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Inhibition of glutamate reuptake potentiates endogenous nitric
oxide-facilitated dopamine efflux in the rat striatum:
an in vivo microdialysis study
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Abstract

The current study investigated the effects of the nitric oxide synthase (NOS) subsfgdidxy--arginine (H-ARG) and the selective
glutamate (GLU) reuptake inhibitor (2®ans-pyrrolidine-2,4-dicarboxylic acid (PDC) on striatal dopamine (DA) and glutamate (GLU)
efflux in vivo. Concentric microdialysis probes were stereotaxically implanted in the anterior-medial striatum of chloral hydrate-anesthe
tized rats. Intra-striatal infusion of PDC (20®1) elevated extracellular (EC) DA and GLU levels concurrently over a 10 fraction collecting
period without affecting EC asparagine levels. Infusion of H-ARG (280 for six 20-min fractions, also significantly elevated EC DA
levels. In the presence of PDC (2@®1), co-perfusion of H-ARG (20Q:M) resulted in supra-additive increases in EC DA levels. The
synergistic effect of PDC and H-ARG infusion on DA efflux was attenuated by co-infusion of the NOS inhibitor, 7-nitroindazole (100—200
uM). These results suggest that while both endogenous NO and GLU regulate striatal DA efflux via facilitatory influences, enhance
glutamatergic tone on striatal NOS-containing neurons may potentiate NO-synthesis and subsequently NO-induced DA kFfiax.
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Nitric oxide is a freely diffusible, non-polar, radical, gas methyl-d-aspartate (NMDA) receptor-activated calcium
produced enzymatically in multiple cell types in the central influx (see [5] for review), these NO-producing cells may
nervous system. Several distinct isoforms of the NO produ- mediate some of the actions of the excitatory corticostriatal
cing enzyme, nitric oxide synthase (NOS), have recently afferent pathway involved in controlling striatal function. In
been described (see [17] for review). Of these isoforms, support of this, activation of cortical afferents enhances dye
type 1 (neuronal) possesses constitutive activity and hascoupling in rat striatal neurons via a NO-mediated modula-
been localized within the rat striatum [2]. tion of gap junction permeability [11].

Recently, striatal NOS interneurons have been shown to  Although the neuroanatomical and immunocytochemical
receive afferent inputs from dopaminergic nigrostriatal characteristics of striatal NOS containing cells have been
terminals and corticostriatal inputs [4,18]. As these NO well studied, few investigations exist describing the func-
producing cells are evenly distributed throughout the stria- tional interaction of these cells with intrinsic and afferent
tum and have a dense plexus of axon collaterals, they are instriatal neurotransmitter systems in vivo. We have recently
position to modulate the activity of multiple striatal cell demonstrated that infusion of the immediate NO precursor
types and afferent inputs [18]. Given the multiple reports N°-hydroxy-l-arginine (H-ARG) [1,16], facilitates striatal
that GLU and other EAAs can increase NOS activity Mia dopamine (DA) and glutamate (GLU) efflux in a manner

dependent on neuronal NOS activity [20]. In the current
study, we have investigated the influence of striatal NO
mﬂdmg author. Department of Psychiatry, 2309 Scott Hall, production and modulation of corticostriatal glutamatergic
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reuptake inhibitor (2S)rans-pyrrolidine-2,4-dicarboxylic EC DA levels to approximately 200—250% of basal levels
acid (PDC). over an 80-min period @ < 0.05,n = 6). After PDC (200

In these studies adult, male Harlan Sprague—Dawley ratsuM) pretreatment, infusion of H-ARG and PDC elevated
(Indianapolis, IN) were housed under conditions of constant EC DA levels to approximately 500% of basal levels during
temperature (21-28&) and maintained on a 12 h light/dark the next six fractions @ < 0.05,n = 6). In control experi-
cycle with food and water provided ad libitum. All animal ments, PDC (20QuM) infused for ten 20-min fractions,
procedures were approved by the Wayne State University increased EC DA levels to approximately 250% of basal
Animal Investigational Committee and adhere to the NIH levels (P < 0.05). Following removal of drug from the
Guide for the care and use of laboratory animals. Micro- perfusate, DA levels returned towards basal levels over a
dialysis and high pressure liquid chromatography with elec- 60-min recovery period. As shown in the inset to Fig. 2, H-
trochemical detection (HPLC-ED) of DA were performed ARG (200 M) infused for six 20-min fractions increased
as described previously [19,20]. Microdialysis probes EC DA levels 79% over basal levelsR*< 0.05,n = 10).
(4 x 0.15 mm of exposed membrane) of concentric design When H-ARG and PDC (200M) were co-perfused follow-
were stereotaxically placed in the anterior-medial striatum ing PDC pretreatment, striatal EC DA levels increased to
of chloral hydrate-anesthetized male rats. The method of approximately 500% of basal levels, a significant potentia-
Donzanti and Yamamoto [3] was used to determine striatal tion over the effects observed with either drug alone

