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Pharmacological discrimination between effects of carbamazepine
on hippocampal basal, Ca’* - and K -evoked serotonin release
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1 To elucidate mechanisms of hippocampal serotonin release and possible mechanisms of clinical
action of carbamazepine (CBZ), we determined interaction between antagonists of N-type (w-
conotoxin GVIA:GVIA), P-type (w-agatoxin IVA:IVA) Ca®* channels, Na™ channel (tetrodotoxin:
TTX) and CBZ on hippocampal basal, Ca®"- and K *-evoked serotonin releases, using microdialysis
in freely moving rats.

2 Basal release was reduced by TTX, GVIA and IVA (GVIA>IVA). Ca**-evoked release was
reduced by GVIA but unaffected by TTX and IVA. K *-evoked release was reduced by TTX, GVIA
and IVA (GVIA<IVA).

3 TTX inhibited actions of IVA and GVIA on respective basal and K *-evoked releases, without
affecting Ca>"-evoked release.

4 Perfusion with 100 uMm CBZ (estimated-concentration in hippocampal tissue: 19+2 um)
enhanced basal and Ca®*-evoked releases, but reduced K*-evoked release, whereas 1000 uM CBZ
(estimated-concentration in hippocampal tissue: 188+ 16 uM) reduced three types of releases.

5 Under condition of pretreatment with 100 and 1000 uM CBZ, TTX unaffected basal and K-
evoked releases. Under condition of pretreatment with 100 uM CBZ, IVA and GVIA unaffected
basal and K *-evoked releases, respectively, but GVIA reduced basal, Ca*>*-evoked releases and IVA
also reduced K*-evoked release. Under condition of pretreatment with 1000 um CBZ, GVIA
unaffected three types of releases, and IVA unaffected basal release but reduced K *-evoked release.
6 These findings contribute towards the possible mechanisms of concentration-dependent
antiepileptic action of CBZ, which possibly inhibits Na® channel related neurotransmitter release
mechanisms during K*-evoked stage, and simultaneously enhances N-type Ca’* channel related

basal serotonin release at the resting stage.
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Introduction

The antiepileptic drug carbamazepine (CBZ), 5-carbamoyl-
SH-dibenz[b,f]lazepine was synthesized about 40 years ago
(Schindler, 1960). CBZ has a wide clinical spectrum of use in
epileptic (Scheffer et al., 1994; Loiseau & Duche, 1995),
bipolar (Okuma et al., 1990), anxiety disorders (Keck et al.,
1992) and schizophrenia (Neppe, 1982). The major mechan-
isms of antiepileptic action of CBZ were considered to be its
inhibitory effects on Na™ channel activity (Mclean &
Macdonald, 1986; Mattson, 1997). Numerous investigators
have already studied the effects of CBZ on monoaminergic
transmission (Kaneko et al., 1980; Pratt et al., 1985; Elphick
et al., 1990; Okada et al., 1997a,b, 1998a,b; Ichikawa &
Meltzer, 1999), because monoaminergic function has been
related to the aetiology of several psychiatric and neurolo-
gical disorders. It has been established that inhibition of Na*
channels reduces basal release of monoamine and acetylcho-
line (Westerink et al., 1988, 1989). However, we have already
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demonstrated concentration-dependent biphasic effects of
CBZ on various neurotransmitter releases, including acet-
ylcholine, dopamine, serotonin and glutamate, in which
plasma-concentration of CBZ associated with its antiepileptic
action, enhanced the synthesis and basal release of mono-
amine and acetylcholine, and inhibited the depolarization-
induced glutamate release, whereas more than plasma-
concentration of CBZ associated with its antiepileptic action
reduced them (Kaneko et al., 1980; Okada et al., 1997a,b;
1998a,b; Mizuno et al., 2000). Our previous studies, however,
could not rule out the possibility that the inhibitory effects of
CBZ on basal release observed at more than plasma-
concentration of CBZ associated with its antiepileptic action
may also be present at plasma-concentration of CBZ
associated with its antiepileptic action in the event of
neuronal excitation leading to high-frequency activity (i.e.
during seizures).

