 uM 4-
CEP or 1 mM 4-CmC did not reverse on wash out of the
substances.
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4-CEP enhanced Ca?* release by caffeine

To investigate whether the increase in [Ca*],in intact
muscle fibers induced by 4-CEP exposure involves
activation of RY receptor, we examined the effect of this
agent on Ca? release by caffeine, a well-studied agonist
of the receptor. Figure 2 shows original records from one
fiber first exposed to caffeine (5 mM), then to a
subthreshold concentration of 4-CEP (20 uM), and finally
to both caffeine and 4-CEP. It can be seen that caffeine
induced an increase in [Ca?*], which reached a plateau
and readily reversed on washout of the substance (Fig.
2A). However, when caffeine was added together with 4-
CEP (Fig. 2C), [Ca?*], continued to increase instead of
stabilizing at a plateau as was observed with caffeine
alone. Mean data from these experiments showed that
caffeine (5 mM) significantly increased [Ca?*], by 21 + 6
nM from a basal value of 60 nM, whereas 4-CEP had no
significant effect (see Fig. 1). When caffeine and 4-CEP
were added together in the same fibers, resting [Ca?*],
increased by 95 + 27 nM, as measured at the end of 5
min exposure. Thus 20 pM 4-CEP which alone did not
increase resting [Ca®*], (cf. Fig. 2B) markedly potentiated
the Ca?*-releasing effect of caffeine. Caffeine increased
[Ca?*], more rapidly (t,, =28 + 4 s, #= 4) than 200 uM 4-
CmC or 4-CEP (cf. Fig. 2A & Fig. 1A,C). In all experiments
where caffeine and 4-CEP were added together, the
initial rate of increase of [Ca?*], was similar to that
obtained with caffeine alone (see Fig. 2C) suggesting that
the potentiating effect of 4-CEP sets in after a delay. The
continuous rise of [Ca?'], achieved with caffeine and 4-
CEP reversed on wash out of the substances.

Caffeine could have potentiated the effect of 4-CEP by
increasing cellular cAMP level [22,23]. To test this, we
used forskolin that elevates the cAMP level by activating
adenylylcyclase. Forskolin (10 uM) did not increase [Ca?*],
by itself in any of the experiments (# = 3). As shown in
Figure 2D, combination of 10 uM forskolin and 20 uM 4-
CEP also did not increase [Ca*]. In one of these
experiments, the fiber was exposed to forskolin for 5 min
before addition of 4-CEP, but still no increase of [Ca?*],
was observed.

Effects of dantrolene on Ca** release by 4-CmC
and 4-CEP

Dantrolene, a muscle relaxant, is an inhibitor of RY
receptors but has also been demonstrated to have a
stimulatory effect on these channels [24]. In our
- experiments, application of 100 uM dantrolene reduced
the resting [Ca?], by 30 + 4 nM from a mean starting
level of 87 nM (n = 8). As shown in Figure 3A, 100 M
dantrolene completely blocked the [Ca?*]-elevating
effect of 200 pM 4-CmC; similar results were obtained in
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Fig. 3 Effects of dantrolene on [Ca?], changes induced by 4-CmC
and 4-CEP. (A) Original record from one representative fiber
exposed to dantrolene and 4-CmC. Dantrolene (100 uM) reduced
basal [Ca?*]. Addition of 4-CmC (200 pM) in the presence of
dantrolens did not affect [Ca®].. (B) [Ca?*] trace obtained from
another muscle fiber. Dantrolene (100 uMS and 4-CEP (200 uM)
were added at times indicated by the horizontal bars.

three fibers. The effect of dantrolene on 4-CEP-induced
[Ca?]; increase was complex and is illustrated in Figure
3B. As stated above, when applied to resting muscle,
dantrolene reduced basal [Ca?*], presumably by reducing
the Ca?* leak through the RY receptors and, thus,
promoting sequestration of the ion in the SR. Subsequent
addition of 200 uM 4-CEP had no obvious effect on
[Ca%], for 2-4 min: but, thereafter, 4-CEP induced an
abrupt and large increase in [Ca?*], in all experiments (=
4) despite the continued presence of dantrolene. The
total increase in [Ca*], with 4-CEP and dantrolene
applied together was larger than that with the same
concentration 4-CEP alone (cf. Fig. 3B & Fig. 1C) and a
contracture developed in all experiments when the drugs
were added together.

