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ABSTRACT We investigated the effects of amitriptyline, a tricyclic antidepressant,
on [3H]norepinephrine ([3H]NE) secretion and ion flux in bovine adrenal chromaffin cells.
Amitriptyline inhibited [3H]NE secretion induced by 1,1-dimethyl-4-phenylpiperazinium
iodide (DMPP) and 70 mM K1. The half maximal inhibitory concentration (IC50) was 2
µM and 9 µM, respectively. Amitriptyline also inhibited the elevation of cytosolic calcium
([Ca21]i) induced by DMPP and 70 mM K1 with IC50 values of 1.1 µM and 35 µM,
respectively. The rises in cytosolic sodium ([Na1]i) and [Ca21]i induced by the Na1

channel activator veratridine were also inhibited by amitriptyline with IC50 values of 7
µM and 30 µM, respectively. These results suggest that amitriptyline at micromolar
concentrations inhibits both voltage-sensitive calcium (VSCCs) and sodium channels
(VSSCs). Furthermore, submicromolar concentrations of amitriptyline significantly
inhibited DMPP-induced [3H]NE secretion and [Ca21]i rise, but not veratridine- or 70
mM K1 -induced responses, suggesting that nicotinic acetylcholine receptors (nAChR) as
well as VSCCs and VSSCs can be targeted by amitriptyline. DMPP-induced [Na1]i rise
was much more sensitive to amitriptyline than the veratridine-induced rise, suggesting
that the influx of Na1 and Ca21 through the nAChR itself is blocked by amitriptyline.
Receptor binding competition analysis showed that binding of [3H]nicotine to chromaffin
cells was significantly affected by amitriptyline at submicromolar concentrations. The
data suggest that amitriptyline inhibits catecholamine secretion by blocking nAChR,
VSSC, and VSCC. Synapse 29:248–256, 1998. r 1998 Wiley-Liss, Inc.

INTRODUCTION

Depression is a common psychiatric disease and is
often treated with tricyclic antidepressant drugs. These
drugs act as amine uptake inhibitors or alter the
functions of adrenergic, serotonergic, and dopaminergic
receptors (Maj et al., 1984). Recently, it has been
reported that b1-adrenergic receptor mRNA and ligand
binding are regulated by chronic antidepressant treat-
ment (Hosoda and Duman, 1993). Chronic administra-
tion of antidepressants also decreases the expression of
tyrosine hydroxylase in the rat locus coeruleus (Nestler
et al., 1990; Schultzberg et al., 1991).

Extensive studies of antidepressant-induced immedi-
ate responses have shown that the antidepressant
effect may result from changes in intracellular signal-

ing in the central nervous system. Shimizu et al. (1993)
reported that acute treatment of cultured neurons of
the rat frontal cortex with antidepressant drugs elicits
Ca21 release from inositol 1,4,5-trisphosphate (IP3)-
sensitive Ca21 stores. Amitriptyline inhibits secretion
of dopamine and g-aminobutyric acid (GABA) by block-
ing VSSCs in rat striatal slices (Ishii and Sumi, 1992).
In murine dorsal root ganglia, L-type Ca21 channels are
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inhibited by imipramine (Choi et al., 1992). Several
studies have reported effects of antidepressants on
catecholamine secretion from adrenal medullary chro-
maffin cells. Desipramine inhibits DMPP-induced
[3H]NE secretion in rabbit adrenal glands (Collett and
Story, 1984). In the rat adrenal gland, desipramine and
imipramine have been shown to inhibit [3H]NE secre-
tion (Wakade and Wakade, 1984). Arita et al. (1987)
have demonstrated that antidepressants inhibited
22Na1 influx through VSSCs in bovine chromaffin cells.