dialysate amino acid levels. Briefly, the dialysate amino
acid levels were determined via HPLC-ED following a pre-
column ortho-phthalaldehyde (OP@}mercaptoethanol
(BME) derivatization procedure. The stock derivatizing
reagent contained 27 mg OPA, 1 ml methanoll BME,

9 ml 0.1 M sodium tetraborate (pH 9.4). This reagent was
diluted each day with 0.1 M sodium tetraborate (1:3) and

(** P < 0.05).

In order to determine whether PDC/H-ARG-mediated
DA efflux is occurring via a NOS-dependent mechanism,
the NOS inhibitor 7-NI (100—20@M) was co-infused with
PDC over an 80-min period and co-perfused along with
PDC and H-ARG for an additional six 20-min fractions.
As demonstrated in Fig. 3 (top), the addition of 7-NI

then added to standards and dialysate samples (1:2) approxi{100—200uM) to the perfusate did not influence PDC-

mately 2 min prior to analysis by HPLC-ED. H-ARG,
methanol, OPA, sodium tetraborate, afBIE were pur-
chased from Sigma Chemical Co. (St. Louis, MO). (2S)-
trans-pyrrolidine-2,4-dicarboxylic acid was purchased
from Research Biochemicals Inc. (Natick, MA). 7-Nitroin-
dazole monosodium (7-NI) was purchased from CalBio-
chem (La Jolla, CA). All drugs were readily dissolved in
artificial cerebral spinal fluid (aCSF).

Baseline GLU, ASN, and DA levels were determined and

the average of three stable fractions immediately preceding

drug treatment and not varying by 20% in analyte concen-
tration (fmoljul), was set as the control (100%) unless indi-

cated otherwise. Data are expressed as percent of control
and values are not adjusted for probe recovery. The statis-

tical significance of potential PDC and H-ARG-induced
changes in basal EC DA, GLU, and ASN concentrations

was assessed using either an one-way repeated measure§

analysis of variance (ANOVA-RM) or ANOVA with post-
hoc Dunnet’s multiple comparisons test as indicated.

Fig. 1 depicts the time course and effects of intra-striatal
PDC (200uM) infusion on EC GLU and ASN concentra-
tions. In these experiments, following baseline determina-
tion PDC infusion via the probe for ten 20-min fractions
resulted in an immediate 186% increase in EC GLU levels
(*P < 0.05, n = 4-6) without affecting EC ASN levels
(P > 0.05, n =5-6). The PDC-induced increase in EC
GLU levels stabilized over the ten fraction delivery period
at approximately 200% above basal level$? & 0.05,

n = 4-6). Following removal of PDC from the perfusate,
EC GLU levels returned to basal levels.

As shown in Fig. 2, following the determination of basal

DA levels, intra-striatal PDC (20@M) infusion increased

mediated DA efflux P > 0.05, n = 4-5). However, as
shown in Fig. 3 (bottom), co-perfusion with the 100 and
200 uM concentrations of 7-NI significantly attenuated
the supra-additive enhancement of DA efflux observed dur-
ing H-ARG and PDC co-infusion £ < 0.05,n = 4-5).