Effect of 4-CmC on [Ca**], and force of contraction
during tetanic stimulation

" To test whether 4-CmC could affect depolarization-

induced activation of RY receptor and contraction, we

Cell Calcium (1998) 24(2), 105-115
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Flg. 4 Effects of 4-CmC on [Ca?*], and force of contraction induced
by tetanic stimulation. The muscle fiber was stimulated by giving a
train of supramaximal current pulses at 100 Hz. The upper panel
shows changes in [Ca?"}, and the lower panel force of contraction
measured simultaneously. Responses obtained under control
conditions (A), after application of 100 uM 4-CmC (B), and in the
presence of 5 mM caffeine after wash-out of 4-CmC (C) are shown.
Horizontal lines below force records indicate period of stimulation.

produced contraction by 350 ms tetanic stimulation in
the presence of 20-200 pM 4-CmC. In these experi-
ments, the mean amplitudes of [Ca?*], and force of
contraction during the last 100 ms of stimulation in the
treated groups were compared with that in the controls.
20 pM 4-CmC had minimal stimulatory effect on tetanic
[Ca*], and force of contraction (data not shown). As
illustrated in Figure 4B, 100 pM 4-CmC increased both
tetanic [Ca*}, (upper panel) and force of contraction
(lower panel). In this fiber, the tetanic [Ca**), obtained in
the presence of 100 pM 4-CmC was higher than that
obtained in a subsequent tetanus in the presence of 5
mM caffeine after wash out of 4-CmC. The full effect of
4-CmC on tetanic [Ca*], and force of contraction
developed after a 2 min exposure to the substance and,
thereafter, remained stable throughout the period of
exposure to 4-CmC. [Ca**], during tetanic stimulation in
the presence of 100 pM 4-CmC was 1406 + 368 nM
higher than the mean control value of 1437 nM, ie. an
increase of 98 + 18% (P = 0.012). This increase was very
similar to that obtained with 5 mM caffeine in the same
fibers, which amounted to 1510 + 569 nM or an increase
of 94 + 27% (P = 0.045). The increase in the force of
contraction on tetanic stimulation obtained with 100 pM
4-CmC (10 £ 4%, P= 0.034) was similar to that obtained
with 5 mM caffeine (13 £ 3%, P = 0.0047; Fig. 4, lower
panel). It may also be noted that the rate of force rise in
tetani is markedly higher in the presence of 4-CmC or
caffeine as compared to control conditions. The effects of
both 4-CmC and caffeine on tetanic contractions were
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Fig. 5 Effects of 4-CEP on [Ca®], and force of contraction induced
by tetanic stimulation. Conditions of experiments were as
described in the caption to Figure 4. [Ca?*}, changes (upper panel)
and force of contraction (lower panel) induced by tetanic
stimulation under control conditions (A), in the presence of 20 uM
4-CEP (B) and in the presence of 5 mM caffeine (C) are shown.

reversible on wash out. We tested effects of 200 pM 4-
CmC on tetanic [Ca%"], and contraction in three fibers.
This concentration of 4-CmC gave an increase of tetanic
[Ca?*];, and force comparable to that obtained with 100 -
uM of the substance. However, in two of these
experiment the tetanic [Ca?*], and force started to decline
and became irregular after a 4 min exposure to the
substance (data not shown).