As of today, inhibitory effects of antidepressants on
neurotransmitter release have been reported, but the
site of action and the mechanism of the antidepressant
action are not yet clear. We found that amitriptyline, a
tricyclic antidepressant, differentially inhibits catechol-
amine secretion induced by DMPP and 70 mM K1 in
bovine adrenal chromaffin cells. DMPP activates the
nAChR and causes influx of both Na1 and Ca21, leading
to membrane depolarization. On the other hand, high
concentrations of extracellular K1 directly induce mem-
brane depolarization and subsequent activation of
VSCCs. To further characterize amitriptyline’s site of
action, we measured changes in intracellular free cal-
cium and sodium concentrations, using the fluorescent
indicators fura-2 and SBFI, respectively. The binding of
amitriptyline to the nAChR was confirmed by a recep-
tor binding competition assay with [3H]nicotine. Here
we report that amitriptyline acts at multiple sites that
are involved in the catecholamine secretion by bovine
adrenal chromaffin cells. The nAChR is inhibited by
submicromolar concentrations of amitriptyline, whereas
inhibition of VSSCs and VSCCs requires micromolar
concentrations.

MATERIALS AND METHODS
Materials

Antidepressant drugs, carbamazepine, DMPP, and
tetrodotoxin were purchased from Sigma (St. Louis,
MO). a-Bungarotoxin and veratridine were obtained
from Research Biochemicals International (Natick, MA).
Fura-2/AM, SBFI/AM, and Pluronic F-127 were pur-
chased from Molecular Probes (Eugene, OR). [3H]NE
and [3H]nicotine were purchased from NEN (Boston,
MA).

Chromaffin cell preparation

Chromaffin cells were isolated from bovine adrenal
medulla by two-step collagenase digestion, as previ-
ously described (Kilpatrick et al., 1980). For the mea-
surement of [3H]NE secretion and the [3H]nicotine
binding assay, cells were plated in 24-well plates at a
density of 5 3 105 cells per well. Chromaffin cells
transferred to 100-mm culture dishes (1 3 107 cells per
dish) were used to measure cytosolic free calcium and
sodium concentrations. The cells were maintained in
DMEM/F-12 (GIBCO, Grand Island, NY) containing

10% bovine calf serum (Hyclone, Logan, UT) and 1%
antibiotics (GIBCO). Chromaffin cells were incubated
in a humidified atmosphere of 5% CO2/95% air at 37°C
for 3–7 days before use.

Measurement of [3H]NE secretion

Catecholamine secretion from chromaffin cells was
measured in 24-well plates following the method of
Kilpatrick et al. (1980). In brief, cells were loaded with
[3H]NE (1 µCi/ml; 68 pmol/ml) by incubation in DMEM/
F-12 containing 0.01% ascorbic acid for 1 h at 37°C in
5% CO2/95% air. The cells were washed with Ca21-free
Locke’s solution twice, then incubated in Locke’s solu-
tion (154 mM NaCl, 5.6 mM KCl, 5.6 mM glucose, 1 mM
CaCl2, 1 mM MgCl2, and 5 mM HEPES buffer adjusted
to pH 7.4) for 15 min to stabilize them. The cells were
incubated with Locke’s solution for 10 min to measure
basal secretion. The cells were subsequently stimulated
with the drugs under test for 10 min, which is the
optimal time to measure [3H]NE secretion induced by
nicotinic agonists or high K1, because stimulated secre-
tion increased with time and reached maximum close to
10 min after stimulation (data not shown). In all
experiments where we measured basal and stimulated
secretion, the cells were, therefore, incubated for 10
min. After the incubation, the medium was removed
from each well and transferred to a scintillation vial.
Finally, residual catecholamine in the cells was ex-
tracted by addition of 10% trichloroacetic acid and the
extract was transferred to a scintillation vial. The
radioactivity in each vial was measured with a scintilla-
tion counter. The amount of [3H]NE secreted was
calculated as percentage of total [3H]NE content. Net
stimulated secretion was obtained by subtracting the
basal secretion from the stimulated secretion. In order
to study the effect of amitriptyline pretreatment, the
drug was added to both media before the measurement
of basal and stimulated secretion.

