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Abstract

This study sought to determine the potential role of nitric oxide (NO) in N-methyl-p-aspartate (NMDA)-stimulated efflux of [*C]
~v-aminobutyric acid (GABA) and [®H]acetylcholine from striatal slices in vitro. In Mg?*-free buffer, NMDA-stimulated [**CIGABA and
[3H]acetylcholine release were inhibited by the guanylate cyclase inhibitor, 1H-[1,2,4]Joxadiazol o 4,3-alquinoxalin-1-one (ODQ), and, to a
lesser extent, by the nitric oxide synthase inhibitor, nitroarginine (N-Arg). Since reversa of catecholamine transporters previously has
been implicated in the mechanism underlying NO-induced catecholamine release, we used the GABA transport inhibitor, 1-(2-(((diphen-
ylmethylene)imino)oxy)ethyl)-1,2,5,6-tetrahydro-3-pyridine-carboxylic acid hydrochloride (NNC-711), to address the role of GABA
transport in NArg-sensitive NMDA-induced release. NNC-711 inhibited NMDA-stimulated [**C]IGABA efflux by 50%, confirming our
previous report that NMDA-stimulated GABA release is partialy dependent on reversal of the transporter. The effect of N-Arg in the
presence of NNC-711 was similar to its effect in the absence of the transport inhibitor, suggesting that reversal of the transporter is not
involved in the NO component of NMDA-stimulated [“CIGABA release. These data suggest that glutamatergic transmission through
striatal NMDA receptors is partially mediated through activation of the NO/guanylate cyclase pathway and that this mechanism may
contribute to the tetrodotoxin sensitivity of NMDA-induced release of GABA and acetylcholine in the striatum. © 1998 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is a neuronal messenger that is
thought to play a role in synaptic plasticity. The role of
NO in long-term potentiation or long-term depression likely
involves an action on transmitter release (Bohme et al.,
1991; O'Dell et al., 1991; Schuman and Madison, 1991;
Shibuki and Okada, 1991; Boulton et al., 1994). NO or NO
donors have been shown to differentially modulate acetyl-
choline, ~vy-aminobutyric acid (GABA), glutamate and
dopamine release in different brain regions (Lonart et 4.,
1992, 1993; Prast and Philippu, 1992; Hirsch et al., 1993;
Guevara-Guzman et a., 1994; Segovia et a., 1994; Stout
and Woodward, 1994; Lonart and Johnson, 1994, 1995a,b;
Sandor et al., 1995; Takita et al., 1997). Stimulation of
neurotransmitter release in cortex and cerebellum by acti-
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vation of NMDA receptors has been shown to involve the
production of NO (Montague et al., 1994; Okhuma et al.,
1995; Oh and McCadslin, 1996). Although activation of NO
synthesis by N-methyl-p-aspartate (NMDA) has been
shown to result in the production of cyclic-3,5-guanosine
monophosphate (cGMP) in several systems including the
striatum (Garthwaite et al., 1988, 1989; Bredt and Snyder,
1989; Southam et al., 1991; East et a., 1996), the role of
the NO/cGMP pathway in NMDA-stimulated transmitter
release, particularly in the striatum, is unclear (Segovia et
al., 1994; Moller et al., 1995; Semba et al., 1995).

The magjority of striatal neurons are medium sized,
spiny GABAergic interneurons or projection neurons
(Angulo and McEwen, 1994). 1-2% of striatal neurons are
large aspiny neurons that use ACh as their neurotrans-
mitter. These cholinergic neurons are mostly interneurons,
athough a subpopulation may project to neocortex (Di
Chiara et al., 1994). A subclass of striata interneurons are
medium size, aspiny interneurons in which nitric oxide
synthase is colocalized with neuropeptide Y, GABA and
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somatostatin (Albin, 1995; Kawaguchi, 1993, 1997). All of
these striatal neurons receive excitatory glutamatergic in-
put from the cortex, and they al express the NMDA
receptor (Graybiel, 1990; Landwehrmeyer et al., 1995;
Penney et al., 1996). Therefore, in this study we sought to
determine the potential role of NO and cGMP in the
mechanisms underlying the release of GABA and ACh
upon activation of striatal NMDA receptors.