Synaptic neurotransmitter release is mediated by the entry
of Ca?" into presynaptic nerve terminals through voltage-
sensitive Ca’?* channels (Dunlap et al., 1995; Randall &
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Tsien, 1995; Harvey et al, 1996; Wu & Saggau, 1997;
Bergquist et al., 1998; Okada et al., 1998c; 2001) of which
different types have been shown to exist (Dunlap et al., 1995;
Randall & Tsien, 1995; Wu & Saggau, 1997). Electrophysio-
logical experiments have demonstrated at least seven subtypes
of voltage-sensitive Ca®* channels, including L-, N-, O-, P-,
Q-, R- and T-type Ca?* channel subtypes (Olivera et al.,
1994; Randall & Tsien, 1995; Jones, 1998). Pharmacological
experiments have demonstrated that monoamine release is
regulated by N-, P- and Q-type Ca>* channels (Kato et al.,
1992; Harvey et al., 1996; Bergquist et al., 1998; Okada et al.,
1998c; 2001). Recently, we have indicated that neurotrans-
mitter release is composed of Ca>* channel sensitive multiple
formations of exocytosis (Okada et al., 1996, 1998b,c; 2001).
However, neither effects of CBZ on Ca?* channels activities
nor on multiple neurotransmitter release formations have
been determined.

Hence, using the in vivo microdialysis method, the present
study was designed to determine the effects of CBZ on three
types of hippocampal serotonin release in the presence of
antagonists of Ca®" and Na™ channels in order to clarify the
following: (1) to characterize the mechanisms of three types
of hippocampal serotonin release, including basal, Ca®*- and
K*-evoked releases, (2) to determine the mechanism of
biphasic concentration-dependent effect of CBZ on basal
serotonin release, (3) to determine whether or not the effects
of plasma-concentration of CBZ associated with its anti-
epileptic action on the activities of Ca®>* and Na* channels
are dependent upon neuronal excitability?

Methods
Materials

All experiments described in this study were performed in
accordance with the specifications of the Ethical Committee
of Hirosaki University and met the guidelines of the
responsible governmental agency. Male Wistar rats (Clea,
Tokyo, Japan), weighing 250-300 g, were housed under
conditions of constant temperature 22+2°C with a 12 h
light-dark cycle.

Microdialysis system preparation

Each rat was placed in a stereotaxic frame and kept under
halothane anaesthesia (1.5% mixture of halothane and O,
with N,O). A concentric I-type dialysis probe (0.22 mm
diameter; 2 mm exposed membrane; Eicom Co., Japan) was
implanted in the hippocampus (A= —5.8 mm, L=4.8 mm,
V=—4.0 mm relative to bregma) and the perfusion experi-
ments were started 18 —24 h after the rats had recovered from
anaesthesia (Okada er al., 1999; 2001).

The perfusion rate was always 1 ul min~', using modified
Ringer’s solution (MRS) composed of (in mM): Na™ 145, K*
2.7, Ca** 1.2, Mg*>* 1.0, and buffered with 1 mmM phosphate
buffer and 1.1 mM Tris buffer to adjust the pH to 7.40. To
study Ca’"-dependent release, we used Ca’*-free MRS
(Okada et al., 1996; 1998b; 2001), in which the Ca®* and
the appropriate amount of Na" were replaced by 40 mMm
Mg?>* (Westerink et al., 1988; Okada er al., 1996; 1998a,b;
2001). To study the effects of an increase in the extracellular

1

Ca’" or K" level (Ca?*- or K'-evoked stimulation) on
hippocampal serotonin release, MRS containing 3.4 mM
Ca’* or 50 mmM K* was infused for 20 min. The ionic
composition was modified and isotonicity was maintained by
an equimolar decrease of sodium ion (Okada et al., 1996;
1998b).

