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GABA can evoke norepinephrine (NE) release by
activating GABAA receptors or GABA transporters
on noradrenergic terminals. The heterocarrier-in-
duced release occurs by conventional exocytosis. We
here characterized the mechanism of the GABAA
receptor-induced release and investigated what type(s)
of voltage-sensitive Ca21 channels (VSCCs) are in-
volved in the GABA heterocarrier and GABAA recep-
tor-evoked release. The effect of GABA in superfused
rat hippocampal synaptosomes prelabeled with [3H]-
NE was partially prevented by bicuculline or the
GABA uptake inhibitor SKF 89976A and abolished by
blocking both GABAA receptors and GABA transport-
ers. The release elicited through GABAA receptors
was Ca21-dependent, prevented by Cd21 or by botuli-
num toxin C, and modulated through a2 autorecep-
tors. The GABAA receptor-evoked release was insensi-
tive to nifedipine and to v-conotoxin MVIIC, but was
inhibited (D50%) by v-conotoxin GVIA. The hetero-
carrier-evoked release, nifedipine-insensitive, was in-
hibited D30% either by v-conotoxin GVIA or by
v-conotoxin MVIIC; the combined toxins produced
D60% inhibition. To conclude: a) the releases of NE
evoked by activation of GABAA receptors and GABA
heterocarriers are additive, although they both occur
by conventional exocytosis; b) the heterocarrier-
induced release requires activation of N and P/Q type
channels, whereas the GABAA receptor-induced re-
lease only involves channels of the N type. J. Neurosci.
Res. 57:324–331, 1999. r 1999 Wiley-Liss, Inc.
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INTRODUCTION
It is generally believed that neurotransmitter release

occurs physiologically when the polarized membrane of
nerve terminals is invaded by an action potential with

consequent opening of voltage-sensitive Ca21 channels
(VSCCs) and vesicular exocytosis. This physiological
mechanism can be imitated in vitro by exposing axon
terminals to various depolarizing conditions leading to
VSCCs activation and which include electrical and
chemical (high-K1, veratrine) stimuli.

Evidence is accumulating that release of one trans-
mitter from polarized nerve endings can also be evoked
by activation of ligand-gated ion channels located on the
nerve terminals. In this case, the releasing stimulus is
represented by neurotransmitters acting upon presynaptic
ionotropic receptors including cholinergic nicotinic (Won-
nacott, 1997), glutamatergic NMDA (Krebs et al., 1989;
Pittaluga and Raiteri, 1990), and AMPA/kainate (Desce et
al., 1991; Pittaluga et al., 1997) receptors whose activa-
tion allows for the entry into nerve terminals of Na1

and/or Ca21 ions and the triggering of exocytosis, with or
without VSCCs activation.

Another way by which the release of one transmit-
ter from polarized nerve terminals can be elicited by
another transmitter involves the activation by the latter of
a selective transporter (heterocarrier) present on the nerve
terminals. Heterocarriers have been found to exist on
different families of nerve terminals (see, for a review,
Bonanno and Raiteri, 1994). In particular, GABA hetero-
carriers are present on noradrenergic axon terminals of rat
hippocampus; uptake of GABA by these heterocarriers
produces rise of norepinephrine release (Bonanno and
Raiteri, 1987a; Bonanno et al., 1989). The mechanism of
the GABA heterocarrier-induced release of norepineph-
rine has been the object of recent works (Fassio et al.,
1996, 1999) showing that GABA uptake leads to a
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clostridial toxin-sensitive exocytotic release of the cat-
echolamine. The sensitivity to Cd21 ions suggests that
this exocytosis is linked to activation of VSCCs triggered
by electrogenic GABA/Na1 cotransport into noradrener-
gic terminals (Lester et al., 1996; Sonders and Amara,
1996).