2. Materials and methods

2.1. [**C]GABA and [*H] ACh release

Male Sprague-Dawley rats weighing 175-200 g were
used throughout these experiments. After decapitation, the
striatum was dissected and placed in ice-cold modified
Kreb' s-bicarbonate buffer (pH 7.45) containing 118 mM
NaCl, 3.3 mM KCl, 1.25 mM CaCl,, 1.2 mM KH,PO,,
25 mM NaHCO;,, 15.1 mM glucose, 10 mM HEPES, 0.03
mM EDTA and 0.1 mM aminooxyacetic acid (a GABA
transaminase inhibitor to prevent GABA metabolism). Stri-
atal cross-chopped slices (400 wm X 400 wm) were pre-
pared using a Mcllwain tissue chopper. Slices were washed
three times with ice-cold buffer, then loaded with 100 nM
[*H]choline and 4 wM [**CIGABA for 15 min at 34°C and
then placed in superfusion chambers. Slices were super-
fused continuously with oxygenated (95% O,-5% CO,)
modified Kreb' s-bicarbonate buffer at arate of 0.3 ml /min
for 1 h. After equilibration, three 5-min fractions were
collected to determine basal [“CIGABA and [*H]ACh
efflux. All drugs were introduced 15-25 min prior to
NMDA stimulation. At the end of the experiment, radioac-
tivity in each fraction and the radioactivity in the slices
were determined using liquid scintillation spectrometry.
Fractional *H and 'C efflux in the 5-min fractions was
expressed as the amount of radioactivity in the superfusate
relative to the total amount of radioactivity at that particu-
lar time point, multiplied by 100. The effect of various
drugs on basal and NMDA-stimulated release is expressed
as the area under the curve (AUC). In either case, the basal
fractions prior to the addition of either test drug or NMDA
were averaged to estimate the baseline and this value then
was subtracted from each of the subsequent fractions in
order to estimate the AUC.

Early in these experiments we observed that the inclu-
sion of hemicholinium-3 to prevent the reuptake of
[*H]choline derived from the hydrolysis of recently re-
leased [*HJACh, substantially diminished NMDA-stimu-
lated [“*CIGABA efflux. The mechanism of this inhibition
was not investigated further, but preliminary experiments
comparing NMDA-evoked tritium efflux in the presence
and absence of hemicholinium-3 showed only modest dif-
ferences. After loading striatal slices with [*H]choline, the
fractional release of tritium in the absence of hemicholin-

ium-3 was about 50% less under basal conditions as
compared to the presence of hemicholinium-3. However,
NMDA-stimulated efflux was not significantly affected.
Thus, in this paradigm, basal efflux is somewhat underesti-
mated, but stimulated efflux of ACh is not significantly
affected by the omission of hemicholinium-3.

Data are presented as means + S.E.M. Statistical differ-
ences were determined by Student’s t-test. A probability of
P < 0.05 was considered significant.

These experiments were carried out in accordance with
a protocol that was approved by the Institutional Animal
Care and Use Committee of the University of Texas
Medical Branch at Galveston. This protocol adheres to the
principles set forth by the European Community regarding
the use of experimental animals.

2.2. Materials

1-(2-(((diphenylmethylene)imino)oxy)ethyl)-1,2,5,6-te-
trahydro-3-pyridine-carboxylic acid hydrochloride (NNC-
711 hydrochloride), NMDA was purchased from Research
Biochemicals (Natick, MA, USA). Aminooxyacetic acid
and N@-nitro-L-arginine were purchased from Sigma (St.
Louis, MO, USA). 1H-[1,2,4]oxadiazol o[4,3-alquinoxalin-
1-one (ODQ) was purchased from Tocris Cookson (St.
Louis, MO, USA). [*HICholine (81 Ci/mmol) and
[**CIGABA (223 mCi /mmol) were purchased from New
England Nuclear (Boston, MA, USA). All remaining
chemicals were obtained from Fisher Scientific (Houston,
TX, USA) or Sigma.

