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Abstract:

4-Chloro-m-cresol (4CmC) is an extensively used activator of ryanodine receptors (RyRs). Studies have shown that 4CmC, at a con-

centration of 1 mM, is sufficient to cause Ca�� release through RyRs. Here, we show that mM concentrations of 4CmC also inhibit

the sarcoplasmic-endoplasmic reticulum Ca��-ATPase (SERCA), (IC�� 2–3mM) and cause Ca�� release. 4CmC also causes in-

creased intracellular [Ca��] levels in COS-7 cells, which lack functional RyRs. Thus, any increase in [Ca��] levels associated with

use of 4CmC (� 1mM) could lead to non-specific Ca�� changes due to SERCA inhibition rather than RyR activation.
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Abbreviations: [Ca��]i – intracellular Ca�� concentrations,

4CmC – 4-chloro-m-cresol, RyR – ryanodine receptor, SERCA

– sarcoplasmic-endoplasmic reticulum Ca��ATPase, SR – sar-

coplasmic reticulum

Introduction

4-Chloro-m-cresol (4CmC) is a disinfectant and pre-

servative that is a potent activator of ryanodine recep-

tor (RyR) Ca2+ channels, inducing Ca2+ release [22].

4CmC is a widely used pharmacological agent for in-

vestigating the function of RyR Ca2+ channels in tis-

sues, cells and membranes [10, 11, 22]. To date, over

100 publications have utilized 4CmC to study the

physiological or molecular function of RyRs. Pharma-

cological studies have shown that concentrations of

about 1 mM are required to induce maximal Ca2+ re-

lease in both skeletal muscle sarcoplasmic reticulum

(SR) membranes and in pheochromocytoma (PC12)

cells [22]. Indeed, 4CmC has proven to be a better ac-

tivator of RyRs than other commonly used agonists

such as caffeine, which requires a concentration in the

range of 5–10 mM to induce maximal Ca2+ release

[18].

More recent studies have shown that the effects of

4CmC on RyRs are isoform specific, with RyR1 and

RyR2 being more sensitive to the effects of 4CmC

than RyR3 [12] (The EC50 for RyR3 is 1.5 mM, com-

pared to 0.2–0.4 mM for RyR1 and RyR2 isoforms [7,

22]). Site-directed mutagenesis studies have also

shown that 4CmC affects RyR1 by binding close to

the Gln4020 and Lys4021 residues, which are believed

to form part of the M2 transmembrane helix that is

partially exposed to the surface of the cell [5].
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4CmC has also been used as a potential diagnostic

tool to identify malignant Hyperthermia-susceptible

(MHS) muscles. Studies by Herrmann-Frank et al.,

[9] have shown that 4CmC increases the affinity for

[3H]-ryanodine binding to MHS SR vesicles, com-

pared to normal muscle SR vesicles.

Many papers using 4CmC to investigate the role of

RyRs in cells and tissues tend to use it at concentra-

tions between 0.2 to 1 mM, but some studies have em-

ployed concentrations of several mM (up to 10 mM)

[2, 6–8]. Here, we report that 4CmC, at concentra-

tions at or above 1 mM, can cause significant inhibi-

tion of sarcoplasmic endoplasmic reticulum Ca2+-ATPase

(SERCA) Ca2+ pumps. As Ca2+ pumps co-localize to

membranes containing RyRs, any increases in intra-

cellular [Ca2+] levels (as well as Ca2+-dependent pro-

cesses) associated with 4CmC could be either non-

specific or exaggerated, due to its effects on SERCA.

Materials and Methods

Chemicals

4-Chloro-m-cresol (4-Chloro-3-methylphenol, 4CmC,

purity 99%) was purchased from Sigma-Aldrich Co.

Ltd., UK.

Membrane purification

Sarcoplasmic reticulum (SR) was prepared from rab-

bit skeletal muscle as described in Michelangeli and

Munkonge [15]. Porcine brain microsomes were pre-

pared as described in [13].