The basal release of norepinephrine from hippocam-
pal nerve ending preparations can also be enhanced by
GABA acting directly at GABAA receptors sited on
noradrenergic axon terminals present in the hippocampal
preparation (Fung and Fillenz, 1983; Bonanno and Rait-
eri, 1987b). It is unusual that activation of ionotropic
receptors normally mediating membrane hyperpolariza-
tion results in elevation of transmitter release. Moreover,
the existence of two apparently redundant mechanisms by
which GABA can increase the release of norepinephrine
from polarized nerve terminals in the same brain area is
intriguing.

These considerations prompted us to investigate: a)
if the mechanism of the release provoked by GABAA

receptor activation differs from the previously investi-
gated GABA heterocarrier-induced [3H]-NE release; and
b) the types of VSCCs that are activated when GABA
stimulates the release of norepinephrine.

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (200–250 g) were
used. Animals were housed at constant temperature (226
1°C) and relative humidity (50%) under a regular light–
dark schedule (lights 7 AM–7 PM). Food and water were
freely available. Animals were handled by following the
European Union (86/609/EEC) and NIH guidelines, and
special care was taken to minimize animal suffering and
to reduce the number of animals used.

Preparation of Synaptosomes
Rats were killed by decapitation and the hippo-

campi were rapidly dissected. Crude synaptosomes were
prepared as described previously (Raiteri et al., 1984).
The synaptosomal pellet was then resuspended in a
physiological medium having the following composition:
125 mM NaCl, 3 mM KCl, 1.2 mM CaCl2, 1 mM
NaH2PO4, 22 mM NaHCO3, and 10 mM glucose (aera-
tion with 95% O2–5% CO2) pH 7.2–7.4. All of the above
procedures were performed at 0–4°C.

Release Experiments
Synaptosomes were preincubated at 37°C for 15

min in the presence of 0.08 µM [3H]-NE and of 0.1 µM

6-nitroquipazine to avoid false labeling of serotonergic
terminals. In the experiments with botulinum toxin C
(BontC), synaptosomes were first preincubated in the
presence or in the absence of 10 nM BontC for 75 min at
37°C and then labeled (15 min) with [3H]-NE.

Identical aliquots of each synaptosomal suspension
were distributed at the bottom of 20 parallel superfusion
chambers maintained at 37°C (Raiteri et al., 1974).
Superfusion (0.5 ml/min) was started with standard
medium. After 33 min, five 3-min fractions were col-
lected. Synaptosomes were exposed to GABA at the end
of the second fraction collected. When indicated, CdCl2

was added to the superfusion medium concomitantly with
GABA. The Ca21-deprived medium (containing 100 µM
EGTA) was present from 8 min before the addition of
GABA, SKF 89976A or/and bicuculline, clonidine or/and
idazoxan were introduced 8 min before GABA. Nifedi-
pine, v-conotoxin GVIA, or v-conotoxin MVIIC was
added 4 min before GABA. Fractions collected and
superfused synaptosomes were counted for radioactivity.

Calculations

The release of tritium into the superfusate samples
was expressed as a percentage of the radioactivity content
of synaptosomes at the start of the respective collection
period. GABA effects reported in Figure 1 are expressed
as percentages of basal release (first fraction collected).
Drug effects on the GABA-induced [3H]-NE release were
evaluated by measuring the ratio between the efflux in the
fourth fraction (in which the maximal effects were
reached) and that in the first fraction. This ratio was
compared with the corresponding ratio obtained under
control conditions. Appropriate controls were always
assayed in parallel. Data were analyzed by two-way
ANOVA. Percentage differences have been analyzed by
Mann-Whitney U-test and considered significant with
P , 0.05, at least.

Materials

[3H]-NE (specific activity 39 Ci/mmol) was pur-
chased from Amersham Radiochemical Centre (Bucking-
hamshire, UK). GABA, bicuculline, and nifedipine were
obtained from Sigma Chemical Co. (St. Louis, MO).
v-Conotoxin GVIA andv-conotoxin MVIIC were ob-
tained from Alomone Laboratory (Jerusalem, Israel).
Botulinum toxin C was purchased from WAKO (Osaka,
Japan).