In the current study, intra-striatal PDC infusion elevated
EC GLU levels without affecting EC ASN concentrations,
demonstrating the specificity of PDC-as a selective GLU
transporter inhibitor. These results are in agreement with a
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Fig. 1. Time course of PDC and PDEH-ARG-induced striatal GLU
release. Intra-striatal PDC (2QM) infusion increased EC GLU levels
maximally to 348+ 69% of basal levels during a ten fraction delivery
period (*P < 0.05). In contrast, intra-striatal PDC-administration did not
significantly affect EC ASN levels B>0.05). Symbols represent the
meant SEM from n = 4-6 experiments. Asterisks indicate values that
differ significantly from baseline GLU levels as determined by
ANOVA-RM with a Dunnet's post-hoc test. MeanSEM basal GLU
and ASN levels for these groups were 1288 and 186t 19 fmol/ul,
respectively.
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Fig. 2. Time course of PDC and PDEH-ARG-induced striatal DA
release. Intra-striatal PDC (20@M) infusion maximally increased EC
DA levels by 153+ 27% over an 80-min period. H-ARG (20&M) co-
perfused with PDC (20QuM) maximally elevated EC DA levels to
555+ 36% of basal levels @ < 0.05). PDC (200xM) infused alone

for ten 20-min fractions increased EC DA levels maximally during the
third fraction to 288 38% of basal levels"P < 0.05). EC DA levels
remained elevated during the entire ten fraction PDC-administration per-
iod (*P < 0.05). Symbols represent the meaiSEM fromn = 6 experi-
ments. Asterisks and pound signs indicate values that differ significantly
from baseline DA levels as determined by ANOVA-RM with a Dunnet’s
post-hoc test. Inset: Supra-additive increase in EC DA following H-ARG
and PDC co-perfusion. Intra-striatal infusion of H-ARG (20d) for six
20-min fractions increased EC DA levels to 1¥80% (*P < 0.05, deter-
mined using ANOVA with Dunnet’s post-hoc test). During the final six
fractions of PDC (200uM) infusion (derived from PDC control time
course), EC DA levels increased to approximately 2535% of basal
levels {P < 0.05, determined using ANOVA with Dunnet's post-hoc
test). Following PDC (20@M) pretreatment, H-ARG and PDC co-perfu-
sion potentiated DA release over that of separate H-ARG and PDC infu-
sions to 501+ 75% of basal levels (*P < 0.05, determined using
ANOVA with Dunnet’'s post-hoc test). Bars represent the meS8EM

DA levels in percent of control for the final six 20-min fractions during the
indicated drug delivery periodn(= 6—-10 experiments). Meat SEM
basal DA levels for the PDC, H-ARG, and PDCH-ARG experiments
were 2.67+ 0.17, 1.94+ 0.27, and 2.5& 0.24 fmoljl, respectively.

recent in vivo microdialysis study by Massieu et al. [7],
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return to basal concentrations following removal of drug
from the perfusate, suggest intrastriatal PDC infusion is
not inducing a neurotoxic insult to striatal tissues.

Previous studies have shown that enhanced striatal gluta-
matergic (see [6] for review) or nitrergic tone [10,14,15,
19,20] can facilitate DA release in vivo. The present study
is the first demonstrating that enhancement of endogen-
ous glutamatergic tone via inhibition of GLU reuptake can
facilitate striatal DA efflux separately and in a synergistic
manner during NOS substrate (H-ARG) co-infusion.
Recently, it has been demonstrated that H-ARG is converted
to NO via an NOS-dependent reaction [1] and the type 1
NOS inhibitor 7-NI attenuates H-ARG-mediated DA
release [20]. Given the above, it is likely that the elevations
in EC DA levels observed following intra-striatal H-ARG
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which demonstrated a dose-dependent increase in EC

GLU and aspartate levels but little or no effects on EC
alanine or glycine levels following intra-striatal PDC (1—
25 mM) administration. Additionally, using biochemical

and histological methods these investigators also demon-
strated that inhibition of GLU uptake systems, using doses

of PDC (and other GLU uptake blockers) 5-50 times

Fig. 3. The effects of 7-NI co-perfusion on PDC and PBEI-ARG-
induced striatal DA release. Top: Intra-striatal PDC (200) infusion

(80 min) increased EC DA levels to 22413% of basal EC DA levels
(control). Co-perfusion of PDC (20QM) with 7-NI (100 or 200 uM)
increased EC DA levels to 294 33% and 268t 44% of basal levels,
respectively P>0.05, as determined using ANOVA). Bars represent the
mean+ SEM DA levels in percent of basal for the final three 20-min

greater the than those used in the current study, did notfractions of the PDC control or PD&7-NI drug delivery period

induce neuronal damage [7].
If under the current protocol, PDC infusion was influen-
cing striatal EC GLU levels via a neurotoxicity-mediated

