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Endogenous cannabinoid anandamide directly inhibits voltage-dependent
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Abstract

The effect of the endogenous cannabinoid, anandamide on Ca2q flux responses mediated by voltage-dependent Ca2q channels was
studied in transverse tubule membrane vesicles from rabbit skeletal muscle. Vesicles were loaded with 45Ca2q and membrane potentials
were generated by establishing Kq gradients across the vesicle using the ionophore, valinomycin. Anandamide, in the range of 1–100

Ž .mM, inhibited depolarization-induced efflux responses. Anandamide also functionally modulated the effects of nifedipine 1–10 mM and
Ž . 2q Ž .Bay K 8644 1 mM on Ca flux responses. Pretreatment with the specific cannabinoid receptor antagonist, SR141716A 1 mM ,
Ž . Ž .pertussis toxin 5 mgrml , the amidohydrolase inhibitor, phenylmethylsulfonyl fluoride 0.2 mM or the cyclooxygenase inhibitor,

Ž . Ž .indomethacin 5 mM did not alter the inhibition of efflux responses by anandamide. Arachidonic acid 10–100 mM also effectively
inhibited 45Ca2q efflux from membrane vesicles. In radioligand binding studies, it was found that both anandamide and arachidonic acid

w3 xinhibited the specific binding of H PN 200-110 to transverse tubule membranes with IC values of 4.4"0.7 and 13.4"3.5 mM,50

respectively. These results indicate that anandamide, independent of cannabinoid receptor activation, directly inhibits the function of
voltage-dependent calcium channels and modulates the specific binding of calcium channel ligands of the dihydropyridine class. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

In the search for endogenous ligands that modulate the
2q Ž .activity of voltage-dependent Ca channels VDCCs , a

number of active substances have been identified whose
chemical structures vary from novel small peptides to

Žrelatively simple chemicals such as ascorbic acid Janis et
al., 1988; Callewaert et al., 1989; Ebersole and Molinoff,

.1992 . An endogenous lipid soluble substance that modu-
lates the binding of the dihydropyridine class of Ca2q

channel antagonists to rat cortex and brain membranes has
been isolated and identified as arachidonylethanolamide
Ž .Johnson et al., 1993 . Interestingly, the same compound
was also identified as anandamide, an endogenous ligand

Ž .for cannabinoid receptors Devane et al., 1992 .

) Corresponding author. Tel.: q1-613-761-6387; fax: q1-613-761-
5330.

Inhibition of neuronal Ca2q currents by anandamide
and cannabinoids has been demonstrated in earlier studies
ŽCaulfield and Brown, 1992; Mackie et al., 1994, 1995;

.Twitchel et al., 1997 . However, there has been no report
on the effect of anandamide on the function of VDCCs of
skeletal muscle which, in terms of its molecular structure,

2q Žis the best characterized Ca channel subtype Dunn et
.al., 1994 . Furthermore, since VDCCs are known to be

inactivated by rises in intracellular Ca2q, possible sec-
ondary effects of anandamide on intracellular Ca2q home-

Ž .ostasis Martin et al., 1994; Di Marzo and Fontana, 1995
also need to be investigated.

We have previously developed a technique to measure
Ca2q fluxes mediated by VDCCs in purified transverse
Ž . Ž .T -tubule membranes Dunn, 1989; Oz et al., 1993 .
These membranes form sealed, inside-out vesicles that are

Ždevoid of intracellular organelles Rosemblatt and Scales,
. 2q1989; Dunn, 1989 . Thus, studies of Ca fluxes in these

vesicles can be used to probe the activity of VDCCs in the
absence of intracellular events. In this study, the effect of

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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anandamide on the function of VDCCs in rabbit T-tubule
membranes has been investigated.

2. Materials and methods

2.1. Preparation of transÕerse tubule membranes

Microsomal membranes were prepared from the back
Ž .and hind muscles of small 1–1.5 kg New Zealand White

Rabbits, and T-tubules were isolated by sucrose gradient
Ž .centrifugation as previously described Dunn, 1989 . The

animals were cared for in accordance with the principles
and guidelines of the Canadian Council on Animal Care
Žsee Guide to the Care and Use of Experimental Animals,

Ž . Ž ..Vol. 1 2nd ed., 1993 and Vol. 2 1984 . T-tubule
membranes were finally resuspended and equilibrated in

q Žlow K buffer 10 mM HEPES–Tris, pH:7.4, 145 mM
.choline chloride, 5 mM potassium gluconate, 0.02% NaN ,3

and stored at y868C. Prior to use, the vesicles were
subjected to freeze–thaw cycles to equilibrate intracellular

Ž .and extracellular ions Dunn, 1989; Oz et al., 1993 .

2.2. Ca2 q efflux assay

Ž .Membrane vesicles approximately 0.4 mgrml were
loaded with 45Ca2q by the addition of one-half volume of
isotopically diluted 45CaCl solution in the same buffer to2

give a final concentration of 5 mM total Ca2q containing
45 2q Ž .approximately 50 mCirml Ca ICN, Irvine, CA, USA .