[Ca21]i measurement

Cytosolic free Ca21 concentration ([Ca21]i) was deter-
mined with the help of the fluorescent Ca21 indicator
fura-2, as reported previously (Park and Kim, 1996).
Briefly, the chromaffin cell suspension was incubated
with fresh serum-free DMEM/F-12 medium containing
fura-2/AM (3 µM) for 40 min at 37°C with continuous
stirring. The cells were then washed with Locke’s
solution and left at room temperature until use. Sulfin-
pyrazone (250 µM) was added to all solutions to prevent
dye leakage (Di Virgilio et al., 1988). Fluorescence
ratios were measured by an alternative wavelength
time scanning method (dual excitation at 340 and 380
nm; emission at 500 nm). Calibration of the fluorescent
signal in terms of [Ca21]i was performed as described by
Grynkiewicz et al. (1985).
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[Na1]i measurement

Cytosolic free Na1 concentration ([Na1]i) was mea-
sured using the fluorescent Na1 indicator SBFI, as
previously described by Donoso et al. (1992), with some
modifications. In brief, the chromaffin cell suspension
was incubated in fresh DMEM/F-12 medium contain-
ing 15 µM SBFI/AM, 10% bovine calf serum, and 0.2%
Pluronic F-127 for 2 h at 37°C with continuous stirring.
The cells were then washed twice with fresh DMEM/
F-12 medium and left at room temperature until use.
Sulfinpyrazone (250 µM) was added to all solutions to
prevent dye leakage (Di Virgilio et al., 1988). Fluores-
cence ratios were taken with alternate excitation at 340
and 380 nm and emission at 530 nm. Changes in [Na1]i

are presented as fluorescence ratios.

Inhibition of [3H]nicotine binding

Binding of [3H]nicotine to intact cells was measured
as previously described by Higgins and Berg (1988).
Intact chromaffin cells in 24-well plates (5 3 105 cells/
well) were washed twice with Locke’s solution and
incubated with 20 nM [3H]nicotine and the indicated
concentrations of amitriptyline or other antidepres-
sants in the presence of 1 µM a-bungarotoxin for 40 min
at 25°C. Then the cells were washed three times with 1
ml ice-cold Ca21-free Locke’s solution containing 100
µM EGTA. Finally, the cells were lysed and scraped in
0.5 ml of 5% trichloroacetic acid and the radioactivity
was measured by liquid scintillation counting. Nonspe-
cific binding, determined by coincubation with 1 mM
nicotine, amounted to less than 20% of total binding
and was routinely subtracted from the total binding.
The binding data were analyzed and expressed as
percent of total binding.

Statistical analysis

All results except for those from [3H]nicotine binding
assay are expressed as mean 6 SEM values. Statistical
differences were calculated by one-way ANOVA fol-
lowed by the Dunnett’s post-hoc test. Differences were
considered significant when probability (P) values were
,0.05.

RESULTS
Inhibitory effect of amitriptyline

on [3H]NE secretion

To study the effects of antidepressant drugs on cat-
echolamine secretion, we treated [3H]NE-loaded chro-
maffin cells with amitriptyline (from 100 nM to 100
µM). Amitriptyline by itself did not induce [3H]NE
secretion (data not shown). Stimulation with 10 µM
DMPP, an activator of nAChR, raised [3H]NE secretion
by 10.2 6 0.7% of the total endogenous content (open
circle in Fig. 1). Incubation of cells with amitriptyline
affected the DMPP-induced [3H]NE secretion in a con-

centration-dependent manner; IC50 was ,2 µM. Submi-
cromolar concentrations of amitriptyline significantly
reduced the DMPP-induced secretion (29.3% inhibition
with 500 nM amitriptyline) and 50 µM amitriptyline
completely blocked it. Extracellular 70 mM K1 also
raised [3H]NE secretion by 6.0 6 0.3% (open square in
Fig. 1). Amitriptyline inhibited 70 mM K1-induced
[3H]NE secretion (IC50, ,9 µM), and prominent inhibi-
tion occurred at micromolar concentrations of the drug.
Furthermore, the inhibition was not complete even at
100 µM amitriptyline. Approximately 20% of [3H]NE
secreted after stimulation with 70 mM K1 was not
affected by 100 µM amitriptyline. On the other hand,
amitriptyline had no effect on ionomycin-induced
[3H]NE secretion at the above tested concentrations
(data not shown), suggesting that the amitriptyline
effect on [3H]NE secretion is specific.