(n = 4-6 experiments). Bottom: In control studies, H-ARG (200) co-
perfused with PDC (20Q:M) elevated EC DA levels to 229 23% of
PDC pretreatment control levels. Co-perfusion of 7-NI (100 and2ap
attenuated the H-ARG/PDC-mediated enhancement of EC DA levels to

release process, it might be expected that the loss of cellig1+ 796 and 143 9% of PDC/7-NI pretreatment control levels

membrane potential would result in the efflux of cellular
amino acids and proteins into the interstitial space. How-
ever, as PDC infusion did not alter striatal EC ASN levels, a

neurotoxic release process is not supported. Also, our results,

demonstrating that PDC-induced GLU efflux stabilizes over
the 10 fraction drug delivery period and that EC GLU levels

(*P < 0.05, as determined using ANOVA with Dunnet’s post-hoc test).
Bars represent the meanSEM DA levels in percent of PDC/7-NI pre-
treatment control levels for six 20-min fractions during the indicated drug
delivery period ( = 4—6 experiments). Meax SEM basal DA levels for

he control, 7-NI (100 puM) + PDC+ H-ARG, and 7-NI (200
uM) + PDC + H-ARG experiments were 2.580.24, 1.96+ 0.18, and
2.11+ 0.43 fmoljl, respectively.
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and H-ARG+ PDC infusion result in part from an enhanced  [1] Abu-Hussain, M., Jia, Y. and Hussain, S., Mechanisms mediating the
facilitatory nitrergic tone on dopaminergic neurotransmis- vasodilatory effects of Rthydroxy-l-arginine in coronary arteries,
. L7 . Eur. J. Pharmacol., 305 (1996) 155-161.

sion. This is supported by the curr_e_nt res_,ults demonstrating [2] Bredt, D.S., Glatt, C.E., Hwang, P.M., Fotuhi, M., Dawson, T. and

that 7-NI attenuates the _supra_l-addmve St_'mU|at0ry effects of Snyder, S.H., Nitric oxide synthase protein and mRNA are discretely

H-ARG and PDC co-infusion on striatal DA efflux. localized in neuronal populations of the mammalian CNS together

In addition to the facilitatory influence of NO on dopa- with NADPH-diaphorase, Neuron, 7 (1991) 615-624.

minergic neurotransmission, a secondary NO-mediated [ Dort‘kzlagt;' B-tha”‘_’ Yamt?‘mom' B-t'_ An 'TpFQVGd af‘dd rap'dtHP'-C'_ﬁc
f method for the isocratic separation of amino acid neurotransmitters

enhanceme_nt of GLU efflux may play aroleinthe opsgrved from brain tissue and microdialysis perfusates, Life Sci., 43 (1988)

supra-additive effects of PDC and H-ARG co-administra- 913-922.

tion on DA efflux. We have previously shown that both  [4] Fujiyama, F. and Masuko, S., Association of dopaminergic terminals

endogenous and exogenous NO can increase striatal DA and neurons releasing nitric oxide in the rat striatum: an electron

release via a GLU receptor-dependent mechanism [19’20]. mi_croscopic study us_ing NADPH—diaphprase histpchemistry and tyr-

When considered along with the current results demonstrat- ?fég%) rlyzdlrfglise immunohistochemistry, Brain Res. Bull., 40

ing that PDC-med_lated increases in EC GLU fac!lltate DA (5] Garthwaite, J., Glutamate, nitric oxide and cell-cell signalling in the

efflux, these studies suggest that a glutamatergic pathway  nervous system, Trends Neurosci., 14 (1991) 60—67.

may be partly responsible for the synergistic effects of PDC [6] Glowinski, J., CHeamy, A., Romo, R. and Barbeito, L., Presynaptic

and H-ARG co-perfusion on DA efflux. As 7-NI co-perfu- regulatipn of dopaminergic transmission in the striatum, Cell. Mol.
sion did not affect PDC-facilitated DA release, this effectis “'\/'IZZ;?:L'SIL%ﬁg&?&iﬁ;@am A and Tapia, R., Accumlation of
probably mediated via a non-nitrergic glutamatergic path- extracellular glutamate by inhibition of its uptake is not sufficient for
way. Further experiments using GLU receptor subtype inducing neuronal damage: an in vivo microdialysis study, J.
selective antagonists are necessary to determine the precise  Neurochem., 64 (1995) 2262-2272.

pathway(s) involved in PDC-facilitated DA release. [8] Meffert, M.K., Calakos, N.C., Scheller, R.H. and Schulman, H.,