Ca2+ uptake and release assays

SR (5 µg) was added to a stirred cuvette containing

2 ml of 40 mM Tris/phosphate, 100 mM KCl at pH

7.2 and 37°C, in the presence of 250 nM Fluo-3 (free

acid), 10 µg/ml creatine kinase, and 10 mM phospho-

creatine. 4CmC (0 to 3 mM) was then added 5 min

prior to the initiation of Ca2+ uptake by the addition of

1.5 mM Mg-ATP. Initial rates of Ca2+ uptake were

typically determined by measuring the [Ca2+] change

over the first two minutes after ATP addition. Fluores-

cence changes were monitored in a Perkin-Elmer

LS50B spectrofluorimeter, using excitation and emis-

sion wavelengths of 506 nm and 526 nm, respectively.

Ca2+ concentrations were determined using the fol-

lowing equation:

[Ca2+]i = Kd × [( F – Fmin)/(Fmax – F)]

where Kd is the dissociation constant for Ca2+ binding

to fluo-3 (900 nM at 37°C, pH 7.2, in 40 mM Tris and

100 mM KCl), F is the fluorescence intensity of the

sample, and Fmin and Fmax are the fluorescence inten-

sities in the presence of 1.25 mM EGTA and 2 mM

CaCl2, respectively (Mezna and Michelangeli [13]).

Percentage Ca2+ release (%) was determined by com-

paring the amount of Ca2+ released by 4CmC with

that observed with 12.5 µg/ml A23187.

Ca2+-ATPase activities

The effect of 4-chloro-m-cresol on SERCA activity in

rabbit skeletal muscle SR was investigated at pH 7.2

and 25°C, using a coupled enzyme assay as previ-

ously described in [14, 15]. Ten µg/ml of SERCA was

added to a buffer containing 40 mM HEPES/KOH

(pH 7.2), 1 mM EGTA, 5 mM MgSO4, 2 mM ATP,

0.42 mM phosphoenolpyruvate, 0.15 mM NADH, 8.0

units pyruvate kinase, and 20 units lactate dehydroge-

nase. SR Ca2+-ATPase was incubated for 10 min in

2.5 ml of assay buffer. ATPase activity was initiated

by the addition of 90 µl of 25 mM CaCl2, to give a free

Ca2+ concentration of 6.5 µM (pCa 5.2).

The Ca2+-dependent ATPase activity assay in por-

cine brain microsomes were performed using the

phosphate liberation assay [17]. Microsomal mem-

branes (50 µg) were resuspended in 1 ml of buffer con-

taining 45 mM Hepes/KOH (pH 7.2), 6 mM MgCl2,

2 mM NaN3, 0.25 M sucrose, 12.5 µg/ml A23187

ionophore, and EGTA with CaCl2 added to give a free

[Ca2+] of 1 µM. Assays were pre-incubated at 37oC

for 10 min in the presence of a range of concentra-

tions of 4CmC prior to activation with ATP (final

conc. 6 mM). The reaction was stopped after 30 min

and the amount of inorganic phosphate in the super-

natant was then determined as described in [17].

Intracellular [Ca2+] measurements in COS-7

cells

COS-7 cells were cultured onto glass coverslips coated

with 2% gelatin. Once they reached � 60% confluence

they were loaded with Fluo-3AM as described in [17].
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The Fluo-3-loaded cells were then placed in Ca2+ free

Hank’s buffer (also containing 1 mM EGTA) and

changes in Fluo-3 fluorescence of individual cells

(upon exposure to 1 mM 4CmC or 5 mM caffeine)

were recorded using a Nikon TS100F epi-fluorescence

microscope. Changes in intracellular Ca2+ concentra-

tions ([Ca2+]i) were presented as the ratio of fluores-

cence intensities with respect to the initial fluores-

cence intensity prior to drug addition (F/Fo), as previ-

ously described in [17].

