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Cyclosporin A affects functions concerning acetylcholine release of
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Abstract

The effect of cyclosporin A was investigated on Torpedo synaptosomes. Cyclosporin A inhibits KCl-evoked acetylcholine
release (up to 50% at 1 uM) and was inactive on acetylcholine release induced by a Ca’* ionophore, A23187. Interestingly,
when the synaptosomes were pretreated with cyclosporin A, this immunosuppressor did abolish the modulation of A23187-in-
duced acetylcholine release produced by two other drugs, cetiedil (a-cyclohexyl-3-thienyl acetic acid 2-(hexahydro-1 H-azepin-1-yl)
ethyl ester, citrate salt) and MR16728 (N-(N’-hexamethylene imino)-propyl-phenyl-cyclohexyl-methyl acetamide, chlorhydrate),
which were previously shown to be inhibitory and stimulatory, respectively. Moreover, cyclosporin A and MR16728 are
competitive inhibitors of [*H]cetiedil binding to purified synaptosomal presynaptic membranes (dissociation constant of 181.9
nM). These results suggest that presynaptic proteins involved in acetylcholine release (directly or indirectly through cyclophilin)

are potential targets of cyclosporin A in Torpedo synaptosomes.
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1. Introduction

Cyclosporin A, a cyclic peptide of fungal origin, is a
potent immunosuppressive agent widely used to pre-
vent allograft rejection. However, it has severe side
effects. In particular, neurologic symptoms such as
stupor, seizures and coma have been associated with
high concentrations of cyclosporin A in the blood
(Atkinson et al., 1984). Until recently, most of the work
concerning the mechanisms of action of cyclosporin A
focused on its effects on T lymphocyte functions. How-
ever, cyclosporin A inhibits a variety of other cellular
functions such as the mechanism of secretion in differ-
ent cellular types (for review, Hohman and Hultsch,
1990).

Until now, the effect of cyclosporin A on the secre-
tion of acetylcholine from a neuromuscular junction
was not documented. In the present study, we exam-
ined the action of cyclosporin A on acetylcholine re-
lease from nerve terminals (synaptosomes) isolated
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from Torpedo marmorata electric organ, a cholinergic
tissue which is particularly rich in nerve terminals.
Evoked acetylcholine release, which is elicited by a
Ca?* influx, was continuously followed in vitro by using
a chemiluminescent procedure with choline oxydase
(Israél and Lesbats, 1981). The use of two different
stimuli, KCl depolarization or a Ca?* ionophore,
A23187, makes it possible to distinguish between agents
whose action takes place before or after Ca’* entry
into the nerve terminal through voltage-dependent
channels. Our previous effort was to characterize
cholinergic agents which directly affect the evoked or
spontaneous release of acetylcholine in Torpedo
synaptosomes (Morot Gaudry-Talarmain et al., 1987;
Moulian et al., 1993, 1994). We showed that cetiedil, a
vasodilatator substance efficient in the treatment of
sickle cells and with reported anticholinergic proper-
ties, inhibited acetylcholine release from Torpedo elec-
tric organ and synaptosomes regardless of the stimulus
used to trigger it (an electric stimulation, a depolariza-
tion of the membrane with KCl, the addition of a Ca?*
ionophore). In contrast, its amide analogue MR16728
enhances A23187-induced acetylcholine release. In this
study, we examined the effect of cyclosporin A on
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evoked acetylcholine release and on the inhibition or
stimulation by cetiedil and MR16728, respectively.
Moreover, after characterizing the binding of [*HJ-
cetiedil on presynaptic membranes purified from Tor-
pedo synaptosomes, we investigated the effect of cy-
closporin A and MR16728 on this binding.

2. Materials and methods

Cetiedil (a-cyclohexyl-3-thienyl acetic acid 2-(hexa-
hydro-1H-azepin-1-yl) ethyl ester, citrate salt) was syn-
thesized according to Robba and Le Guen (1967). The
cetiedil analogue MR16728 (N-(N'-hexamethylene
imino)-propyl-phenyl-cyclohexyl-methyl acetamide,
chlorhydrate) was synthesized in the laboratory of Prof.
M. Robba (Caen, France). [HICetiedil was synthe-
sized in the laboratory of J.-L. Morgat (C.E.N,, Saclay,
France). Stock solutions of cyclosporin A (Sandimmun,
Sandoz, Switzerland), cetiedil and analogues (usually 5
mM) were diluted in distilled water; aliquots were
stored at — 80°C prior to use at the appropriate dilu-
tion. Other reagents were obtained from commercial
sources.