After two freeze–thaw cycles to load Ca2q inside the
vesicles, the suspensions were kept on ice until use, which
was usually within 1–2 h. A two-step filtration assay
Ž .Dunn, 1989 was used to investigate voltage-dependent
45Ca2q efflux. Briefly, 25 ml of loaded membranes were

q Žfirst diluted with 975 ml of high K buffer 10 mM
HEPES–Tris, pH 7.4, 120 mM potassium gluconate, 30

.mM choline chloride, 0.133 mM EGTA containing 0.1
mM valinomycin and where appropriate, the desired drug.
This first dilution is designed to mimic the resting state of
the cell by generating an outside negative membrane po-

Žtential of y80 mV and to reduce the extravesicular corre-
.sponding to intracellular in an inside out vesicle free

Ca2q to less than 100 nM. After 10-min incubation at
room temperature, 0.9 ml was removed and applied to a
GFrC filter which had been preequilibrated in the same
buffer, and dried under vacuum. Excess buffer was re-
moved from the sample under vacuum, and 1 ml of

Ždepolarizing buffer 10 mM HEPES–Tris pH 7.4, 5 mM
potassium gluconate, 145 mM choline chloride, 0.133 mM

.EGTA, 0.1 mM valinomycin was added. Efflux was
allowed to continue on the filter for 10 s prior to removal
of extravesicular solution under vacuum and rapid washing

Žwith two 5 ml volumes of a AstopB solution 10 mM
HEPES–Tris pH 7.4, 145 mM choline chloride, 5 mM

.potassium gluconate, 0.5 mM LaCl , 30 mM sucrose .3

Filters with their absorbed membrane vesicles were dried,
Žextracted with 5 ml of Hydrofloure National Diagnostics,

.FL, USA scintillation fluid and counted for residual en-
trapped 45Ca2q.

2.3. Binding studies

Ž .w3 xExperiments on binding of q H PN 200-110
Ž .DuPont-New England were conducted similar to our

Ž .earlier studies in these membranes Dunn et al., 1989 . All
binding assays were carried out under subdued lighting to
minimize ligand photolysis. Briefly, aliquots of mem-

Ž .branes 100 mg were added to different concentrations of
radiolabeled ligand to give a final concentration of 0.02
mgrml T-tubule membranes in a total volume of 0.8 ml.
After 60-min incubation at room temperature, 0.4 ml
aliquots of each sample were filtered under vacuum through
Watman GFrC filters and rapidly washed with 5 ml of
ice-cold assay buffer. The filters were dried and extracted

Ž .in 5 ml of Hydrofloure National Diagnostics scintilla-
tion fluid before counting for 3H. Triplicate 50-ml samples
of the incubation mixtures were also counted directly for
estimations of total binding. Nonspecific binding was esti-
mated from parallel measurements of binding in the pres-
ence of 5 mM unlabeled nifedipine. In competition experi-
ments, T-tubule membranes were incubated with 0.5 nM
w3 xH PN 200-110 at a concentration of 0.02 mgrml for 1 h
with anandamide present in the medium over a concentra-
tion range of 0.1–100 mM. Anandamide, nifedipine, Bay
K 8644, pertussis toxin, indomethacin and phenylmethyl-

Ž . Žsulfonyl fluoride PMSF were from RBI Natick, CT,
.USA . SR141716A was purchased from Tocris Cookson

Ž .St. Louis, MO, USA . All other chemicals were from
Ž .Sigma St.Louis, MO, USA . Drugs were added from

stock solutions in Me SO and, in order to minimize possi-2

ble solvent effects, all samples, including controls, con-
Ž .tained Me SO at the same final concentration -0.2% .2

In flux studies, pertussis toxin was incubated with 45Ca2q-
loaded vesicles for 1 h on ice prior to initiation of repolar-
ization.

2.4. Data analysis

All data are expressed as the arithmetic means and
Ž .standard errors of the means S.E.M. with the number of

Ž .determinations n indicated. In each experiment, at least
eight determinations were made of the amount of 45Ca2q

retained by the vesicles under control conditions, i.e. in the
absence of any changes in membrane potential and in the

Ž .absence of drugs. The mean counts per minute cpm was
first calculated from control determinations and then nor-
malized to 100%. The cpm of each determination was also
normalized to the mean cpm to calculate the SEM for each
control. Data obtained under other control conditions are
expressed as a percentage of control values. Statistical
evaluation of data were made using ANOVA method. For
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data analysis and calculation of the IC values and slope50
Žfactors, computer fitting software Origine Microcal Soft-

.ware, MA, USA was used.

3. Results

3.1. Effect of anandamide on Õoltage dependent Ca2 q

fluxes

Fig. 1A shows the results of experiments carried out
using the two-step protocol described in the method sec-

Ž qtion. Under control conditions 5–5–5 mM K i.e. in the
.absence of changes in membrane potential there was no

efflux of 45Ca2q from the membrane vesicles. Upon expo-
Žsure of vesicles to depolarizing conditions for 10 s 5–

q. 45 2q120–5 mM K , the amount of Ca remaining in the
vesicles was reduced to approximately 30–35% of control

Ž . 3q Ž .values. Both nifedipine 10 mM and La 1 mM signifi-
cantly inhibited the flux responses without affecting the
content of 45Ca2q in the vesicles under control circum-

Ž .stances CqLa and CqNif in Fig. 1A .

