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Abstract

The effect of the dilithium salt of N-acetyl-L-aspartic acid on release and synthesis of dopamine in the striatum was investigated using
microdialysis in freely moving rats. Intrastriatal infusion of 1 mM N-methyl-p-aspartate, an NMDA receptor agonist, augmented
extracellular dopamine to 215% of baseline, while 1 mM dilithium N-acetyl-L-aspartate increased dopamine release to 190% of baseline
in rat striatum. Infusion of bpL-2-amino-5-phosphonopentanoic acid, a competitive NMDA receptor antagonist, prior to infusion of
dilithium N-acetyl-L-aspartate did not significantly alter basal levels of dopamine, but reversed the dilithium N-acetyl-L-aspartate-evoked
elevation in extracellular dopamine. Intrastriatal perfusion with 6-cyano-7-nitroquinoxaline-2,3-dione, an AMPA /kainate receptors
antagonist, altered neither basa levels of dopamine nor dilithium N-acetylaspartate-induced dopamine release. When the striatum was
continuously perfused with the inhibitor of L-aromatic amino acid decarboxylase, 3-hydroxybenzylhydrazine dihydrochloride (100 M),
both dilithium N-acetylaspartate and NMDA added to the perfusate increased extracellular 3,4-dihydroxyphenyl-L-alanine, reflecting the
effect of the compounds on the biosynthesis of dopamine. The data suggest that availability of dilithium N-acetyl-L-aspartate to activate
dopamine turnover and release in the rat striactum may be mediated by presynaptic NMDA heteroreceptors located at dopaminergic

neurons. © 2001 Published by Elsevier Science B.V.
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Introduction

The study of physiological and pathological aspects of
excitatory amino acid neurotransmission is currently one
of the most exciting areas of basic and clinica neuro-
science (Heresco-Levy and Javitt, 1998). One of the mech-
anisms that may influence the activity of monoamine
transmission is mediated by excitatory amino acid het-
eroreceptors located on monoaminergic neurons. Particu-
larly, glutamatergic and dopaminergic neurotransmission
are closely interconnected in various brain regions such as
prefrontal cortex, striatum, nucleus accumbens and several
others. lonotropic excitatory amino acids receptors
(NMDA, AMPA and kainate) are primarily considered to
participate in the modulation of dopamine neurotransmis-
sion (Westerink et al., 1992).
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The importance of interactions between endogenous
excitatory amino acids and the dopamine system in the
pathological processes underlying schizophrenia, depres-
sion, Parkinson’s disease and alcoholism has become in-
creasingly appreciated (Carlsson and Carlsson, 1990;
Heresco-Levy and Javitt, 1998). Disturbances in excitatory
amino acid derivatives are also believed to play a role in
these and severa other disorders. N-acetylaspartate (NAA)
is one of the most abundant amino acids in the brain, but
the role of this amino acid in physiology and pathology is
unclear. That NAA functions as a neurotransmitter has
been suggested, but current evidence does not support this
notion (Tsai and Coyle, 1995). It is thought that NAA may
participate in brain osmoregulation, acid—base homeostasis
(Taylor et a., 1994; Davies et d., 1998) and glid cell-
specific signaling (Baslow, 2000). Most of the endogenous
extracellular NAA seems to be derived from N-acetylas-
partylglutamate (NAAG) (Zollinger et al., 1986), which is
an endogenous NMDA receptor ligand. At the same time,
NAA may also serve as a precursor of NAAG (Tyson and
Sutherland, 1998).
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Substances modulating excitatory amino acid neuro-
transmission are of great interest currently as novel avenue
in the search for potential pharmacological means to treat
the conditions mentioned above. One of the most promis-
ing trends in the development of new effective drugs is
chemical modification of the endogenous molecule struc-
tures. In this case, glutamate and aspartate as endogenous
excitatory amino acid receptors ligands are potentialy
most interesting.