Effects of 4-CEP on [Ca*], and force of contraction
during tetanic stimulation

We repeated the experiments described in the preceding
paragraph but now in the presence of 20~200 uM 4-CEP.
We produced single tetanic contraction after a 10 min
exposure to the substance. As shown in Figure 5B, [Ca2*],
(upper panel), peak force and rate of force rise (lower
panel) during 350 ms tetanic stimulation were increased
by 20 uM 4-CEP. In six fibers tested, 20 pM 4-CEP
significantly increased tetanic [Ca?*], by 561 + 200 nM
from a mean control value of 1075 nM, i.e. an increase of
47 + 8% (P = 0.037). At the same time, tetanic force
increased by 9 £ 4% (P = 0.049). In three of these
experiments, we compared the potentiating effect of 4-
CEP to that of 5 mM caffeine. As shown in Figure 5C,
compared to the effects of 20 pM 4-CEP, 5 mM caffeine
had much larger effect on tetanic [Ca®*],. Caffeine (5 mM)
increased tetanic [Ca**], by 110 + 16% as compared to 53
+ 16% with 20 uM 4-CEP in the same fibers. In these
three fibers, caffeine increased force by 17 + 6%. These

© Harcourt Brace & Co. Ltd 1998
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Fig. 6 High concentration of 4-CEP inhibits muscle contraction. A
muscle fiber was stimulated at 100 Hz for 350 ms under control
conditions (A), after a 10 min exposure to 200 uM 4-CEP (B) and
after a 10 min wash-out (C). Upper panel shows [Ca?*} changes
and lower pane! the forces of contractions. The resting [Ca?] was
elevated during exposure to 4-CEP but this is not visible with the
range used on the y-axis In (B). Tetanic stimulation completely
failed to elicit a contraction or elevate [Ca?], in the presence of 200
UM 4-CEP. '
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effects of caffeine were observed within 30 s of exposure,
whereas at least 4 min were required for the full effect of
4-CEP to develop. In another series of experiments, we
produced tetanic contraction in three fibers after a 10
min exposure to 100 uM 4-CEP. The increase in tetanic
[Ca*], at this concentration was 43 + 22%, thus very
similar to the increase obtained with 20 pM 4-CEP (data
not shown).

In contrast to the potentiating effect of 20 and 100 pM
4-CEP on [Ca?*], and force of contraction, 200 uM 4-CEP
completely inhibited contraction on tetanic stimulation.
In experiments illustrated in Figure 6, a muscle fiber was
first exposed to 200 uM of 4-CEP for 10 min which
increased resting [Ca*]. When tetanic stimulation was
applied to the fiber at this stage, there was no further
increase in [Ca**], and no contraction. Such lack of
response to tetanic stimulation was observed in seven
out of eight fibers exposed to 200 uM 4-CEP. The fibers
recovered from this paralysis upon wash-out (Fig. 6C).
After a 20 min wash out, the tetanic [Ca**], and force
were 95 + 6% and 82 * 6%, respectively, of the controls,

Effect of 4-CmC on SR Ca?** uptake and myofibrillar Ca?*
sensitivity

In a previous report, we demonstrated that caffeine
affects [Ca?*], and muscle contraction by slowing activity
of the SR Ca?* pump and by increasing myofibrillar Ca?*
sensitivity [9]. To test whether 4-CmC affects the SR Ca2*
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Fig. 7 Effect of 4-CmC on SR Ca?* pumping. (A) The noisy
records show the late slow phase of decline of [Ca?*), after 350 ms
100 Hz tetani in a fiber under control conditions (solid line) and in
the presence of 4-CmC (dashed line). Zero time corresponds to the
last stimuius. Note the initial (truncated) rapid phase of {Ca?*]
decline followed by the slow phase. Each record represents the
mean of three contractions. The thick dashed lines represent
double exponential fits to the slow phase of [Ca?*), decline. (B) Data
points of d{Ca?]/dt against [Ca?], obtained at selected time points
from the curve fits in (A): filled circles, control; open circles, 100 uM
4-CmC. Curves shown are fits of Equation 1 to the data points in
the control (solid line) and in the presence of 100 uM 4-CmC
(dashed line).