Fig. 1. Induction and pharmacological characterization of 45Ca2q flux
Ž .responses through T-tubule membranes. A Effects of membrane poten-

2q 3q Ž .tial, inorganic Ca channel blocker, La 1 mM and calcium channel
Ž . 45 2qblocker nifedipine 10 mM on Ca effluxes in T-tubule membrane

Ž .preparations. B Effects of increasing concentrations of anandamide on
45 2q Ž .Ca flux responses. The numbers of experiments n are presented on
top of each column. Vertical lines on top of the columns represents the
S.E.M. Statistical significance at the level of P -0.05 was presented
with ). C, control conditions; F, efflux conditions; La, lanthanum; Nif,
nifedipine; ANA, anandamide.

Fig. 2. Effects of drugs related to anandamide metabolism on 45Ca2q

Ž .flux responses through T-tubule membranes. A Effects of indomethacin
Ž .and PMSF on the inhibition of flux responses by anandamide. B Effects

of increasing concentrations of arachidonic acid on 45Ca2q flux re-
Ž .sponses. The numbers of experiments n are presented on top of each

column. Vertical lines on top of the columns represents the S.E.M. Level
of significance at P -0.05 was presented with ). C, control conditions;
F, efflux conditions; ANA, anandamide; AA, arachidonic acid; IND,
indomethacin.

Under these experimental conditions, the effect of anan-
damide was studied over a concentration range of 0.1–100
mM. The effects of 10-min incubation of T-tubule mem-
brane preparations with 0.1, 1, 10, 50 and 100 mM anan-
damide on 45Ca2q efflux responses are illustrated in Fig.
1B. Under control conditions, anandamide, at the highest

Ž .concentration used 100 mM , had no effect on the amount
of 45Ca2q retained in T-tubule vesicles. Anandamide at the
concentration of 0.1 mM, did not cause a significant
change in flux responses. However, in the concentration
range of 1–100 mM, anandamide significantly inhibited
the amount of 45Ca2q retained in vesicles. For example, in
the absence and presence of 10 mM anandamide, the
amount of 45Caq2 retained after depolarization of the
vesicles was 34"6% and 66"9% of controls, respec-
tively. The difference between these values was statisti-

Ž .cally highly significant P-0.01, ANOVA, ns8 .
At the concentration of 10 mM, arachidonic acid, a

putative metabolite or precursor of anandamide, mimicked
Žthe effect of anandamide on flux responses Fig. 2A and
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.B . There was no further inhibition of fluxes when arachi-
Ž . Ž .donic acid 10 mM and anandamide 10 mM were ap-

Ž .plied simultaneously data not shown, ns6 . The amido-
Ž .hydrolase inhibitor, PMSF 0.2 mM , was added to exam-

ine the possible hydrolysis of anandamide to arachidonic
Žacid and the cyclooxygenase inhibitor, indomethacin 5

.mM was used to investigate the possible involvement of
endogenous prostaglandin synthesis from anandamide. In
the presence of PMSF or indomethacin, inhibitory effect of
anandamide on the efflux responses was not significantly

Ž .changed P)0.05, ANOVA, ns8–9; Fig. 2A . The
effect of 10-min incubation of T-tubule membrane prepara-
tions with 1, 10, 50 and 100 mM arachidonic acid on
45Ca2q efflux responses are illustrated in Fig. 2B. Under
control conditions, arachidonic acid, at the highest concen-

Ž .tration used 100 mM , had no effect on the amount of
45Ca2q retained in the T-tubule vesicles. Arachidonic acid
at the concentration of 1 mM, did not cause any change in
flux responses. However, in the concentration range of
10–100 mM, arachidonic acid significantly inhibited the
amount of 45Ca2q retained in vesicles in a concentration-
dependent manner. For example, in the presence of 10 mM
arachidonic acid, after high Kq induced depolarization,
content of 45Caq2 in the vesicles was 54"7% compared
to 34"5% in the control samples. The difference between

Žthese values was statistically highly significant P-0.01,
.ANOVA, ns7–9 .

[3 ]3.2. Effect of anandamide on the binding of H PN 200-
110

The high affinity binding of the dihydropyridine class
of Ca2q channel ligands has previously been characterized

Ž .in T-tubule membrane preparations Dunn, 1989 . Fig. 3A
w3 xillustrates the inhibition of the specific binding of H PN

200-110 to purified T-tubule vesicles in the presence of 10
mM anandamide. Neither PMSF nor indomethacin alone

w3 xdid effect the binding of H PN 200-110 to T-tubule
Ž .membranes data not shown, ns4–7 . In addition, the

Ž .effects of co-application of anandamide 10 mM with
Ž . Ž .either PMSF 0.2 mM or indomethacin 5 mM were not

significantly different from anandamide alone. However,
incubating the membranes with 10 mM arachidonic acid

w3 xalone did inhibit the specific binding of H PN 200-110
Ž .Fig. 3A .