3. Reaults

3.1. Effects of the NNC-711 on basal and NMDA-stimu-
lated [**C] GABA and [*H] ACh release

Previous studies of K *-evoked release of [°H]JGABA or
NMDA-induced release of endogenous GABA reveaed
that the effect of aminooxyacetic acid was identical to that
of y-vinyl GABA (Agostinho et al., 1994; Wang et al.,
1996), a reportedly more selective GABA transaminase
inhibitor (Hammond and Wilder, 1985). Also, in the study
from this laboratory similar effects of tetrodotoxin and
NNC-711 as reported below were observed (Wang et al.,
1996). Thus, the efflux of [**CIGABA under these condi-
tions appears to be a good approximation of endogenous
GABA release. Our initial characterization of NMDA-
stimulated [*'CIGABA and [*H]ACh efflux indicated that
both were inhibited by more than 95% by 1.2 mM MgCl,
and 1 wM phencyclidine (data not shown), suggesting that
under these conditions, the stimulated efflux of both trans-
mitters is due to NMDA receptor activation.

Superfusion with the GABA uptake inhibitor NNC-711
(20 nM) for 25 min produced a marked increase in basal
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[“CIGABA efflux (Fig. 1, upper panel). This effect was
blocked by the sodium channel blocker tetrodotoxin (1
wM), suggesting that this increase is the result of dimin-
ished reuptake of GABA into spontaneoudly active neu-
rons. NNC-711 also modestly elevated basal [*H]JACh
efflux in a tetrodotoxin-sensitive manner (Fig. 1, lower
panel). Preliminary experiments showed that stimulation of
striatal dices with NMDA (100 w.M-1 mM) for 5 min,
induced release of ["*CIGABA and [*H]ACh release in a
concentration-dependent manner. Subsequent experiments
used 300 M NMDA, a submaximal concentration. NNC-
711 (20 nM) significantly inhibited NMDA-stimulated
[*CIGABA, but not [*HJACh release, suggesting either
that NMDA stimulates[**C]GABA release partially through
reversal of the GABA transporter (Fig. 1, inserts) or that
NNC-711 acts indirectly through GABA autoreceptors to
inhibit the release of [“'CIGABA. However, 30 pM ba-
clofen did not affect [**CIGABA efflux and the GABA ,
receptor agonist, isoguvacine, actually potentiated efflux in
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Fig. 1. The effect of NNC-711 and tetrodotoxin (TTX) on basa
["CIGABA and [*HIACh release from striatal slices. NNC-711 (20 nM)
by itself or in combination with 1uM TTX were introduced 25 min prior
to stimulation with 300 wM NMDA. NMDA was superfused for 5 min.
Data points represent mean+ S.E.M of 22—24 determinations for control
(open circle), 8-10 determinations for NNC-711 (closed circle) and 9
determinations for NNC-711+TTX (closed squares), respectively. The
inserts show the effect on NNC-711 on NMDA- stimulated [**CIGABA
and [PH]JACh release. Data are presented as mean AUC+SEM.
Significantly different than control, P < 0.05.
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Fig. 2. The role of endogenous NO on NNC-711-stimulated basal
[*CIGABA and [H]JACh efflux from striatal slices. Slices were super-
fused with 20 nM NNC-711 (open bars, n=9-12) or NNC-711+10 pM
N-Arg (closed bars, n=10) for 25 min. The data are expressed as mean
AUC+ SE.M. # Significantly different than control, P < 0.05.

a picrotoxin-sensitive fashion (data not shown). Thus, both
basal and NMDA-stimulated [“CIGABA efflux are
tetrodotoxin-sensitive and the latter involves the reversa
of the GABA transporter as previoudly reported for en-
dogenous GABA (Wang et al., 1996).
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Fig. 3. The role of endogenous NO on NMDA-stimulated [“CIGABA
and [*H]ACh release. Striatal slices were superfused with 10 wM N-Arg
(A, hatched bars, n=14-15) or 1 M ODQ (B, hatched bars, n=5-6)
for 15 min before stimulation with 300 .M NMDA. Data are expressed
as mean % AUC+SE.M. = Significantly different than control, P <
0.05.
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3.2. Effects of NO on basal and NMDA-stimulated
[*C]GABA and [*H]ACh release