To further characterize the amitriptyline-induced
inhibition of catecholamine secretion, we tested various
concentrations of each agonist in the presence of amitrip-
tyline at the IC50 (Fig. 2). DMPP over 1 µM evoked
[3H]NE secretion and the amount of secreted [3H]NE
increased as the concentration of DMPP increased
(open circle in Fig. 2A). Amitriptyline inhibited DMPP-
induced [3H]NE secretion at all tested DMPP concentra-
tions. The inhibition became slightly stronger with
higher concentrations of DMPP (closed circle in Fig.
2A). High concentrations of extracellular K1 evoked

Fig. 1. Inhibitory effects of amitriptyline on [3H]NE secretion in
chromaffin cells. [3H]NE-loaded chromaffin cells were treated with
each agonist (W, 10 µM DMPP; M, 70 mM K1) in the presence of the
indicated concentrations of amitriptyline. Secretion of [3H]NE induced
by each agonist alone (X, 10 µM DMPP; N, 70 mM K1) in the absence
of amitriptyline is presented. The secreted [3H]NE was measured as
described in Materials and Methods and is expressed as percent of
total [3H]NE. *P , 0.05, **P , 0.01, ANOVA with Dunnett’s post-hoc
analysis compared with controls.
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[3H]NE secretion (open square in Fig. 2B). More [3H]NE
was secreted at higher concentrations of extracellular
K1 and maximal [3H]NE secretion was obtained at 60
mM extracellular K1. Amitriptyline inhibited high K1-
induced [3H]NE secretion with similar potency (closed
square in Fig. 2B). These results suggest that amitripty-
line does not act in a competitive manner.

Time course of the amitriptyline effects

Since the increase in [Ca21]i is an essential step in
catecholamine secretion, we tested the effect of amitrip-

tyline on [Ca21]i rise. Amitriptyline by itself had no
effect on [Ca21]i (data not shown), whereas both DMPP
and 70 mM K1 did induce [Ca21]i rise (solid trace ‘‘a’’ in
Fig. 3A and 3B). 70 mM K1 caused a higher initial peak
in [Ca21]i and a more rapid decrease than DMPP. We
then examined the time courses of the amitriptyline
effect on the DMPP- and 70 mM K1-induced [Ca21]i

rise. When cells were simultaneously treated with 10
µM amitriptyline and DMPP, the initial peak height
was decreased by 38.8% (dotted trace ‘‘b’’ in Fig. 3A).
After 3 min incubation with amitriptyline, the maximal
inhibition was reached (dotted trace ‘‘c’’ in Fig. 3A).
Figure 3B illustrates that 70 mM K1-induced [Ca21]i

rise was inhibited by 100 µM amitriptyline in a similar
pattern. As the incubation time with amitriptyline
increased, the initial peak height decreased, as shown
in Fig. 3C. The results indicate that although the effect
of amitriptyline is almost instantaneous, at least 3 min
of preincubation is required to fully exert the amitripty-
line effect. In the following experiments, therefore, we
treated the cells with amitriptyline for 3 min before the
addition of agonists.

Inhibitory effects of amitriptyline on [Ca21]i rise

To further characterize the inhibitory effect of amitrip-
tyline on [Ca21]i rise, we incubated cells with various
concentrations of amitriptyline before stimulation with
DMPP and 70 mM K1 (Fig. 4). Incubation of cells with
500 nM amitriptyline significantly lowered the initial
peak height induced by DMPP (closed circle in Fig. 4C);
the inhibition by 1 µM amitriptyline was ,40% (dotted
trace ‘‘b’’ in Fig. 4A). However, submicromolar concentra-
tions of amitriptyline did not inhibit the 70 mM K1-
induced [Ca21]i rise (closed square in Fig. 4C). Incuba-
tion with 1 µM amitriptyline did not inhibit the 70 mM
K1-induced response either (dotted trace ‘‘b’’ in Fig. 4B).
On the other hand, the incubation of cells with micromo-
lar concentrations of amitriptyline decreased the [Ca21]i

rise induced by both DMPP and 70 mM K1. IC50 values
were ,1.1 and ,35 µM, respectively (Fig. 4C). Whereas
100 µM amitriptyline completely abolished the DMPP-
induced [Ca21]i rise (dotted trace ‘‘c’’ in Fig. 4A), it
inhibited the 70 mM K1-induced [Ca21]i rise by ,91%
(dotted trace ‘‘c’’ in Fig. 4B). In addition, tetrodotoxin
pretreatment, which completely abolished veratridine-
induced [Ca21]i rise, had no effect on DMPP- or 70 mM
K1-induced [Ca21]i rise (data not shown), suggesting
that tetrodotoxin-sensitive VSSCs are not involved in
the DMPP- and 70 mM K1-induced response. Thus, the
inhibition of 70 mM K1-induced [Ca21]i rise by micromo-
lar concentrations of amitriptyline can be attributed to
the sensitivity of VSCCs to amitriptyline.