Both anandamide and arachidonic acid displaced the
w3 xspecific binding of H PN 200-110 from rabbit T-tubule

Ž .membranes in a concentration-dependent manner Fig. 3B .
In the concentration range of 30–100 mM, anandamide
and arachidonic acid completely inhibited the specific

w3 xbinding of H PN 200-110. The IC values for anan-50

damide and arachidonic acid were 4.4"0.7 and 13.4"3.5
mM, respectively with corresponding slope factors of 1.35
and 0.95.

w3 xFig. 3. The specific binding of H PN 200-110 to T-tubule membranes.
Ž . w3 xA Specific binding as a function of the concentration of H PN
200-110. Data are presented as the arithmetic means of five experimental

Ž .measurements in the absence v and presence of 10 mM anandamide
Ž . Ž .` or 10 mM arachidonic acid l . Addition of 0.2 mM PMSF or

Ž .indomethacin 5 mM to anandamide in the binding medium is repre-
sented by \ and %, respectively. The incubation time was 60 min at
238C, pH 7.5. Equivalent samples were incubated with 5 mM of unla-

Ž .beled nifedipine in order to determine nonspecific binding. B The
w3 xdecrease of specific binding of H PN 200-110 to T-tubule membranes

by increasing concentrations of anandamide or arachidonic acid. The data
are expressed as percentage of control. T-tubule membranes were incu-

w3 xbated with 0.5 nM H PN 200-110 at a concentration of 0.02 mgrml for
1 h with increasing concentrations of anandamide in the medium. Bound

w3 xand free H PN 200-110 were separated by filtration. Symbols are the
means of at least five experiments. Data points for anandamide and
arachidonic acid were presented as v and `, respectively. Vertical lines
represent S.E.M.

3.3. Further studies on the mechanism of anandamide
inhibition

Functional interactions between the effects of anan-
damide and dihydropyridine class antagonist nifedipine or
agonist Bay K 8644 on 45Ca2q effluxes were also studied.
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Fig. 4. Functional interaction between the effects of dihydropyridine class
VDCC modulators and anandamide on 45Ca2q effluxes mediated by

Ž .depolarizations of T-tubule membrane preparations. A In presence and
absence of 10 mM anandamide, the effects of incubating T-tubule
membranes with 1 and 10 mM of nifedipine on 45Ca2q flux responses.
Ž .B Effects of incubating T-tubule membranes with 1 mM of Bay K 8644
in presence and absence of 10 mM anandamide on the amount of retained
45Ca2q in control and flux conditions. Vertical lines on top of the
columns represents the S.E.M. Statistical significance at the level of
P -0.05 was presented with ). Concentrations of 1 and 10 mM of
nifedipine were indicated as 1 and 10 in front of the bar labels for
nifedipine. C, control conditions; F, efflux conditions; Nif, nifedipine;
BayK, Bay K 8644; ANA, anandamide.

In these sets of experiments, in the presence and absence
of 10 mM anandamide, T-tubule membrane preparations

Ž .were incubated with nifedipine 1–10 mM or Bay K 8644
Ž .1 mM . Fig. 4A represents the results of experiments with
1 and 10 mM nifedipine and the effect of anadamide on
nifedipine induced inhibition of flux responses. At the
concentrations of 1 and 10 mM, nifedipine alone signifi-
cantly inhibited the flux responses. The inhibition of flux
responses by 1 mM nifedipine, was significantly increased

Ž .in the presence of 10 mM anandamide Fig. 4A . In
vesicles treated with 1 mM nifedipine, the amount of
45Ca2q retained in vesicles were 68"9% and 49"6% of
controls, in the presence and absence of anandamide,
respectively. There was a statistically significant difference

Ž .between these values P-0.05, ns11–12; ANOVA .
But, anandamide treatment did not effect the inhibition of
effluxes by 10 mM nifedipine. In the presence and absence
of anandamide, the amount of 45Ca2q retained in vesicles

were 71"5% and 67"7% of controls, respectively. There
was no statistically significant difference between these

Ž .values P)0.05, ns8–9; ANOVA .
ŽConsistent with our earlier results Dunn, 1989; Oz et

.al., 1993 , Bay K 8644 in the concentration of 1 mM,
45 2q Žinduced a large efflux of Ca in control conditions Fig.

.4B . The flux responses induced by Bay K 8644 were
significantly suppressed in the presence of 10 mM
anadamide. In the presence and absence of anadamide, the
amount of 45Ca2q retained in Bay K 8644 treated control
vesicles were 84"7 and 65"6 of controls, respectively.
The difference between these values were statistically sig-

Ž .nificant P-0.05, ns8–12; ANOVA . Further effects of
Bay K 8644 on flux responses under depolarizing condi-
tions were significantly decreased by 10-min coincubation

Ž .of vesicles with anandamide and Bay K 8644 Fig. 4B . In
the presence and absence of anandamide, the amount of
45Ca2q retained in Bay K 8644 treated vesicles were
43"7% and 21"6% of controls, respectively. The dif-

Žference between these values were highly significant P-
.0.01, ns11–12; ANOVA .

In order to determine whether anandamide inhibition of
VDCCs is mediated by the activation of G-protein coupled
cannabinoid receptors, the effect of cannabinoid receptor
antagonist, SR141716A and pertussis toxin pretreatment
on anandamide inhibition of efflux responses was investi-
gated. Incubating the vesicles with 1 mM SR141716A for
10 min or with 5 mgrml pertussis toxin for 60 min before
the experiments affected neither the controls nor the anan-

Ž .damide-induced inhibition of flux responses Fig. 5 . After
the preincubation periods for SR141716A or pertussis
toxin, vesicles were tested for the effect of 10-min treat-
ment with 10 mM anandamide on 45Ca2q fluxes. In the

Fig. 5. Effects of SR141716A and pertussis toxin preincubation on the
inhibition of flux responses by anandamide. The numbers of experiments
Ž .n are presented on top of each column. Vertical lines on top of the
columns represents the S.E.M. C, control conditions; F, efflux conditions;
ANA, anandamide; PTX, pertussis toxin; SR, SR141716A.
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presence of 10 mM anandamide alone, in the presence of
anandamide and SR141716A or anandamide and pertussis
toxin, the amounts of 45Ca2q retained in the T-tubule
vesicles were 68"11%, 67"9% and 71"12% of the
controls, respectively. There were no statistically signifi-

Žcant differences among these values P)0.05, ns12–14,
.ANOVA . In the presence of 1 mM SR141716A alone,

there were no significant changes in the amount of 45Ca2q

Ž .retained in vesicles 108"7% compared to control condi-
Žtions without SR141716A incubation ns5; data not

.shown .