NMDA-stimulated neurotransmitter release has been
shown to involve activation of nitric oxide synthase
(Okhumaet al., 1995; Oh and McCaslin, 1996). To test the
involvement of NO in NMDA-stimulated [*“CIGABA and
[*H]ACh release, striatal slices were superfused for 15 min
with 10 wM nitroarginine (N-Arg), a nitric oxide synthase
inhibitor, prior to stimulation with NMDA.. The increase in
basal [“CIGABA release upon blocking the GABA trans-
porter with 20 nM NNC-711 demonstrated in Fig. 1 was
blocked by N-Arg by about 60%, thereby suggesting arole
for NO in basal release of GABA in this preparation (Fig.
2). However, the modest increase in basal [*HJACh efflux
caused by NNC-711 was not significantly affected by
N-Arg (Fig. 2). It is possible that the increase in basa
[*H]ACh efflux caused by NNC-711 is due to increased
extracellular GABA acting at GABA , receptors as we
have observed that isoguvacine can potentiate basal
[*H]ACh efflux in a picrotoxin-sensitive manner (data not
shown).

N-Arg also caused a significant 40% inhibition of
NMDA-stimulated [““CIGABA release, whereas [*HJACh
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Fig. 4. The effect of nitroarginine (N-Arg) on of NMDA-stimulated
[*CIGABA and [*HJACh release in the presence of NNC-711. Striatal
slices were superfused with 20 nM NNC-711 alone (open bars, n=8-12)
or with NNC-7114+10 wM N-Arg (hatched bars, n=11-12) 25 min
prior to stimulation with 300 .M NMDA. The data are expressed as
mean AUC+ S.EM. = Significantly different than control, P < 0.05.

release was only inhibited by 12% (P > 0.05) (Fig. 3A).
Because guanylate cyclase often mediates the actions of
NO, we utilized the selective inhibitor 1H-[1,24]oxadia-
zolo[4,4-a]quioxalin-1-one (ODQ) (Boulton et al., 1995;
Garthwaite et al., 1995) to further investigate the role of
the NO/guanylate cyclase/cGMP pathway in NMDA-
stimulated transmitter release. After superfusing the slices
with 1 wM ODQ for 15 min prior to NMDA challenge,
NMDA-stimulated [*CIGABA and [*HJACh release were
blocked by 70% and 30%, respectively (Fig. 3B).

3.3. Effect of NNC-711 on NO-stimulated release

Previous reports from our laboratory showed that NO-
stimulated catecholamine release was almost completely
prevented by transport inhibitors, suggesting that reversal
of the transporter was an important mechanism by which
NO facilitated transmitter efflux (Lonart and Johnson,
1994, 1995b). In this study, NNC-711, a selective inhibitor
of GABA transporter 1 (also known as GAT-1 and GAT-
B), the predominant neuronal GABA transporter in the
striatum (Clark et al., 1992), was used in a manner analo-
gous to desipramine and nomifensine in our earlier investi-
gations of NO-induced norepinephrine and dopamine re-
lease. At a concentration approximately four times its K;,
NNC-711 did not alter the degree to which NMDA-stimu-
lated [*HIGABA efflux was inhibited by N-Arg (Figs. 4
and 3A). This suggests that reversal of the neuronal GABA
transporter in the striatum is not involved in the NO
component of NMDA-evoked GABA efflux.