Torpedo marmorata electric organ synaptosomes de-
riving from 25 g of tissue were isolated according to the
method described by Morel et al. (1977). The effect of
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Fig. 1. A: Effect of cyclosporin A on evoked acetylcholine release. (1) Traces of a representative experiment are shown. Synaptosomes were
incubated with cyclosporin A for 5 min. Then 4 mM Ca?* was added. Acetylcholine release was induced by either 60 mM KCI (left) or 4 uM
A23187 (right). Chemiluminescent recordings of evoked acetylcholine release were calibrated by injecting an internal acetylcholine standard (not
shown). (2) The lower graph illustrates the inhibitory effect of cyclosporin A on KCl-induced acetylcholine release as a function of cyclosporin A
concentration. Acetylcholine is expressed as a percentage of control release. Data are the mean + S.E.M. from five independent experiments. B:
Cyclosporin A prevents cetiedil inhibition of A23187-evoked acetylcholine release. (3) In the same experiment, we measured the effect of cetiedil
alone and the effect of cetiedil in the presence of cyclosporin A (0.5-10 M) added 3 min before. (4) Increasing cyclosporin A concentrations
were applied on synaptosomes for 2 min prior to the addition of 20 M cetiedil and acetylcholine release was then induced with 4 mM Ca’" and
4 uM A23187. Results are the mean + S.E.M. from 3-5 experiments. C: Cyclosporin A prevents MR16728 stimulation of A23187-evoked
acetylcholine release. The same protocol was used with MR16728. Acetylcholine release was performed in the presence of 40 uM MR16728 or
with 10 uM cyclosporin A. The same cyclosporin A concentration was then applied on synaptosomes 2 min before the addition of 40 uM
MR16728 and acetylcholine release was triggered by Ca?* and A23187 3 min later. Traces of a representative experiment are presented (5) and
in the histogram (6), results are the mean + S.E.M. from three independent experiments. * Significantly different from control values (P < 0.02).
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solution 5 min before [*H]cetiedil; the specific binding
was determined as previously described.

3. Results

Acetylcholine release from Torpedo synaptosomes
preincubated with various concentrations of cy-
closporin A (0.05-4 uM) for 5 min was measured using
the choline oxidase chemiluminescent procedure. For
each sample, acetylcholine release was calibrated by
internal acetylcholine standards and both areas under
traces were measured; in each experiment the amount
of acetylcholine release was expressed as a percentage
of the control values (observed in the absence of drug).
The amount of control acetylcholine release induced
by 60 mM KCl was 43.4 + 17.9 pmol (mean + S.E.M.
obtained in 5 separate experiments) representing 7.2 +
1.9% of total acetylcholine content present in the
synaptosomal preparations. The application of cy-
closporin A on synaptosomes does not induce any
significant basal release (data not shown). Acetyl-
choline release induced by 60 mM KCl in the presence
of 4 mM Ca?* was inhibited by cyclosporin A (Fig. 1,
Al). This inhibition was a function of the concentra-
tion of cyclosporin A; half-inhibition was obtained at a
concentration of cyclosporin A of 1 M in the release
solution (Fig. 1, A2). About 50% of acetylcholine re-
lease was resistant to the action of 4 uM cyclosporin
A. A similar dose-response curve inhibition of cy-
closporin A was obtained when acetylcholine was in-
duced by 12 mM KCl (data not shown).

The increase in the concentration of Ca®* in nerve
terminals which triggers acetylcholine release can be
obtained by adding a Ca®* ionophore. A synaptosomal
acetylcholine content of 16.2 + 1.6% was released by 4
uM of the ionophore A23187 corresponding to 143 + 63
pmol acetylcholine released (mean values + S.E.M.
from 5 separate preparations). Cyclosporin A (up to a
concentration of 10 uM in the release solution) does
not affect significantly A23187-induced acetylcholine
release.

Cetiedil and its analogue MR16728 were previously
characterized as substances which respectively inhibit
and stimulate A23187-evoked acetylcholine release
from Torpedo synaptosomes. In the present work, we
observed the effect of pretreatment of synaptosomes
with cyclosporin A on the effect of cetiedil and
MR16728. The inhibitory effect of cetiedil (20 uM) on
acetylcholine release induced by the addition of A23187
was observed in the presence of cyclosporin A. Cy-
closporin A at various concentrations was added to the
release solution containing synaptosomes; 2 min later,
20 uM cetiedil was added. Acetylcholine release was
triggered after a 3-min incubation with cetiedil by
adding Ca’* (4 mM) and A23187 (4 uM). In the

absence of cyclosporin A, the inhibition due to 20 uM
cetiedil is almost total (Fig. 1, B3); the previous addi-
tion of cyclosporin A (0.5-10 uM) in the release solu-
tion prevents cetiedil from being active in inhibiting
acetylcholine release. As shown in Fig. 1 (B4), 4 uM
cyclosporin A allows the restoration of the control level
of acetylcholine release (measured in the absence of
drug).