4. Discussion

The main finding of this study is that anandamide, at
relatively high concentrations, suppresses the function of
VDCCs in T-tubule membranes, and this inhibition is
independent of cannabinoid-receptor activation. As is
shown in Fig. 1A, these membrane preparations have
functional VDCCs i.e., these channels respond to depolar-
izing voltage changes by opening and are blocked by

Žestablished inorganic and organic VDCC blockers Dunn,
.1989; Oz et al., 1993 . Although the inhibitory effect of

anandamide and cannabinoids on neuronal Ca2q channels
Žhas been demonstrated in earlier studies Caulfield et al.,

.1992; Mackie et al., 1994, 1995; Twitchel et al., 1997 , to
our knowledge this is the first report indicating that anan-
damide and arachidonic acid inhibit the function of L-type
VDCC in an isolated muscle preparation.

In earlier studies using a variety of cell types, it was
found that anandamide, at nanomolar concentrations, causes
the release of Ca2q from intracellular stores thus increases

2q Žthe concentration of intracellular Ca for reviews, Di
.Marzo and Fontano, 1995; Felder and Glass, 1998 . Since

VDCCs have previously been shown to be modulated by
2q Žchanges in intracellular Ca concentrations Brehm and

Eckert, 1978; Feldmeyer et al., 1993; Soldatov et al., 1998;
.Oz et al., 1998 , it remained to be established whether the

effect of anandamide on VDCCs is direct or secondary to
these changes. Since the T-tubule vesicles used in this
study are in an inside-out orientation and are devoid of

Žintracellular organelles Rosemblatt and Scales, 1989;
.Dunn, 1989 , it is unlikely that the observed inhibitory

effect of anandamide on Ca2q fluxes through inside-out
oriented vesicles involves changes in intracellular Ca2q. In
addition, these membranes are devoid of any plasmalem-

2q Žmal Ca pump activity Dunn, 1989; Rosemblatt and
.Scales, 1989 . In T-tubules, the abundant presence of

Ždihydropyridine binding sites Fosset et al., 1983; Dunn et
.al., 1989 and stereospecific modulation of flux responses

by dihydropyridines and other class of Ca2q channel an-
Ž .tagonists Oz et al., 1993 have been shown. Using fluores-

cent voltage sensitive dyes, voltage-changes predicted by
the Nernst equation have also been recorded in T-tubule
membranes depolarized by changes in extravesicular con-

q Ž .centration of K Dunn, 1989 .

Both, anandamide at 1 mM and higher concentrations,
and arachidonic acid at 10 mM and higher concentration,
significantly inhibited the flux responses in a concentra-

Ž .tion-dependent manner Figs. 1B and 2B . Since our at-
tempts to obtain more gradual flux responses, by decreas-
ing depolarization time to 5 s andror using partial depolar-
izing conditions were not successful, quantitative aspects
of the concentration–response relation could not be stud-
ied. It seems that relatively narrow portion of total ion
fluxes are carried through L-type VDCCs. This may be
due to several factors. Firstly, there is a considerable
amount of 45Ca2q presumably bond nonspecifically to
divalent binding sites on lipid bilayers. The presence of
this bound Ca2q is evident with 15–25% of total 45Ca2q

remained even after depolarization of vesicles pretreated
Ž .with Bay K 8644 Fig. 4B . The differential contribution

of this bound Ca2q to each batch of the membrane vesicles
may be a confounding factor. Secondly, the presence of
T-type channels in T-tubules of amphibian and mammalian

Žskeletal muscle have been reported. Arreola et al., 1987;
.Garcia and Stefani, 1987; Dirksen and Beam, 1995 . Al-

though under prolonged depolarizing conditions employed
in this study, T-type channels are likely to be largely
inactivated, considerable flux of 45Ca2q through these
channels in early phase of depolarization may interfere

Ž .with our results. In fact, nifedipine 10 mM , that com-
pletely abolishes the Ca2q currents mediated by L-type
VDCCs, without affecting T-type VDCCs in mammalian

Žskeletal muscle fibers Lamb and Walsh, 1987; Dirksen
.and Beam, 1995; Patterson et al., 1995 did not block the

Ž .flux responses completely Figs. 1A and 4A . The remain-
ing 20–30% of total flux response resistant to inhibition by
anandamide or arachidonic acid may reflect the contribu-
tion of T-type channels to total fluxes. In line with this
conclusion, almost 100% inhibition of flux responses by

3q Ž .La Fig. 1A , which effectively blocks both L and
ŽT-type VDCCs Narahashi et al., 1987; Mlinar and Enyeart,

.1993; Dirksen and Beam, 1995 may also imply the contri-
bution of T-type VDCCs.