The following drugs were gifts from the companies
indicated: 6-nitroquipazine maleate (Duphar, Weesp, The
Netherlands), clonidine (Boehringer Ingelheim, Florence,
Italy), idazoxan (Pfizer, New York, NY), and SKF 89976
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A [n-4,4-diphenyl-3-butenyl nipecotic acid] (SmithKline
& French, Welwyn, UK).

RESULTS
Rat hippocampal synaptosomes were labeled with

[3H]-NE and exposed in superfusion to GABA. The basal
release of tritium (first 3-min fraction collected before
addition of GABA) amounted to 2.136 0.15% of total
synaptosomal tritium content (n5 5). Figure 1 illustrates
the time-course of the effect of 100 µM GABA, previ-
ously shown to be the maximally effective concentration
(Fassio et al., 1996; Schmid et al., 1996). GABA raised
the release of tritium by a maximum of about 80% (in the
fourth fraction collected). As shown previously (Bonanno

and Raiteri, 1987a), the tritium released by 100 µM
GABA was totally accounted for by unmetabolized
[3H]-NE. Therefore, in the remainder of the text, we will
refer to the GABA-induced tritium efflux in excess of the
basal release as GABA-induced [3H]-NE release. Figure
1 also shows that the effect of GABA was partially prevented
by the GABAA receptor antagonist bicuculline (30 µM)
and, more extensively, by 30 µM of the GABA transporter
inhibitor SKF 89976A. When added together to the super-
fusion medium, bicuculline and SKF 89976A almost com-
pletelyabolished the GABA-induced [3H]-NE release. In
the absence of GABA, the two drugs, alone or in combina-
tion, had no effect on the basal tritium release (not shown).

Since one of the aims of the present work is to
characterize the bicuculline-sensitive portion of the
GABA-induced [3H]-NE release, i.e., the one mediated
by activation of GABAA receptors, experiments were
conducted in which the release of [3H]-NE from hippocam-
pal synaptosomes was stimulated by 100 µM GABA in
presence of 30 µM SKF 89976A. As illustrated in Figure
2, the GABAA receptor-induced release of [3H]-NE was
abolished when Ca21 ions were removed from the

Fig. 2. Effects of calcium deprivation, cadmium ions, autorecep-
tor activation, and botulinum toxin C on the GABAA receptor
induced [3H]-NE release from rat hippocampal synaptosomes.
One hundred µM GABA was added at the end of the second
fraction collected in the presence of 30 µM SKF 89976A, which
was added 8 min before. Ca21-free medium, clonidine (0.01
µM, 0.1 µM) and idazoxan (1 µM) were added 8 min before
GABA; 25 µM CdCl2 was added concomitantly with GABA; in
the experiments with botulinum toxin C synaptosomes were
preincubated for 90 min in the presence or in the absence of 10
nM toxin. Bars represent means6 SEM of 4–10 experiments in
triplicate. *P , 0.05, at least, versus respective control mean;
#P , 0.05, at least, versus 0.1 µm clonidine using Mann-
Whitney U-test. Ca21-free medium (open columns); 25 µM
Cd

21
(stippled columns); 10 nM BontC (solid columns); 0.1 µM

clonidine (cross-hatched columns); 0.01 µM clonidine (left-
hatched columns); 0.1 µM clonidine1 0.1 µM idazoxan
(right-hatched columns).