Inhibitory effects of amitriptyline on the
veratridine-induced [Ca21]i rise

To investigate whether the inhibition of DMPP-
induced [Ca21]i rise by submicromolar concentrations

Fig. 2. Inhibitory effects of amitriptyline on the [3H]NE secretion
induced at various agonist concentrations. [3H]NE-loaded chromaffin
cells were treated with the indicated concentrations of each agonist
(W, DMPP; M, high K1) in the presence of amitriptyline at IC50 (A: 2
µM, B: 9 µM). Secretion of [ 3H]NE induced by each agonist alone (X,
DMPP; N, high K1) in the absence of amitriptyline is presented. The
secreted [3H]NE was measured as described in Materials and Methods
and is expressed as percent of total [3H]NE.
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of amitriptyline is due to inhibition of VSSCs, we tested
the amitriptyline effect on veratridine-induced [Ca21]i

rise (Fig. 5). Veratridine is known to activate VSSCs,
thus leading to the activation of VSCCs and the follow-
ing catecholamine secretion. Veratridine triggered
[Ca21]i rise (solid trace ‘‘a’’ in Fig. 5A), but the pattern of
the [Ca21]i rise was different from that of DMPP or 70
mM K1, in that the peak was not sharp and the time
required to achieve the peak level is much longer.
Veratridine-induced [Ca21]i rise was inhibited by micro-
molar concentrations of amitriptyline (Fig. 5B); IC50

was ,30 µM. However, submicromolar concentrations
of amitriptyline did not inhibit the veratridine-induced
response (dotted trace ‘‘b’’ in Fig. 5A), suggesting that
submicromolar concentrations of amitriptyline do not
inhibit VSSCs and VSCCs that are activated by veratri-
dine treatment.

Inhibitory effect of amitriptyline on [Na1]i rise

To further define amitriptyline’s target component in
the inhibition of DMPP- or veratridine-induced re-
sponses, we tested the effect of amitriptyline on the
[Na1]i rise induced by DMPP or veratridine. As shown
in Figure 6A, DMPP and veratridine induced increases
in [Na1]i. Submicromolar concentrations of amitripty-
line dramatically inhibited the DMPP-induced [Na1]i

rise and 10 µM amitriptyline completely inhibited the
DMPP effect (closed circle in Fig. 6B), with an IC50

value of ,500 nM. On the other hand, the veratridine-
induced [Na1]i rise was not significantly affected by up
to 1 µM amitriptyline. However, micromolar concentra-
tions of amitriptyline did cause inhibition (IC50, 7 µM),
and 100 µM amitriptyline completely eliminated the
response to veratridine. These results suggest that
VSSCs are inhibited by micromolar concentrations of
amitriptyline and that the inhibition of DMPP-induced
[Ca21]i and [Na1]i rise by submicromolar concentra-
tions of amitriptyline cannot be attributed to the inhibi-
tion of VSSCs or VSCCs.

Inhibition of [3H]nicotine binding by
antidepressants

Because the DMPP-induced [Na1]i and [Ca21]i rise
was inhibited by much lower concentrations of amitrip-
tyline than the veratridine- or 70 mM K1-induced
responses, it is possible that amitriptyline directly
inhibits nAChR. We therefore looked at nAChR binding
competition between [3H]nicotine and various antide-
pressant drugs, including amitriptyline. It has been

