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SUMMARY

In the present study we investigated the effect of the compound
chiorocresol on intraceliular Ca?* homeostasis. Three different
systems that have been shown to express the ryanodine recep-
tor Ca?* channel were chosen, i.e., skeletal muscle sarcoplasmic
reticulum, cerebellar microsomes, and PC12 cells. In skeletal
muscle sarcoplasmic reticulum, 4-chloro-m-cresol was found to
be a potent activator of Ca®* release mediated by a ruthenium
red/caffeine-sensitive Ca®* release channel. in cerebellar micro-
somes, this compound released Ca?* from an inosito-1,4,5-
trisphosphate-insensitive store, suggesting that there too it was

acting at the ryanodine receptor level. When tested on PC12

celis, chiorocresol released Ca?* from a caffeine- and thapsigar-
gin-sensitive intraceliular store. In addition, the compound was
capebleofreleasingCa”afterpretreaMochmeelsmm
bradykinin, suggesting that it acts on a channel contained within
an intraceliular Ca®* store that is distinct from that sensitive to
inositol-1,4,5-trisphosphate. Structure-activity relationship anal-
yses suggest that the chioro and methyl groups in chiorocresols
are important for the activation of the ryanodine receptor Ca**
release channel.

The RYR is a homotetramer of four 5§65-kDa subunits that
mediates Ca’* release from intracellular stores (1-3). The pri-
mary sequence of this protein has been determined from a
number of species and tissues (1, 2, 4-7); Northern blot analyses
demonstrated that at least three isoforms exist, one specific for
skeletal muscle, one present in cardiac muscle, and a third
present in brain. Analysis of the predicted primary structure of
the RYR protomer indicates that the amino-terminal portion
constitutes a large hydrophilic domain, whereas the last 1000
amino acids form the channel itself (1, 2).

A large number of chemically diverse substances have been
reported to release calcium from isolated TC via the RYR Ca**
channel. In vitro, caffeine, Ca** itself, Ag**, thymol, halothane,
doxorubicin, and ryanodine (8, 9) all release Ca** by stimulating
the SR RYR. To explain the molecular mechanism by which
such diverse substances can act on the same molecule, one can
postulate the presence of multiple activator binding sites pres-
ent on the large hydrophilic portion of the receptor. This region
must control a membrane-bound structure encompassing the
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ion-permeable channel (10). Thus, in vivo the RYR could be
the target of chemical substances present as additives or pre-
servatives in a variety of drug formulations.

MH, an inherited pharmacogenetic disorder, has been linked
to a mutation in the RYR molecule (11). Halothane and other
halogenated agents, as well as succinylcholine, have been re-
ported to trigger MH (12, 13). As part of a comprehensive study
on MH-inducing compounds, we tested the capacity of phar-
macological additives to stimulate contraction of isolated mus-
cle bundles. We found that chlorocresol, a preservative rou-
tinely added to commercial preparations of succinylcholine, is
in fact a strong activator of muscle contraction.

Here we demonstrate that chlorocresol is capable of releasing
Ca®** from a ruthenium red/caffeine-sensitive Ca®* release
channel selectively localized in TC. Furthermore, chlorocresol
is capable of releasing Ca’* from heparin-treated cerebellar
microsomes, indicating that it is not acting via the Insp,R.
Finally, we show that in PC12 cells this agonist releases Ca®*
from a caffeine/thapsigargin- sensitive intracellular store.

'V. Tegazzin, E. Scutari, S. Treves, and F. Zorzato. Chlorocresol induces

contracture of malignant hypothermic susceptible muscles. Manuscript in prep-
aration.

ABBREVIATIONS: RYR, ryanodine receptor; TC, terminal cistemnae; SR,

1,4,5-trisphosphate receptor; PMSF,

reticulum; MH, malignant hyperthermia; insP,R, inositol-

fluoride; [Ca?*), intraceliular Ca** concentration; [Ca**},, extraceliular Ca®* concentra-

tion; InsP,, inositol-1,4,5-trisphosphate; EGTA, ethylene glycol bis(s-aminoethyl ether)}-N.N.N’N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesuifonic acid; LSR, longitudinal sarcopiasmic reticulum; MOPS, 3{N-morpholino)propanesulfonic acid.
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Thus, chlorocresol could become a new pharmacological tool
with which to study intracellular Ca?** homeostasis.