_pump , we analysed the rate of decline of [Ca?*], ([Ca?*],

tail) after tetanic contractions. Figure 7A shows original
traces of the decline of [Ca?*] after 350 ms tetanic
stimulations in controls and in the presence of 100 uM 4-
CmC (noisy lines each of which is the average of three
tetanic contractions). It can be seen that in the presence
of the 4-CmC, the magnitude of [Ca?", is larger at the
beginning of the tail, but the rate of decline is faster, so
that the two traces become indistinguishable towards the
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Fig. 8 4-CmC does not affect myofibrillar Ca?* sensitivity. The
traces show relationship between [Ca?*], (upper panel) and force
(lower panel) obtained during tetanic stimulation under different
conditions. The muscle fiber was stimulated at 60 Hz under control
conditions (A), or at 30 Hz in the presence of 100 uM 4-CmC (B) or
5 mM caffeine (C). Horizontal lines below the lower panel show
period of stimulation. [Ca®], and force were averaged over the final
100 ms (shown by horizontal lines in the upper parts of [Ca2}, or
force traces). Observe that while force is similar in the three
situations, [Ca?*], is markedly lower with caffeine. (D) Plots of the
mean force and tCa?*]l in the final 100 ms of a series of tetanic
stimulation at 20 to 100 Hz under control conditions (filled circles),
in the presence of 100 uM 4-CmC (open circles), or in the
presence of 5 mM caffeine (filled triangles). The measurements
were made from the same fiber as in (A-C). The curves are least
squares fits of Equation 2 to the experimental data points in the
controls (solid line) and in the presence of 4-CmC (dashed line). A
100 Hz tetanus in the presence of 5 mM caffeine (the filled triangle
with higher force) was used to obtain the maximum force at
saturating [Ca®}, (P_,,) under control conditions.

end. The thick lines represent two exponential curve fits
to the records. These curve fits are used in Figure 7B,
where the rate of [Ca?], decline (d[Ca*"]/dt) is plotted
against [Ca?*]. The data points obtained this way were
similar in the presence or absence of 4-CmC. To quantify
possible changes, Equation 1 was fitted to the data points
with N set to 4 (see Materials and methods). Mean values
for A (SR Ca** pumping) and L (SR Ca?** leak) showed no
significant difference. A in controls was 1.83 £ 0.34 x 1077
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nM-3s! and in the presence of 4-CmC 1.58 £ 0.18 x 107
nM-=3s! (P = 0.24, n = 3). L in controls was 124 £ 3.8
nM.s! and with 4-CmC 12.7 £ 1.4 nM s (P= 093, n =
3).These analyses suggested no major effect of 4-CmC on
SR Ca?* pumping or Ca?* leak.

We tested whether 4-CmC alters myofibrillar Ca?
sensitivity by analysing the force~[Ca*"], relationship in
the absence or presence of the substance. We varied [Ca?*];
and force by giving tetanic stimulation at 20-100 Hz. The
tension at saturating [Ca?*], was obtained by producing
100 Hz tetani in the presence of 5 mM caffeine. A typical
experiment is shown in Figure 8, where the upper panel
shows [Ca?*], traces obtained in the presence or absence of
100 uM 4-CmC and the middle panel shows
corresponding forces of contraction (Fig. 8A,B). The traces
were chosen such that the forces of contractions were
similar. It can be seen that a 60 Hz tetanic contraction in
controls and a 30 Hz tetanus in the presence of 4-CmC
gave similar [Ca?*], (Fig. 8A,B, upper panel) and also similar
forces of contractions (Fig. 8A,B, lower panel) suggesting
lack of any major effect of 4-CmC on myofibrillar Ca?*
sensitivity. For comparison, we have included a 30 Hz
tetanus produced in the presence of 5 mM caffeine (Fig.
8C). In this trace, while force is similar to that in the other
two tetani, [Ca®'], is substantially lower suggesting that
myofibrillar sensitivity to Ca?" is increased on application
of caffeine. A plot of force versus [Ca?*], obtained in the
absence or presence of 100 uM 4-CmC showed no differ-
ence, whereas the data point from the 30 Hz tetanus in the
presence of caffeine lies clearly to the left. Fitting Equation
2 (see Materials and methods) to the data points gave
similar curves. The values for Ca,, (1057 * 194 versus
1161 £ 57 nM), P___ (100% versus 94 +4%) and N (5.9 +
1.2 versus 5.1 £ 0.7) in the control groups compared to the
4-CmC group were not significantly different (# = 4).