Fig. 3. Time courses of the inhibitory effect of amitriptyline. (A)
The intracellular [Ca21]i rise induced by 10 µM DMPP was measured
in the absence (solid trace ‘‘a’’) or presence (dotted traces ‘‘b’’ and ‘‘c’’) of
10 µM amitriptyline. Chromaffin cells were simultaneously treated
with both amitriptyline and DMPP (trace ‘‘b’’) or first treated with 10
µM amitriptyline alone for 3 min and then treated with DMPP (trace
‘‘c’’). The experiments were performed three times independently and
the typical Ca21 transients are presented. (B) The intracellular [Ca21]i
rise induced by 70 mM K1 was measured in the absence (solid trace
‘‘a’’) or presence (dotted traces ‘‘b’’ and ‘‘c’’) of 100 µM amitriptyline.
Chromaffin cells were simultaneously treated with amitriptyline and
70 mM K1 (trace ‘‘b’’) or treated with amitriptyline for 3 min first and
then treated with 70 mM K1 (trace ‘‘c’’). The experiments were
performed three times independently and the typical Ca21 transients
are presented. (C) Chromaffin cells were preincubated for the indi-
cated times with 10 µM or 100 µM amitriptyline and then stimulated
with 10 µM DMPP (W) or 70 mM K1 (M), respectively. Incubation with
zero time means that amitriptyline and the agonist were used
simultaneously. The peak height of each stimulation was compared to
that of the control [Ca21]i rise caused by 10 µM DMPP (X) or by 70 mM
K1 (N) alone.
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shown that in bovine adrenal chromaffin cells there are
two binding sites for [3H]nicotine, one being associated
nAChR and the other with the a-bungarotoxin binding
component, which is distinct from the nAChR (Higgins

and Berg, 1988). In our experiments, the addition of
a-bungarotoxin inhibited [3H]nicotine binding by maxi-
mally ,20% (data not shown). Therefore, we performed
the [3H]nicotine binding study after completely block-
ing the a-bungarotoxin binding component by the addi-
tion of 1 µM a-bungarotoxin. Figure 7 shows competi-
tion curves for various antidepressants using labeled
nicotine. All tested antidepressants except car-
bamazepine effectively competed for binding with [3H]ni-
cotine. Desipramine was the most potent competitor,
with an apparent IC50 of ,2 µM, followed by three other
antidepressants, nortriptyline, amitriptyline, and imip-
ramine, with a similar IC50 of ,5 µM. Maprotiline was
the least potent competitor (IC50, ,20 µM). In contrast,
carbamazepine did not significantly inhibit [3H]nico-
tine binding up to 100 µM.

Fig. 4. Inhibitory effects of amitriptyline on [Ca21]i elevation in
chromaffin cells. The intracellular [Ca21]i rise induced by 10 µM
DMPP (A) or 70 mM K1 (B) was measured in the absence (solid trace
‘‘a’’) or presence (1 µM, dotted trace ‘‘b’’; 100 µM, dotted trace ‘‘c’’) of
amitriptyline. The experiments were performed four times indepen-
dently and the typical Ca21 transients are presented. (C) The [Ca21]i
rise induced by each agonist (W, 10 µM DMPP; M, 70 mM K1) was
measured 3 min after preincubation with the indicated concentrations
of amitriptyline. The peak height of each stimulation was compared to
that of the control [Ca21]i rise caused by each agonist alone (X, 10 µM
DMPP; N, 70 mM K1). *P , 0.05, **P , 0.01, ANOVA with Dunnett’s
post-hoc analysis compared with controls.

Fig. 5. The inhibitory effect of amitriptyline on the veratridine-
induced [Ca21]i elevation in chromaffin cells. (A) The intracellular
[Ca21]i rise induced by 100 µM veratridine was measured in the
absence (solid trace ‘‘a’’) or presence (1 µM, dotted trace ‘‘b’’; 100 µM,
dotted trace ‘‘c’’) of amitriptyline. The experiments were performed
four times independently and the typical Ca21 transients are pre-
sented. (B) The [Ca21]i rise induced by 100 µM veratridine (Q) was
measured 3 min after incubation with the indicated concentrations of
amitriptyline. The peak height of each stimulation was compared to
that of the control [Ca21]i rise caused by 100 µM veratridine alone (S).
*P , 0.05, **P , 0.01, ANOVA with Dunnett’s post-hoc analysis
compared with controls.
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DISCUSSION