Experimental Procedures

Materials. The experiments presented here were carried out on the
parental PC12 line subcultured in our laboratory as described previ-
ously (14). Ruthenium red, 4-chloro-m-cresol, 4-chloro-o-cresol, o-cre-
sol, p- chlorophenol, and antipyrylazo III were from Fluka (Buchs,
Switzerland); bradykinin, heparin, and caffeine were from Sigma
Chemical Co. (St. Louis, MO); Ca** ionophores A23187 and ionomycin
were from Calbiochem (San Diego, CA); fura-2 and fluo-3 were from
Molecular Probes (Eugene, OR); and InsP; was from ICN (Costa Mesa,
CA). All other materials were analytical grade or of the highest available
grade. Thapsigargin was a kind gift of Prof. Tullio Pozzan, Institute of
General Pathology, University of Padova (Padova, Italy).

Subcellular fractionation. SR was isolated from white muscles of
New Zealand White rabbits and was fractionated into longitudinal
tubules and TC in the presence of antiproteolytic agents as described
by Saito et al. (15). The SR fractions were resuspended in 0.3 M sucrose,
5 mM imidazole, pH 7.4, 100 uM PMSF, 1 ug/ml leupeptin (buffer A),
and were stored in liquid nitrogen until used.

Bovine cerebella were obtained from the local slaughterhouse, from
freshly slaughtered animals. The microsomal fraction was obtained by
homogenizing the tissue in 0.3 M sucrose, 5 mM imidazole, pH 7.4, 100
uM PMSF, 1 ug/ml leupeptin, as described previously (16). The 100,000
X g pellet was resuspended in 0.3 M sucrose, 5 mM imidazole, pH 7.4,
100 uM PMSF, 1 ug/ml leupeptin, 1 mM benzamidine, and was stored
in liquid nitrogen until used. Protein concentration was determined
according to the method of Bradford (17), using bovine serum albumin
as the standard.

Ca® measurements. Ca’* release from isolated SR fractions was
measured in a Beckmann DU7400 diode array spectrophotometer by
monitoring the Az, — Ao value of the Ca?* indicator antipyrylazo III,
as described by Palade (9) and detailed by Treves et al. (18). Pulses of
25 nmol of Ca® were administered to load the SR fractions with
approximately 2.3 umol of Ca**/mg of protein. When steady state was
reached, Ca®* release was triggered by the addition of different com-
pounds.

Ca’®* release from T'C and cerebellar microsomes was measured in
an LS50 thermostatted Perkin Elmer spectrofluorimeter equipped with
magnetic stirring, as described by Sayers et al (19). Briefly, TC (final
concentration, 100 ug/ml) or microsomes (final concentration, 200 ug/
ml) were added to a fluorimeter cuvette containing 7.5 mM potassium
pyrophosphate, 18.5 mm MOPS, pH 7.0, 100 mM KCl, 5 mM creatine
phosphate, 20 ug/ml creatine phosphate kinase, and 200 nM fluo-3 free
acid. Ca** accumulation was stimulated by the addition of 1 mm
MgATP. Pulses of Ca®* were administered and, after steady state was
reached, Ca** release was stimulated by the addition of different agents.
At the end of each experiment F.., and F... were obtained by the
addition of EGTA and Ca?*, respectively, and [Ca**] was calculated
according to the formula [Ca®**] = K(F — Fuin/Fuu — F) (Kq = 900
nM) (19, 20). Loading with fura-2 and [Ca’*]; measurements were
carried out in 140 mM NaCl, 5§ mm KCl, 1 mm MgSO,, 20 mm HEPES,
1 mM NaHPO,, 5 mM glucose, pH 7.4, as described (21, 22). In each
experiment, 5 X 10° cells/ml, loaded with 6 uM fura-2/acetoxymethyl
ester, were used.

