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In this study, the effects of two different calcium channel blockers, diltiazem and verapamil on calcium
uptake and release from the membrane of heavy sarcoplasmic reticulum (SR) of chicken skeletal
muscle were investigated. A fluorescent chelate probe technique was employed to determine calcium
movement through the SR. Chlortetracycline was used as a fluorescent indicator which is able to
penetrate the membrane, bind to the calcium on the inner face of the membrane and show an in-
crease in fluorescence intensity when calcium uptake occurs. Addition of tris-ATP to the microsomes
caused ATP-induced calcium uptake in a concentration dependent manner with half-maximal calcium
uptake around 0.126 mM. Pretreatment of the medium containing sarcoplasmic reticulum with different
concentrations of diltiazem or verapamil followed by added tris-ATP resulted a significant decrease in
the fluorescence intensity of chlortetracycline, showing that these calcium channel blockers can dimin-
ish ATP-induced calcium uptake in a concentration-dependent manner. The maximum fluorescence
intensity of tris-ATP falls to 50% in the presence of 1.75 mM diltiazem and 25 nM verapamil. In addi-
tion, diltiazem and verapamil can significantly induce rapid calcium release from the membrane of
sarcoplasmic reticulum in a concentration-dependent manner. Therefore, membrane-bound or seques-
tered calcium in the sarcoplasmic reticulum may be targeted by these two calcium channel blockers in
chicken skeletal muscle. Chicken SR is about 1000 times more sensitive to the effects of diltiazem on
Ca2þ uptake and release than rabbit SR as shown previously.

1. Introduction

The availability of free calcium (Ca2þ) in the cytosol is
determined by Ca2þ release and uptake by intracellular
Ca2þ store sites such as sarcoplasmic reticulum (SR) and
mitochondria, as well as by Ca2þ influx and efflux across
cell membrane (Fusi et al. 2001; Gilchrist et al. 2003).
Contraction and relaxation of skeletal muscle is regulated
by rapid Ca2þ release and subsequent reuptake, respec-
tively, from the SR (Abramson et al. 1993; Stoyanovsky
et al. 1994). The coupling between the stimulation of a
skeletal muscle cell by its motoneuron and the contractile
response occurs through a unique mechanism, called exci-
tation contraction (EC) coupling, in which depolarization
of the plasma membrane triggers the release of Ca2þ from
the SR (Gailly 2002).
The Ca2þ-ATPase in the intracellular Ca2þ store sites acts
as an ion pump that transports Ca from the cytoplasm into
the vesicular lumen to maintain a high gradient of Ca2þ

across the membrane (Fusi et al. 2001; Gailly 2002;
Gilchrist et al. 2003). Ca2þ-ATPase of skeletal muscle SR
catalyses the most important step in muscle relaxation by
coupling cleavage of ATP to transport of two Ca2þ ions
into the lumen of SR (Abramson et al. 1993; Fusi et al.

2001; Stoyanovsky et al. 1994; Wingertzahn and Ochs
1998). Its activity largely determines the relaxation rate of
the muscle and the energy requirement of the process ac-
counts for up to 50% of the total ATP turnover during
muscle activity (Simonides and Hardeveld 1990). Altera-
tions in the total amount or specific activity of the SR
Ca2þ-ATPase may be involved in various conditions and
disorders that affect muscle performance and metabolism,
such as malignant hyperthermia, thyroid dysfunction, mus-
cular dystrophy and several forms of cardiac hypertrophy
and failure (Simonides and Hardeveld 1990).
Ca2þ channel antagonists such as nifedipine, verapamil
and diltiazem belong to three representative chemical
classes: 1,4-dihydropyridines, phenylalkylamines and 1,5-
benzothiazepines (Hagiwara et al. 2003). They are known
to bind to distinct binding sites within the a1 subunit of
the L-type Ca2þ channel and to have a reciprocal allos-
teric interaction (Hagiwara et al. 2003). Ca2þ channel an-
tagonists have also been used as specific probes for the
pharmacological and structural characterization of Ca2þ