Amitriptyline is widely used to treat manic depres-
sion. We have found that amitriptyline acts at multiple
sites in regulating catecholamine secretion in bovine
chromaffin cells. Several previous studies have ob-
served that neurotransmitter release can be inhibited
by antidepressants. In rat striatal slices, 10 µM amitrip-
tyline almost completely inhibited veratridine- or scor-
pion toxin-induced secretion of dopamine and g-
aminobutyric acid (Ishii and Sumi, 1992). In bovine
adrenal chromaffin cells, micromolar concentrations
(1–100 µM) of tricyclic and tetracyclic antidepressants
inhibited carbachol- or veratridine-induced catechol-
amine secretion (Arita et al., 1987). In both cases, high
K1-induced secretion was not affected by the antidepres-
sants. However, we found that micromolar concentra-
tions of amitriptyline can also inhibit catecholamine
secretion and Ca21 influx induced by 70 mM K1 in

bovine chromaffin cells. Since it is known that high K1

causes membrane depolarization, and thus directly
activates VSCCs, the results suggest that VSCCs are
inhibited by micromolar concentrations of amitripty-
line. More importantly, we recently discovered that the
nAChR can be inhibited even by submicromolar concen-
trations of amitriptyline. According to a previous report
(Arita et al., 1987), the inhibition of nAChR by antide-
pressants occurred in the range of micromolar concen-
trations. It seems that the inhibition of nAChR binding
contributes to the inhibition induced by amitriptyline
at submicromolar concentrations. We do not know the
exact cause for the difference in the effects of the
antidepressants on VSCCs and the nAChR that have
been documented in the above earlier reports and ours.
It is possible that a simultaneous treatment with high
K1 or DMPP and antidepressants may be inadequate
and wrong when investigating the effect of antidepres-
sants on high K1- or DMPP-evoked [Ca21]i rise and
catecholamine secretion. This notion is supported by
the data shown in Figure 3. Simultaneous treatment of
cells with amitriptyline and 70 mM K1 or DMPP
inhibited the [Ca21]i rise by 33.6 and 39.5%, respec-
tively. In contrast, after 3 min of incubation with
amitriptyline the response evoked by 70 mM K1 or
DMPP was decreased by 89.6 and 82.2%, respectively.
The results suggest that the amitriptyline treatment
should be done at least 3 min before stimulation to fully

Fig. 6. Inhibitory effects of amitriptyline on [Na1]i elevation in
chromaffin cells. (A) The intracellular [Na1]i rise induced by 10 µM
DMPP or 100 µM veratridine was measured. The experiments were
performed four times independently and the typical Na1 transients
are presented. (B) The [Na1]i rise induced by each agonist (W, 10 µM
DMPP; Q, 100 µM veratridine) was measured 3 min after incubation
with the indicated concentrations of amitriptyline. The level of the
plateau of each stimulation was compared to that of the control [Na1]i
rise caused by each agonist alone (X, 10 µM DMPP; S, 100 µM
veratridine). *P , 0.05, **P , 0.01, ANOVA with Dunnett’s post-hoc
analysis compared with controls.

Fig. 7. Competition between antidepressants and [3H]nicotine for
binding to nAChR. Chromaffin cell cultures were incubated with 20
nM [3H]nicotine and various concentrations of amitriptyline or other
antidepressants in the presence of 1 µM a-bungarotoxin for 40 min at
25°C. Displacement of [3H]nicotine binding by unlabeled desipramine
(N), nortriptyline (Q), amitriptyline (X), imipramine (M), maproti-
line (S), and carbamazepine (W) was presented. Nonspecific binding
was determined in the presence of 1 mM unlabeled nicotine. The data
represents the mean of two experiments, each carried out in triplicate.
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exert its inhibitory effect. In our [Ca21]i rise experi-
ments the cells were preincubated with antidepres-
sants for 3 min and 10 min for catecholamine secretion.

The first generation of tricyclic antidepressant drugs
such as amitriptyline, imipramine, and nortriptyline
were reported to cause idiosyncratic toxicity, generally
affecting four main organ systems: liver, skin, the
hematologic, and the nervous system (Pirmohamed et
al., 1992). Amitriptyline and imipramine were often
reported to have adverse effects in overdosage, most
likely associated with their anticholinergic effects (Dor-
man, 1985; Richelson, 1983). Concentration-dependent
differential inhibition could contribute to the under-
standing of the dose-dependent adverse effects of tricy-
clic antidepressants and to the development of new
drugs with fewer side effects.