Inhibition data were fitted to a non-competitive in-

hibition equation using the FigP (Biosoft UK) pro-

gram. Student’s t-test was used to calculate statistical

significance.

Results

Figure 1A shows typical traces of ATP-dependent

Ca2+ uptake into rabbit skeletal muscle SR in the ab-

sence and presence of 4CmC (2 mM). The mem-

branes were pre-incubated with 4CmC for 5 min prior

to the addition of 1.5 mM ATP, to initiate Ca2+ uptake.

The traces clearly show that the addition of 4CmC re-

duces the rate of Ca2+ uptake compared to the control

trace (in the absence of 4CmC). Figure 1B, shows

how the initial rate of ATP-dependent Ca2+ uptake

(measured over the first 2 min after ATP addition) is

decreased when SR membranes are pre-incubated
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Fig. 1. Effects of 4CmC on Ca�� uptake and release in skeletal mus-
cle SR. (A) Shows traces of Ca�� uptake initiated by the addition of
1.5 mM Mg-ATP (indicated by the arrow) in SR vesicles measured at
pH 7.2 and 37�C. The trace in the absence of 4CmC is shown by the
solid line and the trace in the presence of 2 mM 4CmC is shown by
the dotted line. These traces are representative of 2 or 3 experiments.
(B) Shows the dose-dependent inhibition of 4CmC on the initial rates
of ATP-induced Ca�� uptake in SR vesicles. Statistical significance
(p) was determined by Student’s t-test where * presents a p value of
� 0.05, and ** a p value of � 0.01. (Inset) Shows a representative trace
of Ca�� release induced by 2 mM of 4CmC (arrow), when added to
SR vesicles preloaded with Ca��. The degree of Ca�� release is rep-
resented as the percent (%) of that released by 12.5 µg/ml Ca�� iono-
phore (A23187)

Fig. 2. Inhibition of SERCA Ca�� pump activity by 4CmC. (A) Shows
the inhibition of skeletal muscle SR Ca�� ATPase (SERCA1) activity
by 4CmC when measured at pH 7.2 and 25� C, using the coupled en-
zyme assay. Each data point represents the mean ± SD of 3 meas-
urements. (B) Shows the inhibition of porcine microsomal Ca��AT-
Pase (SERCA2B) activity by 4CmC when measured at pH 7.2 and
37� C. Each data point represents the mean ± SD of between 3 to
5 measurements. Statistical significance (p) was determined by Stu-
dent’s t-test where * presents a value of � 0.05, and ** a value of �

0.01



with up to 3 mM of 4CmC. The effect of 4CmC is

dose-dependent with an IC50 value for Ca2+ uptake in-

hibition of 2.0 ± 0.3 mM. This inhibition was found to

be statistically significant compared to controls that

were not treated with 4CmC (i.e., probability value

p � 0.05 at 1 mM, and p � 0.01 at 2 mM). Figure 1 (in-

set) also shows that 2 mM of 4CmC can also cause

Ca2+ release from SR vesicles pre-loaded with Ca2+,

from which approximately 10% of the accumulated

Ca2+ was released. This degree of Ca2+ release from

the SR is comparable to the release observed after the

application of caffeine and other RyR activators under

these experimental conditions [17, 18]. Taken to-

gether, the results presented in Figure 1 suggest that

4CmC (at concentrations at or above 1 mM) activates

a Ca2+ efflux pathway in SR vesicles by opening RyR

Ca2+ channels, or by inhibiting Ca2+ influx pathways

in these vesicles, by inhibiting SERCA Ca2+ pumps.