Anandamide has been shown to be partially hydrolyzed
to arachidonic acid by a membrane-associated amidohy-
drolase under the conditions membrane vesicles were incu-

Žbated Di Marzo and Fontana, 1995; Jarrahian and Hillard,
.1997 . In the presence of 0.2 mM PMSF, amidohydrolase

inhibitor, or 5 mM indomethacin, cyclooxygenase in-
hibitor, anandamide-induced inhibition of flux responses

Ž .were not significantly altered Fig. 2A , indicating that the
metabolites of anandamide hydrolysis were not signifi-
cantly contributed to effect of anandamide. However, at 10
mM and higher concentrations, arachidonic acid per se did

Ž .cause a significant inhibition of flux responses Fig. 2 .
Since the effect of arachidonic acid on the functional
properties of the VDCCs of skeletal muscle, to our knowl-
edge, has not been reported in earlier studies, we can not
compare the present results with the findings in literature.
But, in both smooth and cardiac muscle preparations,
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Ž . 2qinhibitory effects of arachidonic acid 1–50 mM on Ca
currents mediated through L-type VDCC have been re-

Žported Nagano et al., 1995; Petit-Jacques and Hartzell,
.1996; Xiao et al., 1997; see also c.f. Huang et al., 1992 .

Experimental evidence suggest that both anandamide
and arachidonic acid induced suppression of flux responses
are due to the inhibition of L-type VDCCs located in
T-tubule vesicles. Firstly, in the presence of anandamide,
the inhibitory effect of 1 mM nifedipine on flux responses
was significantly increased. In addition, the effect of anan-
damide on nifedipine induced inhibition was occluded at

Ž .saturating concentrations of nifedipine 10 mM . These
findings may suggest that anandamide and nifedipine are
mediated through a common ionic pathway. Secondly, in
the presence of anandamide, reversal of the effect of Bay
K 8644 on flux responses also suggest that the effect of
anandamide is mediated by the inhibition of L-type VD-
CCs. Thirdly, the La3q sensitive part of the 45Ca2q re-
tained in vesicles remained resistant to both nifedipine and
anandamide. These findings may suggest that both nifedip-
ine and anandamide specifically effect fluxes mediated by
L-type VDCCs and they act through common ionic path-
way, presumably by the suppression of fluxes through
L-type VDCCs.

The results indicate that the inhibitory effect of anan-
damide is not sensitive to pertussis toxin treatment. Fur-
thermore, the cannabinoid receptor antagonist, SR141716A
did not modulate the effect of anandamide. In recent
studies, similar concentrations of anandamide were shown
to inhibit Kq channels, nicotinic acetylcholine receptors
and gap junctions and these effects were also found to be
insensitive to both SR141716A and pertussis toxin pre-

Žtreatment Venance et al., 1995; Oz et al., 1996; Poling et
.al., 1996 . In some of the earlier studies, the effects of

anandamide on ion channels were found to be mediated by
the activation of cannabinoid receptors while, in others,
direct effects of anandamide on ion channels were demon-

Ž .strated for a recent review; Felder and Glass, 1998 . In
neuronal cell lines, cannabinoid receptor mediated and
pertussis toxin sensitive inhibition of Ca2q channels in
nanomolar concentration range of anandamide have been

Ždemonstrated Mackie et al., 1994, 1995; Twitchel et al.,
.1997 . Our study indicates that in addition to its receptor

mediated effects at lower concentrations, direct inhibition
of L-type VDCCs can also be observed at equal to or
higher than 1 mM concentrations of anandamide.

The ability of anandamide to inhibit the specific binding
w3 xof the radioligand H PN 200-110 to T-tubule membranes

suggests that anandamide may interact with dihydro-
pyridine binding sites in the VDCC. This inhibition was
not affected by the presence of PMSF in the medium,
indicating that the effects are not due to arachidonic acid
arising from the hydrolysis of anandamide. Similarly in

Ž . Žcortical, cardiac Johnson et al., 1993 and forebrain Jar-
.rahian and Hillard, 1997 membranes, no effects of PMSF

or hydrolyzed products of anandamide were found. How-

ever, arachidonic acid itself produced effects that are simi-
lar and comparable to the effects of anandamide. Interac-
tion of both anandamide and arachidonic acid on dihydro-
pyridine binding sites have been observed in studies of

Žmuscle and brain membranes Johnson et al., 1993; Shim-
.sue et al., 1996; Jarrahian and Hillard, 1997 . Anandamide

may act through several mechanisms. The presence of a
low-affinity binding site for dihydropyridines on VDCCs

Žhas been demonstrated in T-tubule membranes Dunn and
.Bladen, 1991, 1992 . Allosteric interaction of anandamide

with this low-affinity binding site may mediate it’s func-
tional effects on VDCCs. Anandamide may also act through
a binding site located on phospholipids. In earlier studies,
it was shown that the binding of dihydropyridines and the
function of VDCCs were affected by phospholipids and

Žlipids added to assay medium Glossmann and Ferry,
.1983; Coronado, 1987 .