4, Discussion

Before discussing the major experimental results of this
study, we would like to briefly discuss the results of our
characterization of this system with NNC-711 and
tetrodotoxin. In rat brain synaptosomes, NNC-711 has
been shown to be a selective and potent GABA uptake
inhibitor (Suzdak et al., 1992). It is also known to selec-
tively inhibit the predominant neuronal GABA transporter
in the striatum (Clark et al., 1992). Upon superfusion with
NNC-711, we observed an increase in basal [**C]JGABA
efflux which was blocked by the sodium channel blocker
tetrodotoxin (Fig. 1). This suggests that there is an ongoing
uptake of [**CJGABA released by spontaneously active
neurons in the slice preparation. In addition, it has been
shown that stimulated GABA release can occur via classi-
cal exocytosis or via a calcium-independent mechanism,
possibly involving reversal of the transporter (Bernath and
Zigmond, 1988; Agostinho et al., 1994). Previous reports
from this laboratory have shown that 80% of NMDA-
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stimulated endogenous striatal GABA release was inhib-
ited by 1 wM NNC-711 (Wang et al., 1996). In the present
study it was found that almost 50% of NMDA-stimulated
[**CIGABA release is inhibited by 20 nM NNC-711, again
suggesting that this release is partially mediated via rever-
sal of the GABA transporter. Reports from other laborato-
ries using K* or electrical field stimulation also support
these findings; for example, nipecotic acid or NNC-711
has been shown to inhibit the calcium-independent compo-
nent of electricaly or K*-stimulated [*HIGABA or en-
dogenous GABA release from striatal slices and synapto-
somes (Bernath and Zigmond, 1988; Turner and Goldin,
1989; Agostinho et al., 1994; Wang et al., 1996). In this
system a portion of basal efflux and amost al of the
NMDA-stimulated [**C]GABA efflux is tetrodotoxin-sensi-
tive. Further, about one-half of the NMDA stimulated
[**CIGABA efflux is mediated by reversal of the neuronal
transporter and is most likely not Ca?*-dependent, though
this is difficult to demonstrate because of the membrane
destabilization caused by removal of Ca2* in the absence
of Mg?*.

In rat striatum, a class of striatal interneurons contain
nitric oxide synthase (Kawaguchi, 1993, 1997) and al-
though NO is thought to be involved in neurotransmitter
release in the striatum, the data supporting this notion is
still controversial. There are several studies that have
demonstrated that NO or NO donors increase striatal trans-
mitter release, but the role of endogenous NO and/or
CcGMP is not yet well understood. Semba et a. (1995)
demonstrated that inhibition of NOS actually increased the
extracellular levels of striatal GABA as estimated by in
vivo microdiaysis, thereby suggesting an inhibitory role
for NO. On the other hand, Segovia et al. (1994) found no
effect of NOS inhibition on GABA efflux in a similarly
designed experiment. In vitro experiments using striatal
dlices have aso produced inconsistent results. That is,
Moller et a. (1995 demonstrated that NMDA-induced
[*HIGABA efflux was enhanced by both the NOS sub-
strate, L-arginine, and the competitive NOS inhibitor, NArg.
These data are difficult to reconcile, but it is possible that
the effect of L-arginine is unrelated to NO production as
recently demonstrated for the effects of L-arginine on
striatal DA efflux in vivo (Silva et a., 1998). NO donors
might be expected to have the opposite effect of NOS
inhibitors. However, Moller et a. (1995) observed that
three different NO donors failed to affect NMDA-stimu-
lated [*HIGABA release. Thus, the role of NO in striatal
GABA release is still unclear.

In this study, N-Arg significantly blocked 40% of
NMDA-stimulated [**CIGABA efflux without significantly
altering NMDA-stimulated [*HJACh release. The guany-
late cyclase (GC) inhibitor ODQ, however, blocked 70%
of NMDA-stimulated [“'CIGABA and 30% of NMDA-
stimulated [*HJACh release (Fig. 3). The greater effective-
ness of ODQ could be due to an incomplete inhibition of
NOS by superfusion with 10 wM N-Arg, though we, like