- . Nitric oxide modulates synaptic vesicle docking/fusion reactions,
The potentiation of DA efflux observed following co- Neuron, 16 (1996) 12291236,

perfusion of PDC and H-ARG may be partially explained (9] meffert, M.K., Premack, B.A. and Schulman, H., Nitric oxide stimu-
by the development of a positive feedback cycle where, in lates calcium-independent synaptic vesicle release, Neuron, 12
the presence of NOS substrate, increased striatal glutama- ~ (1994) 1235-1244.

teric tone bolsters calcium-dependent NOS activity. The [10] Nakahara, K., Yokoo, H., Yoshida, M., Tanaka, M. and Shigemori,
resulting increase in NO output and subsequently, NO- Z"é'('iggj‘)‘fﬂg'_cﬁﬁg_e on central dopamine neurons, Brain Nerve,
facilitated GLU release may lead to further increases in [11] o'Donnell, P. and Grace, A.A., Cortical afferents modulate striatal
striatal NOS activity, perpetuating the cycle. This is sup- gap junction permeability via nitric oxide, Neuroscience, 76 (1997)
ported by studies showing that NO enhances striatal EC 1-5.

GLU levels [20], possibly via inhibition of the GLU trans- [12] Pogun, S., Dawson, V. and Kuhar, M.J., Nitric oxide inhibfid]f

. . glutamate transport in synaptosomes, Synapse, 18 (1994) 21-26.
porter [12]‘ Also, in hlppocampal synaptosomes NO can [13] Segovia, G., Porras, A. and Mora, F., Effects of a nitric oxide donor

facilitate the docking and fusion of GLU Cor_]taining vesicles on glutamate and GABA release in striatum and hippocampus of the
to the plasma membrane [8,9,13], promoting GLU release. conscious rat, NeuroReport, 5 (1994) 1937-1940.

Thus, the coupling of an enhanced facilitatory glutamatergic [14] Spatz, M., Yasuma, Y., Strasser, A., Kawai, N., Stanimirovic, D. and
tone on striatal NOS activity to NOS substrate infusion may McCarron, R.M., Modulation of striatal dopamine release in cerebral

L . " ischemia byl-arginine, Neurochem. Res., 20 (1995) 491-496.
result in increased NO-mediated DA efflux via both GLU [15] Strasser, A., McCarron, R.M., Ishii, H., Stanimirovic, D. and Spatz,

and NO-dependent mechanisms. Further studies examining” ~ 1. 1-arginine induces dopamine release from the striatum in vivo,

the role of GLU in the potentiation of tonic DA release NeuroReport, 5 (1994) 2298—2300.
during H-ARG and PDC co-perfusion are currently under- [16] Stuehr, D.J., Kwon, N.S., Nathan, C.F. and Griffith, O.W\?Ny-
way in our laboratory. droxy-l-arginine is an intermediate in the biosynthesis of nitric oxide
In summary, the current study demonstrates that intra- from I-arginine, J. Biol. Chem., 266 (1991) 6259-6263.
. . _y’ . y RN [17] Vincent, S.R., Nitric oxide: a radical neurotransmitter in the central
striatal infusion of the selective GLU reuptake inhibitor, nervous system, Prog. Neurobiol., 42 (1994) 129—160.
PDC, enhances GLU and DA efflux in vivo. Additionally, [18] Vuillet, J., Kerkerian, L., Kachidian, P., Bosler, O. and Nieoullon,
co-perfusion of the NOS substrate, H-ARG, with PDC A., Ultrastructural correlates of functional relationships between

markedly elevates EC DA levels beyond that observed nigral dopaminergic or cortical afferent fibers and neuropeptide Y-
. . . L containing neurons in the rat striatum, Neurosci. Lett., 100 (1989)
with either agent alone and in a manner sensitive to NOS

ey R . 99-104.

Inhlbltlon. These _rESUIt_S suggest a comp_lex Interaction [19] west, AR. and Galloway, M.P., Intrastriatal infusion cf){S-
exists between striatal nitrergic, glutamatergic, and dopami- nitroso-N-acetylpenicillamine releases vesicular dopamine via an
nergic systems. ionotropic glutamate receptor-mediated mechanism: An in vivo

microdialysis study in chloral hydrate-anesthetized rats, J.

. . Neurochem., 66 (1996) 1971-1980.
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