Recently, it was demonstrated that anandamide, at simi-
lar concentration ranges, can act directly on gap junctions

Ž .of astrocytes Venance, 1995 , on ligand-gated ion chan-
Ž .nels expressed in oocytes Oz et al., 1996 and on various

types of Kq channels expressed in mammalian cell lines
Ž .Poling et al., 1996 . In conclusion, present results demon-
strating a suppression of voltage-dependent Ca2q fluxes in
skeletal muscle T-tubules suggest that at the concentrations
of 1 mM and higher, cannabinoid receptor independent
effects of anandamide should also be considered.

Acknowledgements

This study was in part supported by the Alberta Her-
itage Foundation for Medical Research and by the Medical
Research Council of Canada.

References

Arreola, J., Calvo, J., Garcia, M.C., Sanchez, J.A., 1987. Modulation of
calcium channels of twitch muscle fibers of the frog by adrenaline

Ž .and cyclic adenosine monophospate. J. Physiol. London 393, 307–
330.

Brehm, P., Eckert, R., 1978. Calcium entry leads to inactivation of
calcium channels in Paramecium. Science 202, 1203–1206.

Callewaert, G., Hanbauer, I., Morad, M., 1989. Modulation of calcium
channels in neuronal and cardiac cells by an endogenous peptide.
Science 243, 663–666.

Caulfield, M.P., Brown, D.A., 1992. Cannabinoid receptor agonists in-
hibit Ca current in NG108-15 neuroblastoma cells via pertussis
toxin-sensitive mechanism. Br. J. Pharmacol. 106, 231–232.

Coronado, R., 1987. Planer bilayer reconstitution of calcium channels:
lipid effects on single-channel kinetics. Circ. Res. 61, I46–52.

Devane, W.A., Hanus, L., Breuer, A., Pertwee, R.G., Stevenson, L.A.,
Griffin, G., Gibson, D., Mandelbaum, A., Etinger, A., Mechoulam,
R., 1992. Isolation and structure of a brain constituent that binds to
the cannabinoid receptors. Science 258, 1946–1949.

Di Marzo, V., Fontana, A., 1995. Anandamide, an endogenous cannabi-
nomimetic eicosanoid: AKilling two birds with one stoneB.
Prostaglandins, Leukotrienes Essent. Fatty Acids 53, 1–11.



( )M. Oz et al.rEuropean Journal of Pharmacology 404 2000 13–2020

Dirksen, R.T., Beam, K.G., 1995. Single calcium channel behavior in
native skeletal muscle. J. Gen. Physiol. 105, 227–247.

Dunn, S.M.J., 1989. Voltage-dependent calcium channels in skeletal
muscle transverse tubules: Measurements of calcium efflux in mem-
brane vesicles. J. Biol. Chem. 264, 11053–11060.

Dunn, S.M.J., Bhat, M., Oz, M., 1994. The molecular structure and
Ž .gating of calcium channels. In: Foa, P., Walsh, M. Eds. , Ion

Channels and Ion Transport. Springer-Verlag, New York, pp. 1–18.
Dunn, S.M.J., Bladen, C., 1991. Kinetics of binding of dihydropyridine

calcium channel ligands to skeletal muscle membranes: evidence for
low-affinity sites for the involvement of G-proteins. Biochemistry 30,
5716–5721.

Dunn, S.M.J., Bladen, C., 1992. Low-affinity binding sites for 1,4-dihy-
dropyridines in skeletal muscle transverse tubule membranes revealed
by changes in flourescence of felodopine. Biochemistry 31, 4039–
4045.

Ebersole, B.J., Molinoff, P.B., 1992. Identification of ascorbate as an
endogenous substance that irreversibly inhibits binding of dhyrdropy-
ridine calcium channel blockers. J. Neurochem. 58, 1300–1307.

Felder, C., Glass, M., 1998. Cannabinoid receptors and their endogenous
agonists. Annu. Rev. Pharmacol. Toxicol. 38, 179–200.

Feldmeyer, D., Melzer, W., Pohl, B., Zollner, P., 1993. A possible role of
sarcoplasmic Ca2q release in modulating the slow Ca2q current of
skeletal muscle. Pfluegers Arch. 425, 54–61.

Fosset, M., Jaimovich, E., Delpont, E., Lazdunski, M., 1983.
w3 xH Nitrendipine receptors in skeletal muscle: properties and preferen-
tial localization in transverse tubules. J. Biol. Chem. 10, 6086–6092.

Garcia, J., Stefani, E., 1987. Appropriate conditions to record activation
2q Ž .of fast Ca channels in frog skeletal muscle Rana Pipiens .

Pfluegers Arch. 408, 646–648.
Glossmann, H., Ferry, D., 1983. Solubilization and partial purification of

w3 xputative calcium channels labeled with H -nimodipine. Naunyn-
Schmiedebergs Arch. Pharmakol. 323, 279–291.

Huang, J.M., Xian, H., Bacaner, M., 1992. Long-chain fatty acids
activate calcium channels in ventricular myocytes. Proc. Natl. Acad.
Sci. U.S.A. 89, 6452–6456.

Janis, R.A., Johnson, D.E., Shrikhande, A.V., 1988. Endogenous 1,4-di-
hydropyridine-displacing substances acting on L-type calcium chan-
nels: isolation and characterization of fractionates from brain and

Ž .stomach. In: Morad, M., Nayler, W., Kazda, S., Schramm, M. Eds. ,
The Calcium Channel: Structure, Function and Implications.
Springer-Verlag, Berlin-Heidelberg.