ECD-HPLC system conditions for measuring
extracellular serotonin levels

For the measurement of extracellular serotonin levels, the
hippocampal perfusate was collected into microtubes
containing 10 ul of 0.02 M acetic acid with 0.27 mMm
EDTA-2Na. After collection, all samples were frozen at
—80°C wuntil analysis. The samples were subsequently
thawed to an HPLC system equipped with electrochemical
detection (ECD). The HPLC system used for determination
of the extracellular serotonin level was equipped with an
electrochemical detector (ECD-300, Eicom, Kyoto, Japan),
pump (EP-300, Eicom, Kyoto, Japan) and a graphite
carbon electrode set at +450 mV (versus an Ag/AgCl
reference electrode). The analytical column (100 x 1.5 mm
internal diameter) was packed with mightysil RP-18
(particle size 3 wm), which was purchased from Kanto
Chemicals (Tokyo, Japan), by Masis Inc. (Hirosaki, Japan).
The mobile phase consisted of 0.1 M phosphate buffer,
containing 20% (v v~') methanol, 800 mg 1-' octansulpho-
nic sodium and 0.14 mM EDTA-2Na; the final pH was 5.9
and the column temperature was maintained at 25°C with
the flow rate set at 225 ul min—' (Okada et al., 2001). The
quantification limits for serotonin were 0.1 fmol sample ™'
(10 pl).

Determination of diffusion rates of CBZ and antagonists
of Ca’*t channels and Na* channel

In order to accurately measure the concentration of the N-
type Ca®>* channel antagonist, w-conotoxin GVIA (GVIA),
the P-type Ca®" channel antagonist, w-agatoxin IVA (IVA),
the Q-type Ca®" channel antagonist, w-conotoxin MVIIC
(MVIIC), the Na™* channel antagonist, tetrodotoxin (TTX)
and CBZ in the extracellular fluid perfused from hippocam-
pus, in vivo probe diffusion was determined according to the
‘reverse dialysis’ procedure (Le Quellec et al., 1995). Because
solute diffusion occurs in both directions across the dialysis
membrane, loss of solute from the perfusate occurs at the
same rate as recovery of solute into the perfusate. During
analysis the temperature was maintained at 37°C with a
perfusion warmer.

The concentration of GVIA, MVIIC and IVA was
determined by HPLC system mainly according to our
previous study (Okada et al., 1998c). The concentration of
TTX was measured by HPLC according to the methods of
Onoue et al. (1983), and that of CBZ was determined by
HPLC according to the method of Juergens (Juergens, 1987).

Drug administration

Perfusion medium was commenced with MRS alone. At least
6 h after the starting perfusion, the hippocampal extracellular
serotonin level was measured. After confirming that the
extracellular serotonin level had reached plateau (stabiliza-
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tion) according to method of Okada er al. (1999), control
data were obtained over a further 60 min, then the perfusion
medium was switched to MRS containing the required agent:
GVIA (0.1, 1, or 10 um), MVIIC (0.1, 1, or 10 um), IVA (0.1,
1, or 10 um), TTX (0.1, 1, or 10 uM) or CBZ (100 or
1000 um) for determination of the effects of each agent on
basal serotonin release for 120 min. After confirming
stabilization, the perfusion medium was switched to MRS
containing 3.4 mM Ca’" with the same agents for 20 min
(Ca**-evoked release) (Okada et al., 1998c). After confirming
stabilization, the perfusion medium was switched to MRS
containing 50 mM K" with the same agents for 20 min (K*-
evoked release) (Okada et al., 1998c; 2001).

Chemical agents

The chemical agents used in this study were, the N-type Ca**
channel antagonist, w-conotoxin GVIA (Peptide Institute
Inc., Japan), the P-type Ca®" channel antagonist, w-agatoxin
IVA (Peptide Institute Inc.), the Q-type Ca?>* channel
antagonist, w-conotoxin MVIIC (Peptide Institute Inc.), the
Na* channel antagonist tetrodotoxin (Sankyo., Tokyo,
Japan) and carbamazepine (Tokyo Kasei Kogyo Co., Tokyo,
Japan).

Statistics

The concentration-dependent effects of Ca*>* channel antago-
nists, Na™ channel antagonist and CBZ on basal, Ca®>* -and
K" -evoked hippocampal serotonin releases were analysed by
one-way analysis of variance (ANOVA) with Tukey’s multi-
ple comparison. The interaction between Na® channel
antagonist and Ca’" channel antagonists, Ca®" channel
antagonists and CBZ, or Na™ channel antagonist and CBZ
on basal, Ca’* -and K*-evoked hippocampal serotonin
releases were analysed by two-way ANOVA with Tukey’s
multiple comparison. Differences of P<0.05 were considered
significant.