Results

Characterization of chlorocresol-induced Ca** fluxes
in isolated SR fractions. Fig. 1 shows the chemical strutures
of the compounds used to study Ca®* fluxes. In Fig. 2 the effect
of 4-chloro-m-cresol on the initial rate of Ca** release from
actively loaded longitudinal tubules (LSR) and TC vesicles is
shown. Ca®* fluxes were followed spectrophotometrically with
the indicator antipyrylazo III, as described previously (18).
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OH OH
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Fig. 1. Chemical structures of o-cresol, 4-chioro-o-cresol, 4-chioro-
m-cresol, and p-chlorophenol.

Addition of 1 mM chlorocresol caused a rapid release of Ca?*
from the TC fraction (Fig. 2A), whereas it had no effect on
LSR (Fig. 2B), indicating that it was not acting by inhibiting
the Ca®-ATPase or damaging the vesicles. To establish
whether this agent acts via the RYR Ca®* release channel, we
examined the effect of ruthenium red, a known inhibitor of the
RYR. Fig. 2C shows that pretreatment of TC with 10 uM
ruthenium red completely abolished 4-chloro-m-cresol-induced
Ca?" release. Fig. 3 shows the dose-dependent effect of 4-chloro-
m-cresol on the kinetics of Ca®** release from TC. The half-
maximally stimulatory dose of Ca?* release was 300 uM, whereas
at 900 uM this agonist released Ca’* at an initial rate of
approximately 4.8 umol of Ca®*/min/mg of protein. Such a rate
is comparable to Ca?* release activated by caffeine (9).

We next studied whether compounds chemically related to
chlorocresol were capable of releasing Ca**. p-Chlorophenol at
100 uM had no effect on [Ca**], (Fig. 4A), whereas at higher
concentrations the compound was able to elicit release of Ca**
(Fig. 4B); however, the release rate was approximately 10-fold
lower than that observed with similar concentrations of 4-
chloro-m-cresol. Comparison of Fig. 4, A and B, also shows
that the position of the methyl group influences the Ca**-
releasing capacity of the compounds; 4-chloro-m-cresol was
more potent than its ortho-analogue.

To further confirm the effects of chlorocresols on Ca?* fluxes,
we carried out similar experiments using a different Ca®* indi-
cator, namely fluo-3. In Fig. 5 we show that, at a concentration
of 800 uM, o-cresol had no effect on [Ca®*},, whereas 800 uM 4-
chloro-m-cresol caused a rapid release of Ca’** from TC. The
subsequent addition of the Ca’* ionophore A23187 caused, as
expected, a larger release of Ca’* from o-cresol-treated TC than
from vesicles that had received 4-chloro-m-cresol. We were
unable to test the effect of caffeine, because its addition strongly
quenched the fluorescent signal (Fig. 5).

Characterization of chlorocresol-induced Ca** fluxes
in bovine cerebellar microsomes. Our experiments on iso-
lated SR TC cannot exclude the possibility that chlorocresol is
also activating the InsPsR Ca’* release channel. To address
this problem we prepared microsomes from bovine cerebellum,
a tissue that is rich in InsP,R but that also contains a caffeine-
sensitive Ca’* release channel (23, 24). Microsomes were pre-
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pared as described in Experimental Procedures, and Ca** ac-
cumulation was stimulated by the addition of MgATP. Changes
in [Ca**], were followed with the fluorescent indicator fluo-3.
As expected, 5 uM InsP; caused release of Ca** from microsomes
(Fig. 6A); the subsequent addition of InsP; caused no additional
release of Ca?*, whereas addition of 800 uM 4-chloro-o-cresol
caused a small release of Ca®*. Fig. 6B shows that 800 uM
chlorocresol was capable of releasing Ca®** from microsomes.
Furthermore, when microsomes were pretreated with heparin,
a known inhibitor of the InsP;R, InsP; failed to elicit Ca®
release; on the other hand, chlorocresol was still capable of
releasing Ca?* (Fig. 6C). These results exclude a direct action
of chlorocresol on the InsP;R and also indicate that microsomes
may contain at least three intracellular Ca**-containing vesi-
cles, i.e., a small population containing only a RYR-like Ca**
release channel, another containing both channels, and a third
that can be depleted only by ionophore treatment. The latter
store is thapsigargin insensitive (data not shown) and may
represent either resealed membrane vescicles or contaminating
mitochondria. Unfortunately, we were unable to activate the