4-CEP Inhibited action potential

As described above, 200 pM 4-CEP inhibited muscle
contraction on tetanic stimulation. This could be due to
inability of RY receptors to respond to membrane
depolarization. Alternatively, 4-CEP might affect the
resting membrane potential or generation of action
potentials. To distinguish between these possibilities, we
recorded the membrane potential in fibers of intact
soleus muscle. Under control conditions, the resting
membrane potential was —-67.6 £ 1.9 mV (n = 10) and all
fibers gave a clear action potential in response to a
current pulse. When the muscles were treated for 10 min
with 200 uM 4-CEP the membrane was significantly
depolarized to -51 + 2 mM (» = 20) and action potential
could be produced in only five of the 20 fibers examined
(data not shown). :
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DISCUSSION

Previous studies using fragmented SR demonstrated that
the phenolic compound 4-CmC releases Ca?* specifically
by activating the RY receptor and that the substance is
more potent than caffeine. Here we use a more
physiological system and confirm that 4-CmC, and its
lipophilic analogue 4-CEP, increase resting [Ca®], in
intact skeletal muscle fiber in a dose-dependent manner.
The pattern of increase in [Ca*], by 4-CmC resembled
closely that by caffeine in being relatively rapid in onset,
effective on both the resting and the activated state of RY
receptor and completely reversible. These phenolic
compounds were clearly more potent than caffeine: the
increase in resting [Ca?*], by 500 uM 4-CmC being
roughly comparable to that by 5 mM caffeine. In this
regard, 4-CEP, the more lipophilic compound, was more
potent. High concentrations of the compounds caused
muscle contracture in the absence of stimulation, an
effect that resembles that of high concentrations of
caffeine. However, 4-CmC and 4-CEP induced muscle
contracture at concentrations ~1/50th to 1/25th that of
caffeine [25]. Furthermore, when used at low
concentrations, these phenolic compounds did not
appear to have any major toxic effect on muscle fibers
during acute applications for as long as 10~20 min.

The increase in resting [Ca?*], caused by 4-CmC and 4-
CEP was due to release of the ion from the SR through
RY receptors. This is evidenced by the fact that [Ca?*],
increase by 4-CmC was inhibited by dantrolene an
inhibitor of RY receptors. Dantrolene slightly delayed the
[Ca?*], increase by 4-CEP but, in this case, the initial
inhibition of Ca?* release was soon overcome during
continued application of 4-CEP. Our interpretation of
this finding is that, in the presence of dantrolene, there is
an increased accumulation of Ca?* in the SR and the
increased SR Ca** content eventually overcomes the
inhibitory effect of dantrolene. Such a phenomenon has
been described for other RY receptor inhibitors [26].
Further evidence that [Ca?"], increase by these
compounds were due to Ca>* release through RY
receptor was obtained from experiments where a
subthreshold concentration of 4-CEP enhanced [Ca?,
increase by 5 mM caffeine, an observation consistent
with previous reports [27]. Such an effect does not appear
to be due to cAMP-elevating action of caffeine since
forskolin did not have similar effect. The potentiating
effect of 4-CEP on caffeine-induced Ca?* release may be
due to the fact that the xanthine drug and 4-CEP (or 4-
CmC) act on different sites on the RY receptor. The
binding site(s) of caffeine on the RY receptors is not
known but is likely to be on the cytoplasmic side of the
receptor {11,12]. On the other hand, 4-CmC appears to
bind on the Iuminal side of RY receptor [14]. Other
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mechanisms by which caffeine could potentiate the
effect of 4-CEP include inhibition of the activity of SR
Ca** pumps and sensitization of RY receptor to Ca?*-
induced Ca?* release [9].