Results

In in vitro experiments, the recovery rate of probes for
serotonin (external to internal probes) ranged 12.3+1.1%
(mean+s.d., n=36). The basal hippocampal extracellular
serotonin level (basal release) was 5.6+0.6 fmol sample™!
(10 ul) (mean#+s.d., n=6) in 10 min (Figure la,b). An
increase in the extracellular Ca?* level from 1.2-3.4 mMm
(Ca*>*-evoked stimulation for 20 min) increased from 5.5—
10.2 fmol sample ' of the extracellular serotonin level (Ca**-
evoked release: 4.7+0.6 fmol sample~!, mean+s.d., n=06)
(Figure 1a,b). An increase in the extracellular K* level from
2.7-50 mM (K*-evoked stimulation for 20 min) increased
from 5.5-25.5 fmol sample™' of the extracellular serotonin
level (K*-evoked release: 20.0+3.8 fmol sample™!,
mean+s.d., n=06) (Figure la,b). Other in vitro experiments
indicated that the rate at which CBZ diffused from the
dialysis probe (internal to external probes) was 18.8+1.6%
(mean+s.d., n=12). The rate at which GVIA, IVA, MVIIC
and TTX diffused from the dialysis probe were 0.98 +0.28%,
0.59+0.19%, 0.87+0.32% and 12.4+2.6% (mean+s.d.,
n=0), respectively.

Concentration-dependent effects of antagonists of Ca’",
Na™ channels and carbamazepine on hippocampal
serotonin release

The effects of concentration-dependent GVIA, IVA, MVIIC,
TTX and CBZ on hippocampal basal, Ca**- and K*-evoked
serotonin releases are shown in Figures 2, 3, 4 and 5. The
basal hippocampal serotonin release was reduced by GVIA
(F=63.3, P<0.01), IVA (F=7.1, P<0.01), MVIIC
(F=28.4, P<0.01), TTX (F=189.2, P<0.01), in a concen-
tration-dependent manner (Figures 2a, 3a, 4a and 5a),
whereas the basal hippocampal serotonin release was
increased and decreased by 100 uMm CBZ (estimated
concentration in hippocampal tissue was 1942 uM) and
1000 um CBZ (estimated concentration in hippocampal
tissue was 188416 uM), respectively (F=53.6, P<0.01,
n=06) (Figures 4a and 5a). The Ca®*-evoked hippocampal
serotonin release was decreased by GVIA (F=26.69,
P<0.01) and MVIIC (F=9.6, P<0.01), in a concentra-
tion-dependent manner, but were not affected by IVA
(F=0.2) or TTX (F=1.7) (Figures 2b, 3b, 4b and 5b).
The Ca?"-evoked serotonin release was increased and
decreased by 100 um and 1000 um CBZ, respectively
(F=21.4, P<0.01) (Figures 4b and 5b). The K-evoked
hippocampal serotonin release was inhibited by GVIA
(F=3.7, P<0.05, n=6), MVIIC (F=19.0, P<0.01), ITVA
(F=28.8, P<0.01), TTX (F=17.2, P<0.01) and CBZ
(F=18.4, P<0.01), in a concentration-dependent manner
(Figures 2c, 3c, 4c and 5c).

Interaction between Ca’* channel antagonists and Na™
channel antagonist on hippocampal serotonin release

The interaction between antagonists of Ca’?* channels and
Na™ channel on three types of hippocampal serotonin release
is shown in Figure 6. Both under the conditions of perfusion
with and without 0.1 uM TTX, 1 uM GVIA reduced basal
serotonin release (P<0.01) (Figure 6a). Under the condition
of functional Na* channels, 1 uM IVA reduced basal
serotonin release (P <0.05), however, under the condition of
Na™ channel blockade by perfusion with 0.1 um TTX, IVA
had no effect (Figure 6a). Both under the condition of
perfusion with and without 0.1 uM TTX, GVIA reduced
Ca’"-evoked serotonin release (P<0.01), whereas IVA had
no effect (Figure 6b). Both under the condition of perfusion
with and without 0.1 um TTX, IVA reduced K*-evoked
serotonin release (P <0.01) (Figure 6¢). Under the conditions
of functional Na™ channels, GVIA reduced K™-evoked
serotonin release (P <0.05), however, under the condition of
Na* channel blockade by 0.1 uM TTX, GVIA had no effect
(Figure 6c).