Fig. 1. Effect of GABA on [3H]-NE release from rat hippocam-
pal synaptosomes. Five 3-min fractions were collected; as
indicated by the arrow; 100 µM GABA was added at the end of
the second fraction. Thirty µM bicuculline and 30 µM SKF
89976A were added 8 min before GABA. Results are expressed
as percentages of the first fraction collected (basal value). Each
point represents the mean6 SEM of 4–11 experiments in
triplicate. *P , 0.05, at least, versus 100 µM GABA; §P ,
0.05, at least, versus 30 µM bicuculline1 100 µM GABA;
#P , 0.05, at least, versus 30 µM SKF 89976A1 100 µM
GABA using Mann-Whitney U-test. For the sake of clarity,
statistical symbols indicating differences versus respective
basal values were omitted. GABA effects were always statisti-
cally different from the basal except in the case of the 30 µM
bicuculline1 30 µM SKF 89976A curve. (●) 100 µM GABA;
(j) 100 µM GABA 1 30 µM bicuculline; (m) 100 µM
GABA 1 30 µM SKF 89976A; (C) 100 µM GABA1 30 µM
bicuculline1 30 µM SKF 89976A.
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superfusion medium, when Cd21 ions were added at 25
µM, or when synaptosomes had been preincubated with
10 nM BontC. Figure 2 also shows that the GABAA

receptor-induced release of [3H]-NE was inhibited, in a
concentration-dependent manner, by thea2-adrenoceptor
agonist clonidine (0.01 and 0.1 µM); the effect of 0.1 µM
clonidine was counteracted by 0.1 µM of thea2-
adrenoceptor antagonist idazoxan. In the absence of
GABA, the basal release of tritium was not significatively
affected by Ca21 omission and addition of clonidine
or/and idazoxan. BontC treatment slightly, but signifi-
cantly, inhibited the basal release of tritium (control
synaptosomes basal release 2.236 0.04, n5 4; 10 nM BontC
treated synaptosomes 1.716 0.22, n5 4;P, 0.05).

Having established that the GABAA receptor-
mediated portion of the GABA-induced [3H]-NE release
is strictly dependent on the activation of VSCCs, we tried
to characterize the type(s) of VSCC involved in the
GABAA receptor-induced release, in comparison with the
GABA heterocarrier-induced release, which also had
been shown to be strictly dependent on VSCCs activation
(Fassio et al., 1996, 1999). This part of the study was
performed by exposing hippocampal synaptosomes to
100 µM GABA, in the presence of 30 µM bicuculline
(experiments on the GABA heterocarrier-induced re-
lease), or to 10 µM muscimol (experiments on the
GABAA receptor-induced release). This concentration of
the GABAA receptor agonist muscimol was chosen
because, as previously reported (Schmid et al., 1996), 10
µM muscimol was as effective as 100 µM GABA plus
SKF 89976A as a [3H]-NE releaser.

As shown in Figure 3, nifedipine (1 µM) failed to
inhibit the [3H]-NE release provoked by GABA. The
GABA heterocarrier-induced release of [3H]-NE was
reduced to 686 6% of controls by 0.1 µMv-conotoxin
GVIA. The toxin had the same inhibitory effect at 0.5 µM
(not shown). Added at 0.1 µM,v-conotoxin MVIIC
inhibited to 74 6 4% of controls the heterocarrier-
induced release. Moreover, the effects ofv-conotoxin
GVIA and v-conotoxin MVIIC were additive: when
added together (each at 0.1 µM), the GABA heterocarrier-
induced release was reduced to 386 4% of controls (Fig.
3). The GABA heterocarrier-induced [3H]-NE release
was not inhibited by a lower concentration ofv-cono-
toxin MVIIC as in 30 nM toxin-treated synaptosomes
GABA released 976 6% of controls (n5 4). The
GABAA receptor-induced [3H]-NE release was not af-
fected by 1 µM nifedipine or by 0.1 µMv-conotoxin
MVIIC, but it was reduced to 446 8% of controls in the
presence of 0.1 µMv-conotoxin GVIA (Fig. 4). This
toxin had the same inhibitory effect when added at 0.5
µM (not shown). The combination of 0.1 µMv-conotoxin
GVIA and 0.1 µM v-conotoxin MVIIC reduced the