Figure 2A shows the effect of 4CmC on skeletal

muscle SR Ca2+ ATPase activity, which contains

SERCA isoform type 1 [21]. The SR vesicles were

pre-incubated with 4CmC for 5 min prior to measur-

ing activity. Ca2+ ATPase activity was inhibited by

4CmC in a dose-dependent manner over a concentra-

tion range up to 5 mM. The data fit well to the equa-

tion assuming non-competitive inhibition (goodness-

of-fit: �2 was 0.98), and the apparent inhibition con-

stant (Ki) was determined to be 2.8 ± 0.3 mM. Statis-

tical analysis showed that there was a statistically sig-

nificant difference in activities (compared to control)

at 4CmC concentrations of 1mM (p � 0.01).

In order to assess whether 4CmC inhibition of

SERCA Ca2+ pumps is isoform-specific, its effects on

brain membranes, which are abundant with SERCA

isoform 2B [1, 21], were tested. Figure 2B shows the

effect of 4CmC on Ca2+-dependent ATPase activity

from porcine brain microsomes. 4CmC inhibits this

Ca2+ ATPase with an IC50 of 3.6 ± 0.5 mM. The data

again fitted well to a non-competitive inhibition equa-

tion (goodness-of-fit �2 was 0.98). Statistical analysis

also showed that the probability of inhibition by

4CmC was significant at concentrations at or above

1 mM (p � 0.05).

COS-7 cells have previously been shown to exhibit

little [3H]ryanodine binding, lack immuno-reactivity

with RyR antibodies, and lack caffeine-induced

[Ca2+]i increases [19, 20]. Therefore, these cells were

ideal to study the non-RyR effects of 4CmC on intra-

cellular [Ca2+] levels. Figure 3 shows the effects of

4CmC (1 mM) and caffeine (5 mM) on intracellular

[Ca2+] levels in COS-7 cells. The traces represent the

mean relative fluorescence change averaged for 6–8

cells within the field-of-view (FOV) of the micro-

scope, and are typical of the effects observed in 3 rep-

licate experiments. As can be seen, 1 mM of 4CmC

induced a robust transient [Ca2+]i increase, while

5 mM caffeine (which we found to have a maximal

effect upon the RyR [18]) did not illicit a response.

A small decrease in fluorescence due to caffeine

quenching of Fluo-3 was observed, and this phenome-

non has been reported in other studies [3].

Discussion

This study shows that at or above 1 mM concentra-

tions of 4CmC significant inhibition of SERCA

Ca2+-ATPases occurs. Furthermore, 4CmC inhibits

SERCA 1 better than SERCA 2, which could also ex-

plain the findings of Choisy et al. [4], who showed

that the potency of 4CmC to cause the contraction of

fast-twitch muscles (which contain SERCA 1) is

higher than its potency to induce contraction of slow-

twitch muscles (with contain SERCA 2).

As SERCA are involved in Ca2+ uptake into organ-

elles that also contain RyRs [16], it is clear that when

using 4CmC to activate RyRs and induce Ca2+ re-

lease, the contribution of store leakage through Ca2+
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Fig. 3. Effects of 4CmC and caffeine on [Ca��]i levels in COS-7 cells.
The graph shows the trace of relative fluorescence intensities (F/Fo)
of fluo-3-loaded COS-7 cells versus time, when exposed to either
1 mM 4CmC or 5 mM caffeine (arrow indicates points of addition).
Changes in F/Fo directly relate to changes in [Ca��]i. Each trace is
the mean of 6–8 individual cells within the FOV of the microscope and
are typical of 3 independent experiments



pump inhibition must be considered. Since the EC50

for activation of RyR1 and RyR2 by 4CmC is 0.2–0.4 mM

[7, 22], we recommend that when using 4CmC to

study RyR channels in tissues, cells or membranes,

concentrations should be kept as low as possible (i.e.,

ideally less than 0.5 mM), to avoid any non-specific

effects caused by Ca2+ pump inhibition. Finally, as the

EC50 for activation of RyR3 by 4CmC is 1.5 mM [12]

(similar to the values determined here for Ca2+ AT-

Pase inhibition), we recommend that 4CmC be

avoided when investigating the properties of this RyR

isoform.
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