Interaction between CBZ and Na* channel antagonist on
hippocampal serotonin release

The interaction between CBZ and TTX on three types of
hippocampal serotonin release is shown in Figure 7. The
inhibitory effect of 0.1 uMm TTX on basal release was
abolished by perfusion with both 100 and 1000 um CBZ
(Figure 7a). TTX (0.1 um) had no effect on Ca®"-evoked
release, under the condition of pre-perfusion with and
without CBZ (100 and 1000 um) (Figure 7b). Both 100 and
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Figure 1

Criteria for the levels of basal, Ca>"- and K "-evoked hippocampal serotonin releases. (a) At least 6 h after starting the

perfusion with MRS, the serotonin level in hippocampal perfusate was measured. After confirming the stabilization of extracellular
serotonin level, the serotonin level was measured for 120 min as control data (basal release). After determination of basal release,
perfusion medium was switched to 3.4 mM Ca®>* including MRS for 20 min (Ca®*-evoked stimulation). After confirming the
stabilization of extracellular serotonin level, perfusion medium was switched to 50 mM K * including MRS for 20 min (K " -evoked
stimulation). (b) The value of Ca?"-evoked serotonin release was defined as the level of basal extracellular serotonin level subtracted
from the maximal extracellular serotonin level during Ca®>"-evoked stimulation. The level of K *-evoked release was defined as the
level of basal extracellular level subtracted from the maximal extracellular level during K “-evoked stimulation.

1000 um CBZ abolished the inhibitory effects of 0.1 uM TTX
on K"-evoked release (Figure 7c).

Interaction between CBZ and Ca’”" channel antagonists
on hippocampal serotonin release

The interaction between CBZ and Ca®" channel antagonists
on three types of hippocampal serotonin releases is shown in
Figure 8. Under the condition of pre-perfusion with 100 um
CBZ, 1 um GVIA reduced basal release (P<0.01), but IVA
was unaffected (Figure 8a). Under the condition of perfusion
with 1000 um CBZ, neither 1 uM GVIA nor IVA affected
basal release (Figure 8a). Both under the conditions of pre-
perfusion with and without CBZ, 1 uM IVA did not affect
Ca’"-evoked release (Figure 8b). Under the conditions of
both without and with 100 um CBZ, 1 um GVIA reduced
Ca’*-evoked release (P<0.01), whereas pre-perfusion with
1000 uM CBZ abolished the inhibitory effects of GVIA on
Ca?"-evoked release (Figure 8b). Under the condition of
perfusion with 100 and 1000 um CBZ, 1 um IVA reduced
K" -evoked release (P<0.01), however, both pre-perfusion
with 100 and 1000 uM CBZ abolished the inhibitory effect of
GVIA on K"-evoked (Figure 8c).