4-CmC and 4-CEP potentiated the [Ca?*], increase and
force of contraction induced by tetanic stimulation.
However, such potentiation was observed within a
relatively narrow concentration range and high
concentrations of these agents tended to be inhibitory.
The underlying mechanism of potentiation of tetanic
[Ca?*]; by these substances could be sensitization of the
RY receptor-mediated release process or an inhibition of
SR Ca** pumps. To identify if the latter mechanism
contributed to potentiation of tetanic [Ca?*], by 4-CmC,
we analysed the slow phase of [Ca*]; decline following
tetani in the presence or absence of 4-CmC. These
analyses demonstrated that 4-CmC does not have an
inhibitory effect on SR Ca?* pump, a conclusion
consistent with previous observations made in cell-free
systems [13]. This is in contrast to the effect of caffeine
which can reduce the activity of SR Ca* pumps by as
much as 60% [9].

The potentiating effect of 4-CmC on force of
contraction during tetanic stimulation could be due to
increased [Ca?*], in the presence of 4-CmC and/or an
increase in myofibrillar Ca** sensitivity. By analysing the
force-[Ca?*], relationship obtained in the presence or
absence of 4-CmC, we demonstrate that the substance
does not increase myofibrillar Ca?* sensitivity. Thus, 4-
CmC-mediated increased force of contraction during
tetanic stimulation is due to increased [Ca?*], This is in
contrast to the effect of caffeine which significantly .
increases both tetanic [Ca?*], and myofibrillar Ca?*-
sensitivity [9]. ’

High concentrations of 4-CEP (e.g. 200 uM) inhibited
the [Ca*] increase and contraction on tetanic
stimulation. This appears to be due to an inhibitory effect
of the compound on the excitability of the sarcolemma
since, at this concentration, the compound inhibited
generation of action potentials. The underlying
mechanism of this inhibition is not clear, but may be
related to the observed depolarization of resting fibers. It
is possible that this lipophilic substance may inhibit K*
permeability and, thereby, elevate basal membrane
potential leading to difficulty in the generation of action
potentials. A similar inhibition might also explain the
reduced tetanic [Ca?*], and force production observed in
some experiments with 200 uM 4-CmC. A depressive
effect of 4-CEP on contraction has also been described in
smooth muscle cells [28].

Thus, we demonstrate that 4-CmC and 4-CEP activate
RY receptor in intact skeletal muscle fiber and, thereby,
increase [Ca*], and potentiate muscle contraction on
electrical stimulation. Although 4-CEP was more potent
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than 4-CmC in increasing resting [Ca?], it appears less
suitable for usage in physiological studies. This is
because the onset of 4-CEP action is slower and it readily
causes inhibition of contraction.

Our study shows that 4-CmC has several advantages
over the pharmacological tools commonly used for
studying RY receptor namely caffeine and ryanodine. This
phenolic compound is more potent than caffeine, does not
affect SR Ca?* pumping or leak, and does not alter
myofibrillar Ca?* sensitivity. In comparison to the effect of
ryanodine, 4-CmC is only activatory and the effect sets in
more rapidly. The effect is also fully reversible provided
the dose is not high enough to induce contracture. This
substance and its derivatives, thus have potential to
become useful tools for mechanistic or functional studies
of RY receptors in skeletal muscle and probably also in
other cell types.
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