10

RYR Ca?* release channel with caffeine or doxorubicin, because
addition of both compounds strongly quenched the fluorescent
signal.

Effect of chlorocresol on [Ca**]; of PC12 cells. A num-
ber of studies have documented that in the rat pheocromocy-
toma cell line PC12 two distinct intracellular Ca®* release
channels exist, one being InsP; sensitive and the other caffeine
sensitive (14). Caffeine has thus been used to check for the
presence of RYR-like Ca** channels in these as well as other
cells. Unfortunately the use of this agonist has several draw-
backs; (i) very high concentrations (10-40 mM) must be used
to obtain an effect and (ii) at such high doses caffeine quenches
fluo-3 fluorescent signals, whereas it causes fluorescence arti-
facts when cells are loaded with low concentrations of fura-2.2
Because of the problems linked to the use of caffeine, we tested
whether chlorocresol could be used to study intracellular Ca**
pools. All the experiments carried out in intact cells were
performed in Ca®*-free medium. Fig. 7 shows the effect of cresol

1 8. Treves, unpublished observations.
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and its methylated derivatives on [Ca?*]); homeostasis. Under
these conditions o-cresol (Fig. 7A) had no effect on [Ca®*];. On
the other hand, 4-chloro-m-cresol (Fig. 7B) and 4-chloro-o-
cresol (Fig. 7C) were capable of releasing Ca®* from intracellular
stores. The effect on [Ca®*); was completely abolished by pre-
treatment with 100 nM thapsigargin (Fig. 7D) or 1 uM iono-
mycin (data not shown).

In Fig. 8 the dose dependence curves for 4-chloro-m-cresol
and 4-chloro-o-cresol effects on [Ca?*]; are given; the order of
potency of the two compounds in PC12 cells is 4-chloro-o-cresol
> 4-chloro-m-cresol. To rule out the possibility that these
agents were indirectly affecting [Ca**}; by damaging the cell
membrane, we tested their effects on membrane potential using
the fluorescent dye bis-oxonol. Addition of chlorocresol had no

apparent damaging effect, because it caused plasma membrane
hyperpolarization, as would be expected for an agent causing
release of Ca’* from intracellular stores (data not shown).

The next set of experiments were aimed at studying the effect
of chlorocresol on the InsPs-sensitive and/or caffeine-sensitive
intracellular Ca** pools. We observed that, in Ca®*-free me-
dium, the Ca?* transients elicited by saturating concentrations
of chlorocresol were drastically reduced if the cells were first
exposed to caffeine (Fig. 9A). Similarly, if PC12 cells were
pretreated with chlorocresol, caffeine failed to elicit an increase
in [Ca®*}; (Fig. 9B). On the other hand, pretreatment of PC12
cells with 200 nM bradykinin, an agonist that causes activation
of InsP;-sensitive Ca’* channels, did not abolish the response
to 4-chloro-o-cresol (Fig. 9C).
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Fig. 8. Dose-response curves for chiorocresols in PC12 celts and effects
on[Ca’*} [Ca**} was measured in PC12 cells that had been loaded
with 5 um fura-2 and treated with different concentrations of 4-chioro-o-
cresol (A) or 4-chioro-m-cresol (). [Ca®*} was obtained by subtracting
the maximal [Ca**} increase from the basal [Ca**}. Values are the
mean + standard error of four experiments.