A similar protocol was used to study the effect of
cyclosporin A on the MR16728 stimulation of acetyl-
choline release in Torpedo synaptosomes. Cyclosporin
A (10 uM) was added to the release solution; 2 min
later, MR16728 (40 uM) was applied on synaptosomes.
Acetylcholine release was triggered 3 min later with
Ca’* (4 mM) and A23187 (4 uM). MR16728 (40 uM)
enhances acetylcholine release (around 140% of con-
trol); the addition of cyclosporin A (10 wM) prior to
MR16728 abolishes the stimulatory effect of this
cetiedil analogue (Fig. 1, C).

To investigate a possible role for extracellular Na*
and Na* channels in the process of the stimulated
acetylcholine release from Torpedo synaptosomes, we
measured the tetrodotoxin sensitivity of KCI- and
ionophore-induced acetylcholine release. Tetrodotoxin
(1.5 M, 5 min) inhibits slightly but not significantly
(data not shown) both types of acetylcholine release.
We observed also that the previous addition of
tetrodotoxin does not modify the effects of cetiedil and
MR16728 on both KCl- and A23187-induced acetyl-
choline release, and does not impair the reversal ef-
fects of cyclosporin A, leading to the conclusion that
KCl- and A23187-induced acetylcholine releases are
not significantly affected by the blockade of
tetrodotoxin-sensitive Na* channels in Torpedo
synaptosomes.

We examined the binding of [*H]cetiedil on presyn-
aptic membranes purified from Torpedo electric organ
synaptosomes according the method of Morel et al.
(1982). Non-specific [*H]cetiedil binding was deter-
mined in the presence of 225 wM non-radioactive
cetiedil and was 23-76% of total binding for concen-
trations of [*Hlcetiedil from 30 to 1100 nM.
[*H]Cetiedil binding is saturable (Fig. 2, A). A
Scatchard analysis indicates a dissociation constant
(Kp) of 181.9 + 23.8 nM and a receptor density (B,,,,)
of 44.1 + 5.8 pmol /mg protein (Fig. 2, A).

We used the same protocol and evaluated
[*H]cetiedil binding for concentrations of [*H]cetiedil
of 100 and 500 nM. Various concentrations of MR16728
or cyclosporin A, between 2 and 50 uM, were added 5
min before cetiedil. MR16728 and cyclosporin A do
not modify [3H]cetiedil non-specific binding on presyn-
aptic membranes. We also established that the solution
containing cyclosporin A did not modify [°H]cetiedil
specific binding. Dixon representations (Fig. 2, B and
C) show that MR16728 and cyclosporin A inhibit
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[*Hlcetiedil binding on presynaptic membranes in a
competitive way and allow to determine an inhibition
constant (K;) of 11.7 and 1.7 uM, respectively.
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Fig. 2. A: Cetiedil binding on purified synaptosomal presynaptic
membranes. Purified presynaptic membranes were incubated for 1 h
on ice with increasing concentrations of [>Hlcetiedil; the specific
radioactivity was 7 Ci/mmol. Bound [*H]cetiedil was measured by
filtration. Non-specific binding was measured in the presence of 225
uM non-radioactive cetiedil and was subtracted from total binding to
obtain specific binding. Results are the mean of duplicate determina-
tions from four independent experiments. Insert: Scatchard repre-
sentation. B: Effect of MR16728 on [?H]cetiedil binding. Various
concentrations of MR16728 were added to presynaptic membranes 5
min before the addition of 100 nM or 500 nM [*Hlcetiedil. A Dixon
analysis is presented. Each point is the mean of duplicate determina-
tions from three experiments. C: Effect of cyclosporin A on
[3H]cetiedil binding. The same protocol was used with cyclosporin A
instead of MR16728. Results, duplicate determinations from four
independent experiments, are presented with a Dixon analysis.