channels (Hagiwara et al. 2003). To examine the role of
extracellular Ca2þ in skeletal muscle contraction, numer-
ous studies have been carried out with Ca2þ channel
blockers (Curtis 1994). One of the approaches to revealing
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the activity of Ca2þ channels is to follow Ca2þ transloca-
tion across the SR.
In our previous research, it was shown that diltiazem in-
duces a rapid decrease in Ca2þ uptake in SR of rabbit ske-
letal muscle (Dehpour et al. 1998). In addition, it can accel-
erate the release of Ca2þ from the inner surface of SR
(Dehpour et al. 1998). However, despite extensive studies
both in vitro and in vivo, the underlying mechanism respon-
sible for Ca2þ uptake and release from the SR in skeletal
muscle is unknown. The theories have one thing in com-
mon: efflux of Ca2þ from the SR is presumed to be
mediated by a Ca2þ channel distinct from the Ca2þ pump
(Fill and Copello 2002; Martonosi and Pikula 2003).
In this research, we followed Ca2þ uptake and release in
terms of chlortetracycline (CTC) fluorescence to investi-
gate the role of diltiazem and verapamil on isolated SR
from chicken thigh muscle. We investigated the sensitivity
of SR vesicles chicken skeletal muscle to the effects of
Ca2þ channel blockers in comparison with the behavior of
mammalian SR.

2. Investigations and results

The data were analyzed on the assumption that the increase
in fluorescence intensity is proportional to the amount of
the divalent cations inside the SR vesicles. CTC was used
as a fluorescent chelate probe, which penetrates the mem-
brane, binds to the Ca2þ accumulated on the inner side of
the membrane and produces high intensity fluorescence
(Jacob et al. 2003; Renard-Rooney et al. 1993).
Addition of a range of different concentrations of tris-ATP
triggers concentration-dependent Ca2þ uptake by SR. The
concentration of tris-ATP necessary for half-maximal Ca2þ

uptake in SR vesicles is about 126 mM and maximum
fluorescence intensity is induced by 0.5 mM tris-ATP
(Fig. 1).

ORIGINAL ARTICLES

626 Pharmazie 61 (2006) 7

Fig. 1: Log concentration-response curve for the effects of 0.5 mM tris-
ATP on calcium uptake by sarcoplasmic reticulum of chicken ske-
letal muscle. Half-maximal response is seen in 0.126 mM of tris-
ATP. Shown as mean � SEM (n ¼ 6)

Fig. 2: The maximal calcium accumulation triggered by 0.5 mM tris-ATP
decreases in SR vesicles pretreated with diltiazem. The medium
contains either distilled water or diltiazem (0.8, 2.4 mM)

Fig. 3: The maximal calcium accumulation triggered by 0.5 mM tris-ATP
decreases in SR vesicles pretreated with verapamil. The medium
contains either distilled water or verapamil (10, 16.7, 33.3 nM)



Two Ca2þ channel blockers, verapamil and diltiazem, were
investigated for their effects on Ca2þ uptake and release.
The SR suspension was pretreated with verapamil or diltia-
zem to give a final concentration range of 10–33.3 nM
and 0.8–2.4 mM, respectively. Maximum fluorescence in-
tensity induced by 0.5 mM tris-ATP, decreased in the pre-
sence of diltiazem (Fig. 2) or verapamil (Fig. 3). Even in-
creasing the concentration of ATP did not alter the
maximum level of Ca2þ uptake in vesicles pretreated by
drugs (data not shown). That shows that subsequent Ca2þ

uptake induced by tris-ATP is decreased because of the
irreversible antagonistic effects of diltiazem or verapamil.
As shown in Figs. 2 and 3, SR vesicles treated with Ca2þ

channel blockers not only have a smaller capacity for
Ca2þ uptake induced, but are also shown to have a rela-
tively slower rate of Ca2þ uptake, since the curve of Ca2þ