In the experiments shown in Fig. 10, we examined the effect
of chlorocresol on PC12 cells in the presence of both bradykinin
and caffeine. Bradykinin (200 nM) strongly reduced but did not
abolish the increase in [Ca®*]; produced by 40 mM caffeine. The
subsequent addition of 4-chloro-o-cresol had no additional ef-
fect on [Ca?*};, although ionomycin was still capable of releasing
Ca?* from membrane-bound intracellular stores.

Discussion

Effect of chlorocresol on [Ca**]; homeostasis. In the
present study we report the effect of chlorocresol on Ca?*
homeostasis and demonstrate that this compound is a strong
activator of the RYR Ca?* release channel. Ca** release exper-
iments with isolated SR vesicles indicate that the effect is
specific for the RYR, because (i) pretreatment of T'C vesicles
with ruthenium red, a known inhibitor of this Ca** release
channel, completely blocks the effect of chlorocresol and (ii)
chlorocresol has no effect on LSR vesicles and thus its mode
of action does not involve inhibition of the Ca®>*-ATPase, which
comprises approximately 80% of the latter fraction (15), or
damage to the vesicles. Chlorocresol does not activate the
InsP;R, because its Ca®*-releasing effects on cerebellar micro-
somes were maintained even after blockage of the InsP;R with
heparin.

In PC12 cells, a caffeine-sensitive cell line, the effect of
chlorocresol could not be attributed to nonspecific damage of
the membranes by the compound because, under the experi-
mental conditions used, it did not cause plasma membrane
depolarization but rather a slight hyperpolarization, a conse-
quence of its ability to release intracellular Ca**. The kinetics
of chlorocresol-induced Ca** transients are slower than those
of the transients induced by bradykinin. In fact, under our
experimental conditions, in the presence of the latter agonist
the rise in [Ca®*]; occurred within 5-10 sec and the [Ca**);
returned to basal levels within 20-30 sec. Similar transients
could be obtained by addition of ionomycin. In the presence of

800 uM 4-chloro-o-cresol, however, peak [Ca®'); was reached
after approximately 160 sec and the [Ca®*); did not return to
resting levels for at least 250 sec. As far as the rising phase is
concerned, the different kinetics may reflect permeability dif-
ferences. In fact, bradykinin, a phosphatidylinositol-4,5-bis-
phosphate-mobilizing agonist, acts by stimulating surface re-
ceptors, whereas chlorocresol must pass through the plasma
membrane to activate its receptor. With regard to the slower
decay phase seen with chlorocresol, it is unlikely that it reflects
inhibition of the microsomal Ca**-ATPase, because as men-
tioned earlier this compound has no apparent effect on the SR
Ca?* pump. The slower decay phase may be due to the extent
of activation of the Ca**-ATPase (25, 26), because the activity
of this enzyme is regulated by Ca?** (27). Bradykinin causes a
rapid increase in [Ca®*);; thus, it activates the Ca?*-ATPase to
a greater extent than does a slower rise in [Ca®*}. In this
context, it should be mentioned that, when PC12 cells are
pretreated with bradykinin, the chlorocresol-induced [Ca®*];
rise is slower than that seen in cells receiving the latter agonist
alone. This observation may reflect the fact that the Ca**
content of the stores is diminished; on the other hand, it may
be a consequence of preactivation of the Ca**ATPase by bra-
dykinin.

Use of chlorocresol to study intracellular Ca** pools.
Thapsigargin, a specific inhibitor of SR/endoplasmic reticulum
Ca**-ATPase-like Ca** pumps (28, 29), inhibited the chlorocre-
sol-induced rise in [Ca**];, indicating that chlorocresol releases
Ca?* from a membrane-bound intracellular store equipped with
a SR/endoplasmic reticulum Ca?*-ATPase-type ATPase.