Fig. 3. Effects of VSCCs blockers on the GABA heterocarrier-
mediated [3H]-NE release from rat hippocampal synaptosomes.
One hundred µM GABA was added at the end of the second
fraction collected in the presence of 30 µM bicuculline, which
was added 8 min before. One µM nifedipine (open columns),
0.1 µMv-conotoxin GVIA (stippled columns), 0.1 µMv-cono-
toxin MVIIC (hatched columns), and 0.1 µMv-conotoxin
GVIA 1 0.1 µM v-conotoxin MVIIC (solid columns) were
added 4 min before GABA. See Materials and Methods for
further experimental details. Bars represent means6 SEM of
four to seven experiments in triplicate. *P , 0.05, at least,
versus respective control mean; #P , 0.05, at least, versus
0.1 µM v-conotoxin GVIA or 0.1 µMv-conotoxin MVIIC
using Mann-Whitney U-test.

Fig. 4. Effect of VSCCs blockers on the GABAA receptor
induced [3H]-NE release from rat hippocampal synaptosomes.
Ten µM muscimol were added at the end of the second fraction
collected. One µM nifedipine (open columns), 0.1 µMv-cono-
toxin GVIA (stippled columns), 0.1 µMv-conotoxin MVIIC
(hatched columns), and 0.1 µMv-conotoxin GVIA1 0.1 µM
v-conotoxin MVIIC (solid columns) were added 4 min before
muscimol. See Materials and Methods for further experimental
details. Bars represent means6 SEM of five to nine experi-
ments in triplicate. *P , 0.05, at least, versus respective control
mean; #P , 0.05, at least, versus 0.1 µMv-conotoxin MVIIC
using Mann-Whitney U-test.
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releasing effect of 10 µM muscimol to 426 5% of
control, a value not significantly different from the
inhibition produced byv-conotoxin GVIA alone. In
absence of GABA or muscimol, nifedipine,v-conotoxin
GVIA, or/andv-conotoxin, MVIIC did not significantly
modify the spontaneous release of tritium.

DISCUSSION
It was previously shown that GABA or muscimol

can enhance the release of norepinephrine from noradren-
ergic axon terminals of rat hippocampus through the
activation of GABAA receptors (Fung and Fillenz, 1983;
Bonanno and Raiteri, 1987b). Since these GABAA recep-
tors are sited on noradrenergic terminals, the result was
surprising: in fact, GABAA receptors are known to
mediate neuronal membrane hyperpolarization; thus one
would expect GABAA receptor activation to lead to
inhibition of transmitter release rather than to release
stimulation. On the other hand, based on more recent
electrophysiological experiments, GABAA receptor-
induced depolarization has been reported to occur in
some special instances, possibly related to changes in
Cl-/HCO3

- equilibrium potentials, although other mecha-
nisms may be involved (Kaila et al., 1989; Cherubini et
al., 1991; Staley et al., 1995; see also Kaila, 1994 for a
review). It was therefore of interest to investigate if
membrane depolarization is at the basis of the GABAA

receptor-induced release of norepinephrine.
Although a direct measurement of membrane poten-

tial by appropriate fluorescent probes was unfeasible, due
to the very low percentage of noradrenergic nerve termi-
nals present in hippocampus synaptosomal preparations,
the lack of [3H]-NE release by GABAA receptor activa-
tion in Ca21-free medium and the blockade of the
GABAA receptor-induced [3H]-NE release by Cd21 ions
strongly suggest that GABAA receptor activation elicits
opening of VSCCs. In a previous work with superfused
synaptosomes (Cerrito et al., 1998), an involvement of
VSCCs in the GABAA receptor-mediated [3H]-NE re-
lease was excluded. Unfortunately, these authors did not
test the effect of Cd21 ions and, most surprisingly, only
used the L-type Ca21 channel blocker nimodipine, totally
disregarding that N- and P/Q-type Ca21 channels play
critical roles in controlling transmitter release at nerve
terminals. Our results clearly show that GABA, acting at
GABAA receptors sited on noradrenergic axon terminals
of the hippocampus, elicits membrane depolarization
with consequent opening of VSCCs and release of
norepinephrine. The mode of exit of the catecholamine is
by vesicular exocytosis involving the SNARE complex,
since the GABAA receptor-induced [3H]-NE release was

abolished by BontC, a clostridial toxin known to block
exocytosis by cleaving syntaxin (Blasi et al., 1993) and
SNAP25 (Foran et al., 1996; Williamson et al., 1996;
Capogna et al., 1997).