It is thought that NAA, administered peripheraly, can-
not cross the blood—brain barrier (Tsai and Coyle, 1995).
In an attempt to develop a derivative, which would be able
to cross the blood-brain barrier, the phosphonic deriva-
tives and salts of N-acetyl-L-aspartic acid were prepared in
our laboratory (Sazhin et al., 1991; Ozerov et al., 1993).
Dilithium N-acetyl-L-aspartate (Iab code: AKF-94) was
identified as the most potent compound exerting a psy-
chotropic action. In preliminary investigations, it was found
that this compound, administered peripherally, may exert
antidepressant-like and antiamnestic effects in anima mod-
els (Petrov and Grigoryev, 1998).

Since interplay between glutamate and dopamine sys-
tems may be involved in the pathogenesis of several
mental disorders (Carlsson and Carlsson, 1990), an effect
of the drug on dopaminergic transmission represents an
attractive potentia site of action of dilithium N-acetyl-L-
aspartate. The purpose of the present study was to investi-
gate the effect of the aspartic acid derivative on release
and synthesis of dopamine in the striatum of freely moving
rats.

Materials and methods
2.1. Animals and surgery

Mae Wistar rats, weighing between 250 and 300 g,
were used. For surgery, the rats were anaesthetised with
Nembutal (40 mg/kg, i.p.) and placed in a stereotaxic
apparatus (David Kopf Instruments, USA). The animals
were implanted with probes for microdialysis in the right
striatum. Hollow dialysis fibers (Gambro, Germany; mol
wt cutoff 5000 Da) with 250 wm outer diameter were used
to prepare the microdialysis probes. The exposed length of
dialysis membrane was 5.0 mm. Co-ordinates of the im-
plantation were AP 0.5, L 3.0, V 7.4 from bregma point
and dura according to the atlas of Paxinos and Watson
(1986).

2.2. Microdialysis procedure

Microdialysis experiments were carried out 24 h after
implantation of the probes. The probes were perfused with
a Ringer's solution at a flow rate 2.0 wl/min (Syringe
Pump, Razel Scientific instruments, USA). Sample collec-
tion began following a 60-min stabilization period.

Didysate, as 40-ul fractions was collected at 20-min
intervals into microtubes that contained 5 I 1 M perchlo-
ric acid, and was injected directly into the high perfor-
mance liquid chromatography (HPLC) system. At least
three samples were collected before drug infusion to deter-
mine the basal level of dopamine in dialysates. To assess
the dopamine synthesis rate in vivo, an inhibitor of L-
aromatic amino acid decarboxylase, 3-hydroxybenzylhy-
drazine dihydrochloride (NSD-1015, 100 wM), was in-
fused into the striatum for at least 2 h before the drugs
were tested and dialysate levels of 3,4-dihydroxyphenyl-L-
aanine (L-DOPA) were measured (Westerink et al., 1990).
Bascline L-DOPA was determined as described for
dopamine, after the extracellular L-DOPA level had be-
come stable after inhibition of L-aromatic amino acid
decarboxylase by NSD-1015.

2.3. Neurochemical assay

Dopamine and L-DOPA were quantified by HPLC with
electrochemical detection. A reverse-phase column (3 X
150 mm, C18, 5 pm, ELSICO) was used. The mobile
phase was a phosphate buffer (0.1 mM) containing EDTA
(0.1 mM), octane sulphonic acid (0.3 mM) and acetonitrile
(7%) with pH 3.6 (Petrov and Grigoryev, 1998). The
electrochemical detector, with glassy carbon electrode, was
set at 800 mV against an Ag/AgCl reference electrode.

2.4. Drugs and chemicals

All reagents for the HPLC mobile phase were analytical
grade. N-methyl-p-aspartate, bL-2-amino-5-phosphonopen-
tanoic acid (AP-5), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and 3-hydroxybenzylhydrazine dihydrochloride
were obtained from Sigma (USA). N-acetyl-L-aspartic acid
dilithium salt was synthesized by Prof. Ozerov A.A. (Re-
search Ingtitute of Pharmacology, Volgograd, Russia). All
drugs were dissolved in perfusion fluid and administered
via the dialysis probe.