4. Discussion

The immunosuppressive agent cyclosporin A was
previously shown to inhibit the release of various sub-
stances due to a Ca’" influx such as the release of
insulin from pancreatic islets (Draznin et al., 1988) or
the release of lactoferrin from polymorphonuclear leu-
cocytes during the process of degranulation (Forrest et
al.,, 1991), suggesting that cyclosporin A may be a
useful tool in the dissection of the molecular release
mechanism. Similarly, cyclosporin A inhibits in the
same range of concentration the release of acetyl-
choline induced by KCl in Torpedo synaptosomes. Cy-
closporin A affects in a specific way the entry of Ca?*
in synaptosomes since it is inactive in acetylcholine
release induced with ionophore A23187. Therefore it
may affect voltage-dependent Ca’* entry through
channels on synaptosomal presynaptic membranes. An
interaction of cyclosporin A with Ca?* channels was
previously reported and the use of Ca?™ channel in-
hibitors such as diltiazem or verapamil induces an
increase in cyclosporin A blood levels in transplant
patients who receive immunosuppressive treatment
(Leibbrandt and Day, 1992). In contrast, the step of
acetylcholine release which takes place after the Ca?*
influx is not affected by cyclosporin A since this agent
does not act on acetylcholine release induced by a
Ca?* ionophore.

Cyclosporin A also prevents cetiedil and MR16728
from being active in acetylcholine release induced by
the ionophore A23187. A potential target of these
agents is the mediatophore, a presynaptic membrane
protein, since the effect of inhibition and stimulation
of acetylcholine release due to cetiedil and MR16728,
respectively, were also observed in acetylcholine-
containing proteoliposomes in which this protein has
been incorporated and which release acetylcholine in a
Ca?*-dependent way (Morot Gaudry-Talarmain et al.,
1987; Moulian et al., 1993). We cannot exclude that the
effect of cyclosporin A on Torpedo synaptosomes could
be related to other presynaptic proteins associated with
the mediatophore or involved in the release mecha-
nism itself. Helekar et al. (1994) proposed that cy-
clophilin, a ubiquitous cytoplasmic protein which is
blocked by cyclosporin A, may play a critical role in the
maturation and function of homooligomeric receptors
such as 5-HT, receptor and nicotinic a7 receptor. It
could act as a peptidyl-prolyl cis-trans isomerase on
the folding of these proteins. Mediatophore is com-
posed of homooligomers of 15 kDa and contains in its
peptidic sequence several prolines (Birman et al., 1990).
This proteolipid could be an indirect target of cy-
closporin A.

Moreover, the effects of cetiedil on morphologic
changes of synaptosomal membranes observed by cryo-
fracture after stimulation were previously studied in
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our laboratory. Cetiedil blocks the rearrangement of
large intramembrane particles which was shown to be
associated with acetylcholine release regardless of the
stimulation (Israél et al., 1987). Thus, the effects of
cetiedil on acetylcholine release in synaptosomes may
be related to its action on mediatophore conformation.
Cyclophilin, which modifies homooligomer protein
folding, could in this way prevent cetiedil and MR16728
from being active in the mediatophore.

We performed binding experiments with [*H]cetie-
dil to study the interactions between cyclosporin A,
cetiedil and MR16728. We measured its binding on
purified synaptosomal presynaptic membranes (Fig. 2,
A). We showed that radioactive cetiedil specifically
binds to these membranes with a K, of 180 nM and a
B,.. of 441 pmol/mg of protein. The competitive
inhibitions of the binding of [*Hlcetiedil on synaptoso-
mal presynaptic membranes obtained with MR16728
and cyclosporin A show that cetiedil, its analogue and
cyclosporin A bind to a same site on these membranes.
Cyclosporin A is 6 times more efficient than MR16728
in the inhibition of [*Hlcetiedil binding; we determined
an inhibition constant (K;) of 11.7 uM for MR16728
and 1.7 uM for cyclosporin A. The effect of cy-
closporin A on cetiedil inhibition of acetylcholine re-
lease in Torpedo synaptosomes could be related to the
inhibition of cetiedil binding by cyclosporin A.

In conclusion, in Torpedo synaptosomes, the most
promising targets of cyclosporin A effects are voltage-
sensitive Ca’* channel entry and mediatophore or
another presynaptic protein directly involved in acetyl-
choline release. These targets could be indirectly af-
fected via cyclophilin. We plan to investigate if cy-
clophilin is present on Torpedo synaptosomes. In this
case, isolated Torpedo nerve terminals could provide a
useful tool for studying the action of cyclosporin A and
one of its targets, cyclophilin, on the function of a
presynaptic membrane protein (or other associated
proteins) which controls acetylcholine release.
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