Discussion

In the present study, both perfusion with Ca’>*-free MRS
(data not shown) and MRS containing 1 uM TTX decreased
the basal extracellular serotonin level to lower than 0.5 fmol
sample~! (10 ul). Furthermore, 50 mM K*-evoked stimula-
tion increased the extracellular serotonin levels. Therefore,
these experiments demonstrate that under microdialysis
conditions presently employed, the serotonin level (basal
serotonin release) in hippocampal perfusate was primarily of
neuronal origin, because the extracellular serotonin level was
TTX-sensitive, Ca?"-dependent and K *-sensitive (Westerink
et al., 1989, Okada et al., 1998a; 2001). The present study
clearly demonstrated that the three types of hippocampal
serotonin releases, including basal, Ca?"- and K™-evoked
releases, required specific mechanisms of both Na* and Ca**
inflow through each specific Na® and Ca?" channels. The
basal release was reduced by the Na® channel antagonist,
TTX, the N-type Ca®>* channel antagonist, GVIA, the Q-type
Ca?* channel antagonist, MVIIC and the P-type Ca?*
channel antagonist, IVA. The relative sensitivity of basal
release to Ca?* channel antagonists was as follows:
GVIA>MVIIC>IVA. The Ca*"-evoked serotonin release
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Figure 2 Effects of Ca®>" channel antagonists on serotonin release. The effects of 1 um GVIA, IVA and MVIIC on basal, Ca**-
and K" -evoked hippocampal serotonin releases are represented in a, b and c, respectively. The ordinates indicate the mean +s.d.
(n=6) of extracellular serotonin levels (fmol sample ~'), and abscissas show the time in minutes (min). The mean values of serotonin
release level obtained between perfusion with and without Ca®>* antagonists were compared by one-way ANOVA with Tukey’s
multiple comparison. Asterisk marks which indicate the statistical significance were excluded to avoid over complicating the figures.
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Figure 3 Concentration-dependent effects of Ca®>” channel antagonists on serotonin release. The concentration-dependent effects of
Ca?* channel antagonists, on basal, Ca®>*- and K *-evoked hippocampal serotonin releases are represented in a, b and c, respectively.
The ordinates indicate the mean +s.d. (n = 6) of serotonin release level (fmol sample '), and abscissas show the concentration of Ca**
channel antagonists (uM). The mean values of serotonin release obtained between perfusion without (control) and with Ca®>* channel
antagonists were compared by one-way ANOVA with Tukey’s multiple comparison (*: P<0.05; **: P<0.01).

was inhibited by GVIA and MVIIC (GVIA>MVIIC), but
was unaffected by IVA or TTX. The K" -evoked serotonin
release was inhibited by TTX, GVIA, MVIIC and IVA. The
relative sensitivity of K*-evoked release to Ca®?* channel
antagonists was as follows: IVA>MVIIC>GVIA. MVIIC

has been shown to block both P- and Q-type Ca®* channels
at concentrations of greater than 500 nM (Randall & Tsien,
1995). In addition, this toxin also weakly inhibits the N-type
Ca’" channel (Hillyard er al., 1992). Therefore, to clarify
whether MVIIC is a specific antagonist of Q-type Ca’*
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Figure 4 Effects of Na* channel antagonist and carbamazepine on serotonin release. The effects of 1 um TTX, 100 and 1000 um
CBZ on basal, Ca>*- and K™ -evoked hippocampal serotonin releases are represented in a, b and c, respectively. The ordinates
indicate the mean+s.d. (n=6) of extracellular serotonin levels (fmol sample™"), and abscissas show the time in minutes (min). The
mean values of serotonin release level obtained between perfusion with and without TTX or CBZ were compared by one-way
ANOVA with Tukey’s multiple comparison. Asterisk marks which indicate the statistical significance were excluded to avoid over
complicating the figures.
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Figure 5 Concentration-dependent effects of Na™ channel antagonist and carbamazepine on serotonin release. The concentration-
dependent effects of TTX and CBZ, on basal, Ca®>"- and K *-evoked hippocampal serotonin releases are represented in a, b and c,
respectively. The ordinates indicate the mean+s.d. (n=6) of serotonin release level (fmol sample™'), and abscissas show the
concentration of TTX and CBZ (um). The mean values of serotonin release obtained between the perfusion without (control) and
with TTX or CBZ were compared by one-way ANOVA with Tukey’s multiple comparison (*: P<0.05; **: P<0.01).

channels as well as the precise effect of Q-type Ca** channels Yoshihara et al. (1999) have suggested that different
on three types of hippocampal serotonin release, further mechanisms are required for depolarization induced and
studies are needed. spontaneous neurotransmitter releases. The mechanism for
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The data was analysed by two-way ANOVA with Tukey’s multiple comparison (*: P<0.05; **: P<0.01).
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Figure 7

Interaction between Na" channel antagonist and carbamazepine on serotonin release. The interaction between 0.1 pum