ŽJarrahian, A., Hillard, C.J., 1997. Arachidonylethanolamide Ananda-
.mide binds with low affinity to dihydropyridine binding sites in brain

membranes. Prostaglandins, Leukotrienes Essent. Fatty Acids 57,
551–554.

Johnson, D.E., Heald, S.L., Dally, R.D., Janis, R.A., 1993. Isolation,
identification and synthesis of an endogenous arachidonic amide that
inhibits calcium channel antagonist 1,4-dihydropyridine binding.
Prostaglandins, Leukotrienes Essent. Fatty Acids 48, 429–437.

Lamb, G.D., Walsh, T., 1987. Calcium currents, charge movement and
dihydropyridine binding in fast-and slow-twitch muscle of rat and

Ž .rabbit. J. Physiol. London 393, 595–617.
Mackie, K., Devane, W.A., Hille, B., 1994. Anandamide, an endogenous

cannabinoid, inhibits calcium currents as a partial agonist in N18
neuroblastoma cells. Mol. Pharmacol. 44, 498–503.

Mackie, K., Lai, Y., Westenbroek, R., Mitchell, R., 1995. Cannabinoids
activate an inwardly rectifying potassium conductance and inhibit
Q-type calcium currents in AtT20 cells. J. Neurosci. 15, 6552–6561.

Martin, B.R., Welch, S.P., Abood, M., 1994. Progress toward understand-
ing the cannabinoid receptor and its second messenger systems. Adv.
Pharmacol. 25, 341–397.

Mlinar, B., Enyeart, J.J., 1993. Block of current through T-type calcium
channels by trivalent metal cations and nickel in neuronal rat and

Ž .human cells. J. Physiol. London 469, 639–652.
Nagano, N., Imaizumi, Y., Watanabe, M., 1995. Modulation of calcium

channel currents by arachidonic acid in single smooth muscle cells
from vas deferens of the guinea-pig. Br. J. Pharmacol. 116, 1887–
1893.

Narahashi, T., Tsunoo, A., Yoshii, M., 1987. Characterization of two
types of calcium channels in mouse neuroblastoma cells. J. Physiol.
Ž .London 383, 231–249.

Oz, M., Frank, G.B., Dunn, S.M.J., 1993. Voltage-dependent calcium
flux across rabbit skeletal muscle transverse tubule membranes in the
range of late after potentials. Can. J. Physiol. Pharmacol. 71, 518–521.

Oz, M., Melia, M.T., Soldatov, N., Abernethy, D.R., Morad, M., 1998.
Functional coupling of human L-type Ca2q channel and angiotensin
AT1A receptor co-expressed in Xenopus oocytes: Involvement of the
carboxyl-terminal Ca2q sensors. Mol. Pharmacol. 54, 1106–1112.

Oz, M., Podrasky, E., Ravindran, R., Singhal, S., Zhang, L., Weight,
F.F., 1996. Endogenous cannabinoid, anandamide potently inhibits
the function of nicotinic alpha7 receptors expressed in Xenopus
oocytes. Soc. Neurosci. 22r35.22, 1522.

Patterson, M., Constantin, B., Cognard, C., Raymond, G., 1995. Proper-
ties of calcium currents and contraction in cultured rat diaphragm
muscle. Pfluegers Arch. 430, 837–845.

Petit-Jacques, J., Hartzell, H.C., 1996. Effect of arachidonic acid on the
Ž .L-type calcium current in frog cardiac myocytes. J. Physiol. London

493, 67–81.
Poling, J.S., Rogawski, M.A., Salem, N., Vicini, S., 1996. Anandamide,

an endogenous cannabinoid inhibits Shaker-related voltage-gated Kq

channels. Neuropharmacology 35, 983–991.
Rosemblatt, M.S., Scales, D.J., 1989. Morphological, immunological and

biochemical characterization of purified transverse tubule membranes
isolated from rabbit skeletal muscle. Mol. Cell. Biochem. 87, 57–69.

Shiamsue, K., Urushidani, T., Hagiwara, M., Nagao, T., 1996. Effects of
Ž .anandamide and arachidonic acid on specific binding of q -PN200-

Ž . 2q110, diltiazem and y -desmethoxyverapamil to L-type Ca chan-
nel. Eur. J. Pharmacol. 296, 347–350.

Soldatov, N., Oz, M., O’Brien, K.A., Abernethy, D.R., Morad, M., 1998.
Molecular determinants of L-type Ca2q channel inactivation. J. Biol.
Chem. 273, 957–963.

Twitchel, W., Brown, S., Mackie, K., 1997. Cannabinoids inhibit N- and
PrQ-type calcium channels in cultured rat hippocampal neurones. J.
Neurophysiol. 78, 43–50.

Xiao, Y.F., Gomez, A.M., Morgan, J.P., Lederer, W.J., Leaf, A., 1997.
Suppression of voltage-gated L-type Ca2q currents by polyunsatu-
rated fatty acids in adult and neonatal rat ventricular myocytes. Proc.
Natl. Acad. Sci. U.S.A. 94, 4182–4187.

Venance, L., Piomelli, D., Glowinski, J., Giaume, C., 1995. Inhibition by
anandamide of gap junctions and intracellular calcium signaling in
striatal astrocytes. Nature 376, 590–594.