uptake is shifted to the right. The maximal response (Ca2þ

uptake) triggered by 0.5 mM ATP decreased to 69.8% and
34.6% in SR vesicles pretreated with 0.8 and 2.4 mM dil-
tiazem, respectively. In vesicles pretreated with 10, 16.7
and 33.3 nM verapamil, Ca2þ uptake was reduced to
80.4%, 53% and 41.2% of the maximum uptake. In
Figs. 4 and 5, the log concentration of tris-ATP versus the
fluorescent response is plotted for SR vesicles treated with
diltiazem and verapamil, respectively. The concentration
of tris-ATP necessary for half-maximal Ca2þ uptake in SR
vesicles increases from 169 mM in the control to 794 mM
in the presence of 0.8 mM diltiazem (Fig. 4) and from
199 mM in the control to 562 and 3470 mM in the pre-
sence of 10 and 16.7 nM of verapamil (Fig. 5). Thus,
Ca2þ channel blockers reduce the efficacy of ATP and
interfere with the function of ATP in Ca2þ uptake by SR,
depending on their concentrations. This effect is not re-
versed by adding excessive amounts of ATP.
The fluorescence intensity which was increased by addi-
tion of tris-ATP is followed by a gradual decrease, be-
cause of spontaneous Ca2þ release from SR (Fig. 6a).
However, the observed fluorescence signal after achieving
a steady-state level is rapidly reversed by the subsequent
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Fig. 4: Log concentration-response curves of tris-ATP effects on calcium
accumulation:
a) in the absence of diltiazem
b) in the presence of 0.8 mM diltiazem
c) in the presence of 2.4 mM diltiazem
* P < 0.05 and ** P < 0.01
Shown as mean � SEM (n ¼ 6)

Fig. 5: Log concentration-response curves of tris-ATP effects on calcium
accumulation:
a) in the absence of verapamil
b) in the presence of 10 nM verapamil
c) in the presence of 16.7 nM verapamil
d) in the presence of 33.3 nM verapamil
* P < 0.05, ** P < 0.02 and *** P < 0.01
Shown as mean � SEM (n ¼ 5)

Fig. 6: ATP-dependant accumulation of calcium by SR is reversed either
following spontaneous calcium release or following addition of
500 mM EGTA which is reversed again by 100 mM CaCl2
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a
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addition of 500 mM EGTA, a Ca2þ chelator, to the assay
medium. This effect is subsequently reversible by the addi-
tion of 100 mM CaCl2 (Fig. 6b), demonstrating that CTC
fluorescence is very sensitive to divalent cation complexa-
tion in the medium. Addition of Ethylene glycol-bis([beta]-
aminoethyl-ether)-N,N,N0,N0-tetra-acetic acid (EGTA) cre-
ates a Ca2þ gradient in the SR membrane and causes release
of Ca2þ from the SR membrane, and therefore a rapid de-
crease in the fluorescence of CTC occurs.

We further characterized the effects of diltiazem or verapa-
mil on Ca2þ release and compared it with spontaneous
Ca2þ release from SR. The CTC fluorescence intensity
triggered by tris-ATP decreased rapidly after addition of
either 0.8–2.4 mM diltiazem or 10–33.3 nM verapamil in
a concentration-dependent manner (Figs. 7, 8). Following
addition of Ca2þ channel blockers, SR vesicles have been
shown to have a relatively faster rate of Ca2þ release,
since the Ca2þ release curve shifted to the left (Figs. 7, 8).
Ca2þ release accelerated by diltiazem or verapamil was
not reversed by CaCl2 (data are not shown), in spite of the
fact that Ca2þ release triggered by EGTA, was reversible
following addition of CaCl2 (Fig. 6).