2.5. Data analysis

The average of the last three stable samples before drug
treatment was considered as the baseline and was defined
as 100%. Values obtained during drug infusions were
expressed as percentages of basal levels. Statistical com-
parisons were carried out by analysis of variance followed
by Student’s t-test. Values of P < 0.05 were considered
as significant.

Results

Intrastriatal infusion of 1 mM N-methyl-p-aspartate, an
agonist at the NMDA receptor, caused augmentation in
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Fig. 1. Effect of local infusion of NMDA (1 mM) or dilithium N-acetyl-
L-aspartate (AKF-94, 0.1 and 1 mM) (black bar) on the level of extracel-
lular dopamine in the stristum of freely moving rats. The data are
expressed as percentages of dopamine basa level + SE.M. (n=4-5).
“P < 0.05 vs. sdine-treated controls.

extracellular dopamine to 215% of baseline in this region.
Infusion of 1 and 10 wM dilithium N-acetyl-L-aspartate
did not lead to changes in dopamine level. No significant
effect of infusion of 0.1 mM dilithium N-acetyl-L-aspar-
tate was observed, whereas infusion of 1 mM dilithium
N-acetyl-L-aspartate increased dopamine to 190% of base-
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Fig. 2. Effect of local infusion of dilithium N-acetyl-L-aspartate (AKF-94)
in combination with glutamate receptor antagonists on the striatal dialysate
levels of dopamine. In two groups, AP-5 (1 mM) or CNQX (1 mM) was
added to the perfusate (arrow) 60 min before the dilithium N-acetyl-L-
aspartate (1 mM) infusion (black bar). The data are expressed as percent-
ages of dopamine basal level (average of three samples prior to infusion
of antagonist) + SE.M. (n=4-5). P < 0.05 vs. sdine-treated controls.
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Fig. 3. The effect of local infusion of NMDA (1 mM) or dilithium
N-acetyl-L-aspartate (AKF-94, 1 mM) (black bar) on striatal 3,4-dihy-
droxyphenyl-L-alanine (L-DOPA) accumulation following perfusion with
NSD-1015 (100 wM). The data are expressed as percentages of L-DOPA
basal level (average of three samples prior to infusion of NMDA or
dilithium NAA)+SEM. (n=4-5). "P <0.05 vs. sdine-treated con-
trols.

linein the rat striatum. The effect was maximal 20—40 min
after beginning of the infusion of N-acetylaspartate (Fig.
1.

Infusion of 1 mM AP-5, a competitive NMDA receptor
antagonist, prior to infusion of 1 mM dilithium N-acetyl-
L-aspartate, did not significantly alter basal levels of
dopamine, but reversed the N-acetylaspartate-evoked ele-
vation in extracellular dopamine. Intrastriatal perfusion
with 1 mM CNQX, an antagonist of AMPA /kainate re-
ceptors, altered neither basal levels of dopamine nor N-
acetylaspartate-induced dopamine release (Fig. 2).

Extracellular L-DOPA after inhibition of L-aromatic
amino acid decarboxylase by NSD-1015 provided a mea
sure of dopamine synthesis (Westerink et al., 1990; Castro
et a., 1996). Extracellular L-DOPA before the infusion of
NSD-1015 was under the detection limit. When the stria-
tum was perfused with NSD-1015 (100 wM) dialysate,
L-DOPA was detected from the first 20-min sample on-
ward. Diaysate L-DOPA contents were increasing and
became stable over 60 min after the beginning of NSD-1015
perfusion (data not shown). After this, both dilithium
N-acetyl-L-aspartate and NMDA added to the perfusate
caused a significant increase of extracellular L-DOPA. This
effect was reversed by co-perfusion with AP-5 (Fig. 3).