TTX, 100 and 1000 um CBZ on basal, Ca>"- and K *-evoked hippocampal serotonin releases are represented in a, b and c,
respectively. The ordinates indicate the mean+s.d. (n=6) of serotonin release level (fmol sample~'). The data was analysed by two-
way ANOVA with Tukey’s multiple comparison (*: P<0.05; **: P<0.01).

depolarization-induced neurotransmitter release has been
considered to occur as follows: after arrival of an action
potential at the presynaptic terminal and resulting entry of
Ca’" through Ca** channels, the local levels in intraneuronal
presynaptic terminal active-zone of Ca?" rises abruptly to
submillimolar level (Roberts et al., 1990). On the other hand,

spontaneous fusion of the synaptic vesicle at the resting state
generates miniature synaptic potentials. The frequency of
these events changes when the cytosolic Ca®* level is altered
in into the micromolar range (Delaney & Tank, 1994; Xu et
al., 1998). Our recent demonstration indicated that hippo-
campal serotonin release was regulated by the two functional
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Figure 8

Interaction between Ca®>* channel antagonists and carbamazepine on serotonin release. The interaction between 1 um

GVIA, IVA and CBZ on basal, Ca®"- and K *-evoked hippocampal serotonin releases are represented in a, b and c, respectively. The
ordinates indicate the mean+s.d. (n=6) of serotonin release level (fmol sample ~'), under the condition of perfusion without or with
100 uM, 1000 um CBZ. The data was analysed by two-way ANOVA with Tukey’s multiple comparison (*: P<0.05; **: P<0.01).

complexes, N-type Ca’?* channel/calcium-phospholipid-de-
pendent protein kinase (PKC)/syntaxin and P-type Ca®*
channel/cyclic AMP-dependent protein kinase (PKA)/ synap-
tobrevin (Okada et al., 2001). Furthermore, basal serotonin
release was regulated by N-type Ca®" channel/ PKC/syntaxin
predominantly and P-type Ca?* channel/ PKA /synaptobrevin
weakly, whereas K *-evoked release was regulated by P-type
Ca?" channel/PKA/synaptobrevin predominantly and N-type
Ca?* channel/PKC/syntaxin weakly (Okada er al., 2001).
Therefore, taken together with these hypotheses, the present
results indicate that the hippocampal basal, Ca®" - and K*-
evoked serotonin releases require different specific Ca**
inflow pathways.

To characterize the mechanisms of these three forma-
tions of serotonin release, the interaction between TTX
and Ca?" channel antagonists on basal, Ca’*- and K*-
evoked serotonin releases were analysed. The K™'-evoked
release was inhibited by GVIA weakly, TTX and IVA
predominantly. The inhibitory effect of GVIA on the K*-
evoked release was abolished by blockade of Na™ channel
activity by TTX, whereas that of IVA was not affected by
TTX. This evidence indicates that the possible mechanisms
of K'-evoked serotonin release may be organized by
activation of both functional pathways, N-type Ca’*
channels/Na® channel and P/Q-type Ca’* channel. On
the other hand, the basal release was inhibited by IVA
weakly, TTX and GVIA predominantly. TTX abolished
the inhibitory effect of IVA on basal release, whereas that
of GVIA was not affected by TTX. Therefore, these
evidences suggest that the basal serotonin release may be
also organized by the activation of the two functional
pathways N-type Ca?* channel and P-type Ca®" channel/
Na* channel, however, contrary to K*-evoked release,
basal release was regulated by N-type Ca?* channel

activity predominantly, and P-type Ca®* channel/ Na™
channel weakly.

The Ca’"-evoked release was inhibited by GVIA, but
insensitive to IVA or TTX. We have already demonstrated
that an increase in extracellular Ca®* level from 1.2—3.4 mM
(Ca**-evoked stimulation) stimulated dopamine release in
hippocampus (Okada et al., 1998c). Taken together with
these previous results, thus, the present demonstration can
advocate that the mechanisms of Ca®*-evoked release may be
a new type of exocytotic release of serotonin, which was
organized by N-type Ca?* channel activity without being
affected by activities of either Na® channels or P-type Ca**
channel. To clarify the mechanisms of Ca**-evoked serotonin
release including the interaction among activities of N-type
Ca’* channel (Jones, 1998), protein kinases (Turner et al.,
1999) and synprint proteins (Sheng er al., 1998), we shall
report further studies.