3. Discussion

The present study, in which the CTC-fluorescence techni-
que was employed as an intracellular probe for detection
of divalent cations (Jacob et al. 2003), provides new and
direct evidence for investigation of the effects of two Ca2þ

channel blockers, diltiazem and verapamil, on Ca2þ move-
ment across the SR vesicles of chicken skeletal muscle.
Sarcoplasmic reticulum vesicles have a high capacity for
Ca2þ uptake and release, which may be attributable to the
high level of Ca2þ-ATP ase and Ca2þ-releasing channels
in the vesicles (Fill and Copello 2002; Martonosi and Pi-
kula 2003).
In accordance with our study, it has been reported that
Ca2þ uptake in skeletal muscle SR vesicles is triggered by
ATP (Fusi et al. 2001) in a concentration-dependent man-
ner (Fig. 1). However, the current experiments unexpect-
edly showed huge differences in ATP-dependent Ca2þ up-
take between species. The half-maximal Ca2þ uptake
previously shown in SR vesicles of rabbit skeletal muscle
was 42 mM of tris-ATP (Dehpour et al. 1998), but in
chicken skeletal muscle, it was about 126 mM. It shows
that rabbit SR is more sensitive to the effects of ATP than
the SR obtained from chickens.
It appears that Ca2þ channel blockers may affect excita-
tion-contraction coupling directly, independently of the
modulation of the sarcolemmal Ca2þ current (Chattopad-
hyay et al. 1992; Zucchi and Ronca-Testoni 1997). Volt-
age-clamp studies have demonstrated the existence of a
slow inward Ca2þ current in frog (Bohle 1992; Luttgau
et al. 1987) and mammalian (Delbono 1992; Walsh et al.
1986) skeletal muscle. Ca2þ channel blockers which block
this current (Bohle 1992; Gonzalez-Serratos et al. 1982;
Luttgau et al. 1987; Walsh et al. 1986; Walsh et al. 1987),
paradoxically appear to enhance mechanical activity
(Dorrschedit-Kafer 1977; Gonzalez-Serratos et al. 1982). It
has been reported that diltiazem potentiates twitch tension
in bullfrog skeletal muscle (Walsh et al. 1988) as well as
frog and mouse skeletal muscle fibers (Walsh et al. 1984).
The mechanical potentiation produced by diltiazem in ske-
letal muscle contrasts with the inhibitory action of this
drug in smooth and cardiac muscle (Dehpour et al. 1998).
Hirata and Inamitsu observed stimulation of cation-in-
duced Ca2þ release by diltiazem (Hirata and Inamitsu
1983). In skinned fibers, high concentrations (0.1–3 mM)
of diltiazem or verapamil increased development of ten-
sion, which was interpreted as evidence of stimulation of
spontaneous (Asayama et al. 1990) or Ca2þ-induced (Su
1988) Ca2þ release. It has also been reported that diltia-
zem activates skeletal muscle sarcoplasmic reticulum
Ca2þ-ATPase and causes the early release of Ca2þ after
binding to its receptor (Wang et al. 1984). It has even
been shown that verapamil binds to the a1 subunit of the
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Fig. 7: CTC-fluorescence intensity triggered by 0.5 mM ATP decreased
after addition of diltiazem. Calcium release is changed in a dose-
dependent manner after addition of diltiazem (0.8, 2.4 mM)

Fig. 8: CTC-fluorescence intensity triggered by 0.5 mM ATP decreased
after addition of verapamil. Calcium release is reduced in a dose-
dependent manner following addition of verapamil (10, 16.7,
33.3 nM)