In PC12 cell clones, we found that (i) bradykinin did not
completely abolish caffeine-mediated Ca?* release; (ii) chloro-
cresol was consistently able to release Ca®>* from intracellular
stores, even after treatment with bradykinin; (iii) intracellular
Ca®* transients caused by caffeine and chlorocresol were
strongly reduced, if not abolished, upon pretreatment of the
cells with either agonist; and (iv) there was an intracellular
Ca?* store that could be depleted only with ionomycin. The
simplest way to explain these results is to postulate the exist-
ence of at least two types of intracellular Ca®* stores, one
containing both InsP;R and thapsigargin-sensitive RYR (14)
and another that can be released only with ionomycin. If this
were the case, treatment with bradykinin, which causes only a
rapid release of Ca®*, would partially deplete the Ca’* pool and
chlorocresol, which appears to be more potent than caffeine,
would still be capable of releasing Ca?*. The other possibility
is that three types of intracellular Ca’* stores exist, one
equipped with both InsP;R and RYR, another equipped with
only RYR, and a third that is insensitive to thapsigargin and
releases Ca** only after ionophore treatment. Thus, stimulation
with bradykinin, a phosphatidylinositol-4,5-bisphosphate-
mobilizing agonist, would release Ca?* only from vesicles con-
taining both RYR and InsP;R, whereas chlorocresol would
release Ca’* from both RYR/InsP;R- and RYR-containing
intracellular stores. The results obtained using bovine cerebel-
lar microsomes confirm in part the results obtained in whole
cells, because they suggest the existence of at least three pop-
ulations of vesicles, one that is chlorocresol sensitive, another
that is sensitive to both InsP; and chlorocresol, and a third
that releases Ca’* only after treatment with a Ca®** ionophore.

Regarding the lack of effect of chlorocresol in PC12 cells
pretreated with both bradykinin and caffeine, we can only
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ditions were as in Fig. 7.
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advance an hypothesis. The RYR is a substrate for a variety of = Acknowledgments

protein kinases including protein kinase C (30), and phosphor-
ylation of the RYR appears to inactivate channel activity (31).
Prestimulation of PC12 cells with bradykinin followed by an
unusually high concentration of caffeine may thus activate an
inhibitory mechanism mediated by protein kinases, which
would in turn down-regulate the Ca?>* channel response to
additional Ca**-mobilizing stimuli.

Structure-activity relationship of chlorocresols. A wide
variety of unrelated drugs have been shown to induce SR Ca**
release (8, 9). In the present report we used cresol and its
methylated derivatives and found that (i) the presence of a
chloride atom plus a methyl group is necessary for the activa-
tion of Ca®* release, (ii) the position of such a methyl group
influences the ability of the compound to release Ca®*, and (iii)
skeletal RYR was more sensitive to the effect of 4-chloro-m-
cresol, whereas in PC12 cells 4-chloro-o-cresol was more potent
in releasing Ca®* from intracellular stores.

Chlorocresol has a relatively simple chemical structure; thus,
one can postulate that there are two important structural
groups that confer reactivity to the molecule; a methyl group,
which partitions in a hydrophobic pocket, is an electron donor
and most likely renders more electronegative the chloride at
position 4 of the aromatic ring. Substitution of the methyl
group with a bulkier hydrophobic side chain may produce a
more potent RYR agonist. It is tempting to speculate that the
electronegative chloride interacts with positively charged amino
acids in the RYR gating domain. This conclusion is substanti-
ated by the finding that o-cresol, which lacks the chloride group,
is not capable of stimulating Ca®* release from either isolated
TC or PC12 cells, whereas p-chlorophenol, which lacks the
hydrophobic side chain, is approximately 10 times less potent
than 4-Cl-cresol in activating Ca** release from isolated TC. p-
Chlorophenol had no visible effect on [Ca®*}; in PC12 cells;
however, this compound was quite fluorescent at the fura-2
wavelengths, and thus autofluorescence artifacts may have
masked small changes in [Ca®*],.

We thank Prof. Francesco DiVirgilio for his suggestions and for critically
reading the manuscript and Prof. Tullio Pozzan and Prof. Mario Rippa for helpful
suggestions. We would also like to acknowledge Paola Menegazzi for the artwork.
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