It has to be added that the GABAA receptor-induced
release of [3H]-NE was inhibited by activating the
presynaptica2-autoreceptors that are present on noradren-
ergic terminals (Langer, 1981; Starke, 1981). Sensitivity
to presynaptic receptor activation and sensitivity to
clostridial toxins seem to be important characteristics of
conventional exocytosis linked to activation of VSCCs. It
was previously shown that the VSCC-dependent GABA
heterocarrier-mediated release of norepinephrine from
hippocampal synaptosomes was sensitive toa2-autorecep-
tor activation (Bonanno and Raiteri, 1994) and to clos-
tridial toxins (Fassio et al., 1999).

Based on the data available, the properties of the
GABA

A
receptor-induced [3H]-NE release seem identical

to those of the GABA heterocarrier-induced release of
[3H]-NE identified previously (Fassio et al., 1996, 1999).
It was therefore of interest to try to understand what the
relations may be between two systems apparently subserv-
ing identical function in the same brain area. Clearly the
two mechanisms of release stimulation are not mutually
exclusive, since the release elicited by a maximally
effective concentration of GABA was in part (about
30%), sensitive to bicuculline and mediated by GABAA

receptors and in part (about 60%) sensitive to a GABA
uptake blocker and mediated by the GABA heterocarriers
present on noradrenergic axon terminals.

The analysis of the VSCC types that open following
activation of GABAA receptors or of GABA heterocarri-
ers reveals that the mechanisms leading to the exocytotic
release of norepinephrine, although similar in part, differ
both quantitatively and qualitatively. L-type calcium
channels seem not to be involved either in the GABA
heterocarrier- or in the GABAA receptor-induced NE
release, as the selective antagonist nifedipine was inac-
tive in both systems. Our data with nifedipine are
consistent with the observation that L-type Ca21 channels
are not generally involved in neurotransmitter exocytosis
(Pullar and Findlay, 1992; Takahashi and Momiyama,
1993; Carvalho et al., 1995), including the K1-induced
exocytotic [3H]-NE release from hippocampal nerve
terminals (Sabria` et al., 1995).

Opening of N-type calcium channels seems to occur
following both GABA heterocarrier and GABAA receptor
activation, since the selective neurotoxinv-conotoxin
GVIA (Olivera et al., 1994) inhibited the catecholamine
release in both systems. However, activation of N-type
channels is responsible for a large portion (,60%) of the
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GABAA receptor-induced release, whereas it accounts for
a relatively modest percentage (,30%) of the heterocar-
rier-induced release. Involvement of N-type calcium
channels has previously been reported for both KCl- and
electrically evoked NE release in rat hippocampus (Dooley
et al., 1998; Gaur et al., 1994; Sabria` et al., 1995).

The inhibition of the heterocarrier-induced [3H]-NE
release by nanomolar concentrations ofv-conotoxin
MVIIC and the additivity of this effect with that of
v-conotoxin GVIA suggest that activation of GABA
transporters on hippocampal nerve terminals induces NE
release also by opening channels of the P/Q type.
Althoughv-conotoxin MVIIC was first proposed to be a
nonselective N- and P/Q-type channel inhibitor (Hillyard
et al., 1992), the toxin (at nanomolar concentrations) was
subsequently shown to be ineffective at terminal N-type
channels (Turner and Dunlap, 1995), but to strongly
inhibit P/Q-type channels (Wheeler et al., 1994; Turner
and Dunlap, 1995). In contrast to the heterocarrier-
mediated release, the release elicited by GABAA receptor
activation was completely insensitive tov-conotoxin
MVIIC, indicating that Q and P VSCCs are not impli-
cated.