dihydropyridine receptor with a Kd of 30 nM, whereas the
concentration required to block muscle contraction is
30 mM (Valdivia et al. 1990). These contradictory findings
appear to be the result of multiple sites of action of these
drugs in skeletal muscle (Su 1988). There is some evi-
dence that Ca2þ channel blockers can penetrate the cell
membrane and accumulate in the cytosol, where they may
interact with intracellular Ca2þ binding proteins (Dehpour
et al. 1998; Catterall 2003; Walsh et al. 1984).
In our study, after pretreatment of SR with diltiazem or
verapamil, the maximum uptake triggered by 0.5 mM ATP
was significantly reduced, while, in addition, the rate of
Ca2þ uptake was decreased. Thus, these two Ca2þ channel
blockers can interfere with the ATP-induced Ca2þ uptake
process, and as increasing the ATP concentration did not
change the maximum Ca2þ, a non-competitive antagonis-
tic effect is probably detected. In accordance with our
study, it has been found that verapamil and diltiazem in-
hibited Ca2þ uptake in both skeletal and cardiac muscle
SR due to inhibition of Ca2þ ATPase activity (Colvin
et al. 1982; Wang et al. 1984). On the contrary, other in-
vestigations have shown either no effect or stimulation of
SR Ca2þ uptake by verapamil or diltiazem (Zucchi et al.
1992; Zucchi 1996). This might be due to differences in
species or drug concentrations.
Furthermore, in agreement with other studies (Dehpour
et al. 1998; Hirata and Inamitsu 1983; Su 1988), we con-
firmed that these Ca2þ channel blockers have the capacity
to trigger the release of Ca2þ from isolated SR vesicles at
low concentrations. Ca2þ release by Ca2þ channel block-
ers was not reversed by addition of excess CaCl2. Differ-
ent results have been reported by Zucchi, who observed a
reduction in Ca2þ release from cardiac or skeletal muscle
SR with verapamil and diltiazem at high concentrations
(Zucchi et al. 1992; Zucchi 1996). It should be pointed
out that these studies did not clarify whether the effect of
Ca2þ antagonists was mediated by dihydropyridine recep-
tors or, rather, involved a different intracellular target
(Zucchi 1996). In fact, these drugs may act on intracellu-
lar organelle systems pertinent to Ca2þ-transport activities
(Dehpour et al. 1998). Chicken SR is about 1000 times
more sensitive to the effect of diltiazem on Ca2þ uptake
and release than rabbit SR which is affected by diltiazem
in the range of 0.6–2 mM (Dehpour et al. 1998). The pre-
sumed mechanism is probably differences in the receptor
protein between the species.
As shown in Fig. 6 by gradual disappearance of the fluo-
rescence signal, Ca2þ is even released spontaneously in
skeletal muscles (Gyorke and Gyorke 1996; Lacampagne
et al. 1998). It has been proposed that spontaneous events
may result from the activation of SR Ca2þ release chan-
nels by Ca2þ-induced Ca2þ release (Lacampagne et al.
1998). In both species, treatment with 500 mM EGTA
resulted in a rapid disappearance of the CTC-fluorescence
intensity indicating rapid Ca2þ release from the inner sur-
face of the SR (Dehpour et al. 1998), whereas drug-in-
duced Ca2þ release was determined by a gradual diminu-
tion of fluorescence signal. EGTA chelates external Ca2þ

and induces a Ca2þ gradient, which is directed towards the
extravesicular medium and induces Ca2þ release that is re-
versible by addition of CaCl2. Therefore, Ca2þ release is
directly dependent on extravesicular Ca2þ concentration
which is important in skeletal muscle contraction.
Taken together, the evidence supports the hypothesis that
the induction of Ca2þ release triggered by EGTA is com-
pletely different from triggered by Ca2þ channel blockers
(Dehpour et al. 1998). On the other hand, the presence of

binding sites for phenylalkylamines in the Ca2þ release
channel was confirmed (Valdivia et al. 1990). Such a find-
ing has not yet been seen for diltiazem, but it may possi-
bly exist for diltiazem also.
In conclusion, Ca2þ channel blockers may inhibit ATP-
triggered Ca2þ uptake and potentiate Ca2þ release in
chicken skeletal muscle. Our results support the sugges-
tion that these drugs probably interfere with ATP at its
site of action on involved intracellular proteins. The tar-
gets involved may perhaps be Ca2þ binding proteins such
as Ca2þ ATPase or Ca2þ release channel in skeletal mus-
cle (Dehpour et al. 1998), although direct proof of this
finding requires measurement of the precise Ca2þ concen-
tration.