others, have previously demonstrated that this concentra-
tion completely blocked NMDA-induced NOS activity or
cGMP increases in a static incubation assay (Alagarsamy
et a., 1994, East et al., 1996). In addition, inhibition of an
effector molecule such as guanylate cyclase that is further
downstream in an amplification cascade might be more
effective than inhibition more upstream, particularly if the
upstream effector molecule is not completely inhibited.
These data suggest that in this system, NMDA-stimulated
[*CIGABA release and, to a lesser extent, [’HJACh re-
lease is partialy mediated by NO. This agrees with experi-
ments showing that L-arginine increases striatal [*H]GABA
efflux evoked by NMDA, but not with other experiments
from the same laboratory that show that NM DA -stimul ated
[PHIGABA release is potentiated by NOS and GC in-
hibitors (Moller et al., 1995). Those experiments, however,
were conducted in the presence of 100 wM nipecotic acid.
Since nipecotic acid is known to be transported by the
GABA transporter (Johnston et a., 1976; Falch et 4.,
1990), basal GABA release could have substantialy in-
creased and the subsequent effect of NMDA stimulation
atered in an unpredictable manner. Another potentially
important, related difference between these experiments is
that NMDA-stimulated GABA efflux in the presence of
GABA transport inhibitors, including nipecotic acid, is
significantly more Ca?*-dependent than NMDA-induced
release in the absence of transport inhibitors (Wang et al.,
1996). Thus, it is possible that NO may differentialy
affect GABA released by classic Ca? " -dependent exocyto-
sis and by non-classic glutamate (or NMDA)-induced re-
versal of the GABA transport.

Previous reports from our laboratory demonstrated that
NO donors such as hydroxylamine and nitrosocysteine
(NO-CYS) evoked both [*H]dopamine and [*H]nor-
epinephrine release from striatal and hippocampal slicesin
a manner that was blocked by monoamine uptake in-
hibitors such as desipramine, nomifensine and mazindol
(Lonart and Johnson, 1994, 1995b). Furthermore, NO-CY S
also inhibited both [*H]dopamine and [*H]norepinephrine
uptake in striatal and hippocampal synaptosomes. Those
data strongly suggested that NO donors cause norepineph-
rine release via reversal of the norepinephrine transporter
(Lonart and Johnson, 1995b). On the other hand, the
present data show that even in the presence of NNC-711,
N-Arg inhibited NMDA-stimulated [“*CJGABA release to
a similar extent as in its absence (Figs. 4 and 3A). This
suggests that NO-mediated [“CIGABA release does not
occur via reversal of the GABA transporter. Interestingly,
the increase in basal GABA efflux caused by blocking the
GABA transporter was also blocked by about 50% by
N-Arg (Fig. 2), thereby suggesting that NO is also in-
volved in the ongoing basal release of GABA from striatal
neurons.

These results highlight the differences between the
stimulatory effects of the nitric oxide synthase/cGMP
pathway on [“CIGABA release observed here and the
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apparent inhibitory effects of NO previously reported
(Moller et a., 1995). That is, the inhibitory effect of
N-Arg in the absence or presence of 20 nM NNC-711
appears to be inconsistent with the hypothesis that NO
differentially affects classical and non-classical (trans-
porter reversal) release. However, comparison of these
experiments with 20 nM NNC-711 (a concentration 3.5
times its K;) may not be directly comparable to nipecotic
acid (at a concentration 15 times its K;). Not only is
nipecotic acid less selective for the major neuronal GABA
transporter found in the striatum, it is also believed to be
transported, while compounds structurally related to NNC-
711 are not (Johnston et al., 1976; Falch et al., 1990;
Suzdak et al., 1992). Although the mechanism is unknown,
it seems possible that the use of nipecotic acid at a
relatively high concentration could alter the dynamics of
NMDA-induced GABA release in a manner that could
account for the apparent inhibitory effect of NO observed
by Moller et al. (1995).

In summary, this study has demonstrated that basal and
NMDA-stimulated [““CIGABA efflux involves a complex
mechanism that includes reversal of the GABA transporter
as well as activation of the NO/cGMP pathway. In con-
trast to studies showing a stimulatory effect of N-Arg on
NMDA-stimulated GABA release, we showed that N-Arg
and ODQ inhibit NMDA-stimulated GABA release, sug-
gesting a stimulatory role for NO on striatal GABA re-
lease. In addition, this study provided evidence showing
that the mechanisms underlying NO-mediated GABA re-
lease does not involve reversal of the GABA transporter, a
mechanism that has been shown to be involved in the
release of catecholamines. Finaly, activation of nitric ox-
ide synthase containing striatal interneurons by NMDA
receptor stimulation appears to have a greater potential for
influencing GABA release than ACh release.
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