It has been well established that the plasma-concentration
of CBZ associated with its antiepileptic action inhibits Na™
channel activity (Mclean & Macdonald, 1986; Mattson,
1997). However, our previous studies demonstrated that the
biphasic concentration-dependent effects of CBZ on neuro-
transmitter release (Okada et al., 1997a, b; 1998a, b; Mizuno
et al., 2000). The plasma-concentration of CBZ associated
with its antiepileptic action (17—42 uM: Masuda et al., 1979)
increased basal monoamine release without affecting mono-
amine oxidase activity (Okada et al., 1997a; 1998a), or basal
glutamate release (Okada et al., 1998b), while more than the
plasma-concentration of CBZ associated with its antiepileptic
action reduced basal monoamine release (Okada et al., 1997a;
1998a) and K™'-evoked glutamate release (Okada et al.,
1998b). In the present study, 1000 um CBZ (estimated CBZ
concentration in hippocampal tissue was 188+16 um)
inhibited three types of serotonin releases. Under the
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condition of perfusion with 1000 um CBZ, the inhibitory
effects of TTX and GVIA on the three types of releases were
abolished. Although under the same condition, the inhibitory
effects of IVA on basal release was abolished, but that of
IVA on K*-evoked release was not affected. Therefore, more
than the plasma-concentration of CBZ associated with its
antiepileptic action inhibits both activities of N-type, P-type
Ca?" channels and Na* channel in reduction of basal, Ca>* -
and K" -evoked releases.

On the other hand, 100 uM CBZ reduced K™-evoked
serotonin release but enhanced basal and Ca’*-evoked
serotonin releases. Pre-treatment of 100 um CBZ abolished
the inhibitory effects of TTX on basal and K*-evoked
releases. Under the condition of perfusion with 100 um CBZ,
the inhibitory effects of GVIA on K*-evoked release was
abolished, however, under the same condition, GVIA and
IVA could reduced basal and K*-evoked releases, respec-
tively. In addition, under the condition of pre-perfusion with
100 uM CBZ, GVIA also could reduced Ca®>*-evoked release.
Thus, these results suggest that, 100 uM CBZ enhances and
inhibits weakly N-type Ca?" channel and Na' channel
activities, respectively, resulting in 100 uM CBZ increased
both basal and Ca®*-evoked release but reduced K*-evoked
release. Contrary to N-type Ca’'-channel, the inhibitory
effects of IVA on basal and K'-evoked release were
prevented and unaffected by pre-perfusion with 100 um
CBZ, respectively. This contradiction suggests that 100 um
CBZ inhibits P-type Ca®"-channel activity.

CBZ reduces Ca** influx (Kito et al., 1994; Yoshimura er
al., 1995), but the effects of CBZ on voltage-sensitive Ca’>*
channel subtypes have not been clarified yet. Kito et al.
(1994) demonstrated, using a patch-clamp technique, the lack
of effect of CBZ on various subtypes of Ca®" channels in the
human neuroblastoma NBI cell, however, Yoshimura et al.
(1995) demonstrated that CBZ (4—120 uM) inhibited N-type
Ca?" channel function in cultured bovine adrenal medullary
cells. Together with these previous demonstrations, the
present study indicates, at least partially, that 100 and
1000 uM CBZ enhanced and inhibited Ca®*-evoked release,
respectively (biphasic concentration-dependently). The pre-
sent evidences explain the possible mechanisms of concentra-
tion-dependent biphasic action of CBZ on both basal and
Ca’"-evoked hippocampal serotonin releases. 100 um CBZ
inhibits Na* channel activity during K" -evoked stimulation,
and enhances N-type Ca?* channel function at the resting
stage. On the other hand, 1000 uM CBZ inhibits activities of
N-type Ca’* and Na™* channels. However, the possibility that
the enhancement of basal serotonin release induced by
100 um CBZ might be modulated by the stimulation of
synthesis of serotonin cannot be readily ruled out, since the
plasma-concentration of CBZ associated with its antiepileptic
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