4. Experimental

4.1. HSR preparation

Gallus domesticus chicken (850 � 150 g) were obtained from a local
market and housed in an environmentally controlled room (temperature
20–25 �C) with reserved light-dark cycles. All experiments (muscle samp-
ling) were initiated at approximately the same time each day to avoid large
diurnal variations in muscle. On the day of experiment, animals were sacri-
ficed and the thigh muscle (Stratagene) was rapidly excised, dissected and
placed in ice-cold buffer solution (100 mM KCl and 5 mM Tris, pH 7.4).
Tendons were removed and the fresh muscle tissue was diluted 1 : 4 (wt/vol)
in buffer containing 100 mM KCl and 5 mM Tris (pH 7.4) and mechani-
cally homogenized with an Omni-Mixer 17106 at 16,000 rpm, for 4�30-s
bursts, at 0–4 �C. A heavy fraction of SR was prepared by a centrifuga-
tion method described previously (Martonosi 1968). Briefly, the homoge-
nate was centrifuged at 1000 � g for 20 min in a RC2-B rotor (Sorvall).
The supernatant was centrifuged again at 8000 g for 20 min. This step was
repeated once more and then the new supernatant was recentrifuged at
28000 � g for 60 min. The pellets were suspended in a solution containing
50 mM histidine, 350 mM sucrose, 30 mM chlortetracycline and 500 mM
MgCl2 (pH 6.8). The assay medium contained Ca2þ only at the levels of im-
purity that could originate from the chemicals. The final protein concentra-
tion was adjusted to 0.5 mg/ml by the Lowry method (Lowry et al. 1951).

4.2. Drugs and chemicals

Tris-ATP, diltiazem, verapamil and EGTA were obtained from Sigma (St.
Louis, MO, USA).

4.3. Fluorescence probe technique

Ca2þ uptake and release were measured in muscle homogenate, using the
Ca2þ fluorescent probe, CTC (Dehpour et al. 1998; Jacob et al. 2003;
Renard-Rooney et al. 1993). Fluorescence intensity was recorded with an
Aminco-Bowman spectrophotofluorometer in the Department of Pharma-
cology, Tehran University of medical sciences (TUMS). Excitation and
emission wavelengths were scanned and then fixed at 390 and 520 nm,
respectively. For stabilizing the baseline levels of CTC fluorescence, SR
microsomes were preincubated in histidine buffer for 30 min at room
temperature. In our experiments, Ca2þ uptake by SR vesicles was ana-
lyzed at different concentrations of ATP (0.1 mM to 10 mM). The assay
was initiated by injection of Tris-ATP into the fluorescence cuvette.
Shortly after the addition of Tris-ATP, active Ca2þ uptake and SR load-
ing was initiated. The final volume of the homogenate and histidine buf-
fer mixture was 2 ml. Once the SR was loaded with Ca2þ and a steady-
state was achieved, spontaneous Ca2þ release was initiated. Either 20 ml
demineralized water as control or 20 ml of the Ca2þ channel blockers,
verapamil or diltiazem, were added to give a final concentration range of
10–33.3 nM and 0.8–2.4 mM, respectively. They were added under two
separate protocols: either pre-incubated with the assay mixture prior to
injection of Tris-ATP to study the uptake process, or injected after active
loading of the SR, just before the release process. The fluorescence in-
tensity was immediately recorded as a function of time. The time for
mixing Tris-ATP and initiating of fluorescence measurement was less
than 5 s. While the dilution effect was seen to occur in almost all the
assays performed, it was noted that the contribution of the homogenate
to the total fluorescence level was negligible.

4.4. Data analysis

All data are presented as mean � SEM and significances were tested by
Student’s t-test. Statistical significances were denoted by * p < 0.01,
** p < 0.02 and *** p < 0.05.
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