Discussion
There are severa hypotheses concerning the functions

of endogenous acetylaspartate and its role in brain patho-
physiology. In particular, disturbances in the NAA and
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NAAG contents in the brain are described in patients with
schizophrenia (Lim et al., 1998; Parsons et al., 1998;
Deicken et al., 2000). Moreover, it has been suggested that
pathology of the prefrontal cortex, measured as local de-
crease of NAA concentration, and a decrease of striatal
dopaminergic neuron activity can be associated with the
pathophysiology of schizophrenia (Bertolino et al., 1999).

Taylor et a. (1994) reported that basal extracellular
concentration of endogenous NAA in the rat striatum
measured using microdialysisin vivo was 83.7 wM. It was
markedly lower than the tissue content. The authors hy-
pothesized that high tissue/extracellular fluid concentra-
tion ratios might be due to the low release of NAA under
basal conditions, and that there exist potent re-uptake
mechanisms for NAA in the cellular membrane of neurons
(Taylor et a., 1994). In our study, infusion of 100 WM
NAA salt led to only a dight augmentation of dopamine
release in the striatum, and this effect did not reach
significance. However, at a concentration of 1 mM, the
drug effectively elevated extracellular levels of dopamine.
It is worth mentioning that in vivo recovery of the drug
was not tested under the microdialysis conditions we used
and the concentration of the drug in brain tissue may have
been significantly lower than the one infused. Neverthe-
less, future investigation is required to determine whether
this ability of NAA to modulate the dopamine system is
physiologically relevant.

The mechanism of the stimulatory action of NAA on
dopamine transmission is unclear at present. One of the
possibilities may include the role of NAA as a precursor of
NAAG, an endogenous ligand of NMDA receptors
(Baslow, 2000). At the same time, it cannot be totally
excluded that NAA can exert a direct influence on the
neurotransmitter receptors. Budygin et al. (1997) showed
that N-acetylaspartate is able to increase dopamine release
from the rat striatum during perfusion in vitro. Co-perfu-
sion with 3-(2-carboxypiperazin-4-yl)-propil-1-phosphonic
acid (CPP), a NMDA receptor antagonist, markedly re-
versed the effect of NAA (Budygin et al., 1997). It has
been suggested that NAA can exert a stimulatory effect on
dopamine transmission via excitatory amino acid receptors,
particularly the NMDA type. Nevertheless, the present
results establish firmly that NAA sat can influence
dopamine transmission in the striatum in vivo and that this
effect can be blocked by an NMDA receptor antagonist.

Within the basal ganglia, interactions between dopamine
and excitatory amino acids occur at different anatomical
levels (Calabresi et al., 1997). There is extensive evidence
from experiments with slices and synaptosomes that
dopaminergic nerve terminals in the striatum have NMDA
receptors, which can regulate both release and synthesis of
dopamine (Krebs et al., 1991; Antonelli et al.,1997). Ex-
periments in which both release and synthesis have been
measured in vivo showed that, under conditions of low
extracellular dopamine, endogenous excitatory amino acids
may influence dopamine release, as well as dopamine

synthesis, by an intrastriatal action (Castro et al., 1996;
Zigmond et al., 1998). Dopamine release in vivo, evoked
by local infusion of NMDA into the striatum, can occur
through different mechanisms, one of them being a direct
effect on presynaptic receptors (Wheeler et al., 1995).

Our results indicated that dilithium N-acetyl-L-aspartate
can enhance dopamine release in vivo. This effect was
qualitatively similar to the effect of NMDA but augmenta-
tion in catecholamine release, caused by dilithium N-
acetyl-L-aspartate, was less expressed. Both the effect on
release and the influence on synthesis (the former evalu-
ated as increase in extracellular L-DOPA after inhibition of
aromatic amino acid decarboxylase) were reversed by the
NMDA receptor antagonist, AP-5. Although these data
suggest strongly that high concentrations of NAA salt can
modulate dopamine transmission, a physiological role of
this modulation remains to be established.

In conclusion, these data indicate that NAA dilithium
salt can influence dopamine release and synthesisin the rat
striatum. It could be suggested that these effects are appar-
ently mediated by NMDA heteroreceptors located on the
presynaptic dopamine terminals.
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