It has been suggested that antidepressants have
specific binding sites on the plasma membrane because
imipramine binds to the membrane of bovine adrenal
chromaffin cells and because other antidepressants can
inhibit this binding (Arita et al., 1987). Since carbachol,
d-tubocurarine, and hexamethonium cannot inhibit the
specific binding of [3H]imipramine, the authors sug-
gested that antidepressants bind to sites distinct from
those of cholinergic drugs. However, we found that
amitriptyline binds to the nAChR on the plasma mem-
brane of bovine chromaffin cells. The inhibition of
DMPP-induced [Ca21]i and [Na1]i rise by submicromo-
lar concentrations of amitriptyline can be attributed to
the inhibition of the nAChR, not to VSCCs or VSSCs, in
that 70 mM K1- or veratridine-induced responses were
not significantly inhibited by submicromolar concentra-
tions of amitriptyline. Therefore, we tested the possibil-
ity of direct binding of amitriptyline to the nAChR. We
used [3H]nicotine rather than [3H]-labeled antidepres-
sants as the radioligand in order to see more clearly
whether amitriptyline binds to the nAChR. Since [3H]ni-
cotine can bind to the a-bungarotoxin binding compo-
nent as well as the nAChR (Higgins and Berg, 1988),
a-bungarotoxin was used to ensure that [3H]nicotine
would bind only to the nAChR. Through the results of
the receptor binding competition assay, we recently
discovered that amitriptyline and other antidepres-
sants competitively inhibit [3H]nicotine binding even at
submicromolar concentrations. The results therefore
indicate that the tested antidepressants bind to the
nAChR, resulting in the inhibition of DMPP-induced
effects.

The accurate site of the antidepressants’ actions
involved in the inhibition of neurotransmitter release
had not been defined until now. In murine dorsal root
ganglia neurons, selective inhibition of L-type Ca21

channels by imipramine was mediated by pertussis
toxin (PTX)-sensitive G proteins (Choi et al., 1992).
However, the inhibitory effect of imipramine on depolar-
ization-induced increases in intracellular Ca21 in rat
cortical neurons was not affected by pretreatment with

PTX (Shimizu et al., 1994). We also found that amitrip-
tyline and related antidepressants specifically inhibit
VSSCs and VSCCs activated by veratridine and 70 mM
K1, respectively. In our study, the inhibitory effect of
amitriptyline appears not to be mediated by G protein-
coupled receptors and signal pathways involving pro-
tein kinase A or protein kinase C. Amitriptyline itself
did not cause significant production of cAMP (data not
shown). Furthermore, forskolin and dibutyryl-cAMP
treatment for 5 min did not cause any significant
inhibition of DMPP-induced [Ca21]i rise (data not
shown). Phorbol-12,13-myristate (PMA), an activator of
protein kinase C, inhibited the DMPP-induced [Ca21]i

rise and caused additive inhibition when simulta-
neously treated with amitriptyline, indicating that the
two kinds of inhibition were independent from each
other (data not shown). As can be seen in Figure 3, the
almost instantaneous effect of amitriptyline suggests
that amitriptyline may exert its inhibitory effects by
direct binding to membrane proteins, including nAChR
and VSCCs.

It has been reported that the nAChR of bovine
chromaffin cells can be a target for various dihydropyri-
dine Ca21 channel blockers such as nimodipine, nifedi-
pine, and nitrendipine (Lopez et al., 1993). In this
study, DMPP-mediated effects were abolished by these
dihydropyridines, but high K1-induced 45Ca21 uptake
was only partially inhibited, suggesting that dihy-
dropyridines interact with both nAChR and VSCC and
that the former is more sensitive to dihydropyridines.
Amitriptyline’s mechanism of action may be similar to
the above dihydropyridines. Therefore, it is possible
that nAChR has high affinity binding sites for amitrip-
tyline and that the VSCCs and VSSCs have low affinity
binding sites for amitriptyline. This would explain the
significant inhibitory effects of amitriptyline at submi-
cromolar and micromolar concentrations, respectively.
This postulation is also supported by the notion that
dihydropyridine calcium channel antagonists can be
used as antidepressant drugs in mice and rats (Czyrak
et al., 1989).
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