VSCCs are differentially involved in neurotransmit-
ter release, depending on the stimulus used. For instance,
it has been reported that DA release induced by 4-amino-
pyridine in rat striatal synaptosomes is linked to the
opening of both N and P/Q-type channels (Carvalho et al.,
1995), while only N channels are involved in the release
of DA provoked by electrical stimulation or by nicotine
(Herdon and Nahorski, 1989; Soliakov and Wonnacott,
1996). Interestingly, it was proposed that different VSCCs,
as well as vesicle populations, come into play when
glutamate release from cerebellar granule cells is stimu-
lated by different depolarization protocols (Pocock et al.,
1995).

In spite of the complete inhibition observed with the
nonselective VSCCs blocker Cd21, the effects of the
toxins were clearly incomplete, suggesting that a non-N,
non-P/Q component may still be present in the two
processes. Similar observations were made in previous
studies of neurotransmitter release from isolated nerve
terminals (Turner et al., 1995; Turner and Dunlap, 1995).

There may exist various explanations to our find-
ings. One possibility originates from a recent observation
made in hippocampal neuronal cultures by Reid et al.
(1997). These authors found that Ca21 channel subtypes
are not distributed uniformly across excitatory presynap-
tic terminals, even those arising from the same axon. If
the concept is extended to other presynaptic targets, one
could assume that, in the hippocampus, only some
noradrenergic terminals possess GABAA receptors and

N-type channels, while GABA heterocarriers coexist with
both N- and P/Q-type channels on other noradrenergic
terminals.

A more conservative explanation is based on the
assumption that all terminals of noradrenergic neuronal
afferents in the hippocampus are essentially identical, i.e.,
they all possess GABAA receptors, GABA heterocarriers,
and multiple VSCCs. Since only about 30% of the GABA
effect is mediated by GABAA receptors, one could
hypothesize that the likely localized depolarization elic-
ited by GABAA receptor activation leads to the opening
of N-type, but not P/Q-type Ca21 channels, because of
some special relations between the GABAA receptor
complex and Ca21 channels of the N-type. On the other
hand, the depolarization provoked by GABA heterocarri-
ers, which is responsible for the larger portion of norepi-
nephrine release, is likely to be diffuse enough to cause
activation of VSCCs of both the N- and the P/Q-type.

It may be worth noting that the overflows of
norepinephrine provoked by the maximal activation of
GABAA receptors and GABA heterocarriers are four- to
fivefold lower than the overflow observed during the
‘quasi-physiological’ depolarization produced by 12 mM
K1 (see Fassio et al., 1999). Clearly, depolarization by
high-K1 leads to the opening of a larger proportion of
VSCCs than depolarization by GABA. Activation of
GABAA receptors and GABA heterocarriers sited on
noradrenergic axon terminals of the hippocampus may
therefore represent local mechanisms, whereby GABA
released from interneurons can finely modulate the re-
lease of norepinephrine independently of the firing of
locus coeruleus neurons. As to the significance of the
coexistence of the two mechanisms in the hippocampus,
this can only be matter of speculation, although the
findings that low micromolar concentrations of GABA
exclusively activate GABAA receptors while progres-
sively higher concentrations also activate GABA hetero-
carriers (Bonanno and Raiteri, 1987a) suggest possible
differential modulation of norepinephrine release through
GABAA receptor or/and GABA heterocarriers. It may be
worth recalling that release-regulating GABAA receptors
and GABA heterocarriers are present on noradrenergic
terminals in selective brain regions (hippocampus and
cerebral cortex, but not in the hypothalamus; Bonanno
and Raiteri, 1987b,c).
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