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Abstract

Glutamatergic system stimulation in some parts of the brain may affect anxiety-related behaviours, aversive learn-
ing and memory. This system retains many interactions with dopaminergic neurotransmission. We have studied the
effect of nucleus accumbens (NAc) shell glutamatergic system activation on anxiety-related behaviours as well as
aversive learning and memory in adult male Wistar rats using the N-methyl-D-aspartate (NMDA) receptor agonist,
NMDA. Furthermore, the possible involvement of the NAc shell dopamine D, and D, receptors upon NMDA-induced
effects was evaluated. The elevated plus-maze task was used to assess the drugs’ concomitant effects on anxiety,
learning and memory in rats. All drugs were delivered into the NAc shell via bilaterally implanted indwelling cannu-
lae. The NMDA-induced anxiolytic-like behaviours upon retest could possibly be attributed to the further avoidance
acquisition impairments. Moreover, the inhibition of dopaminergic system using SCH 23390 and sulpiride induced
an anxiolytic-like response and impaired the aversive memory acquisition during retest. However, the concurrent
intra-NAc shell microinjection of the subthreshold dose of SCH 23390 and sulpiride (0.125 ug/rat) reversed the anxio-
lytic-like effect and blocked the aversive memory impairment induced by intra-NAc shell NMDA. Our results suggest
a modulatory role of the NAc shell dopaminergic system on NMDA-induced effects in the aversive memory.
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ed at least two main functionally important parts in

Introduction NAc, i.e. the core and the shell [8,87]. With regard

Nucleus accumbens (NAc) is one of the main lim-
bic system nuclei receiving rich dopaminergic inputs
hence taking an important role in the regulation
of many physiological cognitive and non-cognitive
behaviours [39]. Anatomical studies have determin-

to the dopaminergic system, these two parts seem
different. For instance, the dopamine plexus and
concentration are richer and higher in the shell than
in the core, respectively [20,80]. Evidence has indi-
cated the pivotal role of NAc dopaminergic system
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in the modulation of learning, memory [11,14,43],
fear and/or anxiety-like behaviours [50]. Dopamine
exerts its effect via two different dopamine subtypes
receptors, called the D;- and D,-like families [55].
These two dopamine family receptors have a high
expression in both parts of NAc while at different dis-
tribution patterns. For example, the D,- and D,-like
dopamine receptor families are higher and lower in
the NAc shell than in core, respectively [30]. This may
partly explain the different physiological functions of
the two parts of NAc [40,42]. Due to the abundant
dopaminergic inputs which NAc shell receives from
various brain parts and the consequent high contrac-
tion level of dopamine in the NAc shell, this part is
believed to render a critical role in dopamine-medi-
ated functions [30]. The NAc receives its dopaminer-
gic afferents from the ventral tegmental area (VTA)
and the substantia nigra (SN), and the glutamatergic
inputs from several brain areas such as prefrontal
cortex, amygdala and hippocampus [30].

On the other hand, glutamate is known as one
of the most excitatory neurotransmitters modulat-
ing learning, memory and anxiety-like behaviours
in different parts of the brain [33,94]. With respect
to the preferential agonists, at least three sub-
types have been identified for glutamate, including
N-methyl-D-aspartate (NMDA), AMPA and kainate
[57]. Investigations have revealed that the NMDA
receptor plays a critical part in regulation of learn-
ing, memory formation (possibly through long-term
potentiation and depression) [9,38] and anxiety-re-
lated behaviours [26,46,63,73,78]. A plethora of ana-
tomical experiments have demonstrated that there
are close relationships between NAc glutamatergic
and dopaminergic systems [66,67]. For instance, it
has been shown that NMDA receptors are localized
on dopamine D, receptor-containing neurons in the
NAc shell [27].

Emotional states (including, fear and aversion)
can be modulated through amplification of impair-
ment in memory formation [51]. Due to possible
misinterpretations, the available animal models for
learning and memory seem to have a limited abil-
ity to detect the effect of drugs on fear and anxi-
ety. Therefore, the proposed test-retest paradigm in
the elevated plus-maze (EPM) task is an attempt to
concomitantly assess the effects of drugs on anxiety,
learning and memory in rodents [6]. The use of EPM
in testing anxiety is based on the natural tendency
of animals to avoid dangerous situations when they
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face height and open spaces [91]. In general, animals
acquire information with regard to safe and danger-
ous areas in the maze upon test. Animals retested in
the EPM avoid exploring open spaces and display-
ing a clear enclosed arm preference with a low per-
centage of entries and time spent in the open arms
[59], relative to their respective measures during the
test [10,22,44,74,79]. The aversive and fear-inducing
nature of the open arms represents a useful tool for
the study of aversively motivated learning processes
in the EPM [16]. Based on the above, learning and
memory are usually studied in the EPM through
avoidance to open-arms during the retest session.
Given this, the purpose of the current study was to
examine the possible involvement of the NAc shell
D, and/or D, dopaminergic receptors on NMDA-in-
duced effects in the aversive memory using the ele-
vated-plus maze (EPM) task.

Material and methods
Animals

Male Wistar rats weighing approximately 250-
280 g were provided by the Central Animal House
of the Institute for Cognitive Science Studies (ICSS),
Tehran, Iran. Prior to the experiments, animals under-
went a period of seven days habituation in groups of
five in polypropylene home cages (45 x 30 x 15 cm),
having access to food and water ad libitum, under
a light/dark cycle of 12 h (lights on at 06:00) and
the temperature ranging between 20°C and 24°C.
Animal handling was restricted to the time of home
cage cleaning (each 48 h), weighing and drug admin-
istration. Each experimental group comprised eight
animals. All experimental procedures were conduct-
ed in compliance with the recommendations set
down by the Institute’s Ethics Commission for the
use of experimental animals.

Stereotaxic surgery and microinjections

Animals were anaesthetized intraperitoneally
using ketamine hydrochloride (50 mg/kg) and xyla-
zine (4 mg/kg) then placed in a Stoelting stereotaxic
instrument (Wood Dale, IL, USA). Two stainless steel
guide cannulae (22 gauge) were implanted in the
right and left of the NAc shell regions according to
the atlas of Paxinos and Watson [58]. The stereota-
xic coordinates for the NAc regions were as follows:
+1.4 mm posterior to bregma, £0.8 mm lateral to the
Midline and =5.5 mm ventral to the dorsal surface of
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the skull. The cannulae were fixed to the skull using
acrylic dental cement. Rats were allowed 5 days
before the test to recover from surgery. The left and
right of the NAc areas were infused by means of an
internal cannula (27 gauge), terminating 2 mm below
the tip of the guides and connected by polyethylene
tubing to a 2 uL Hamilton syringe (Bonaduz, GR, Swit-
zerland). A volume of 0.3 pL solution was injected
over a 60-second period, in each side. The inner
cannulae were left in place for an additional 60 sec-
onds to allow diffusion of the solution and to reduce
the possibility of reflux. Intra-NAc shell injections
were made just five minutes before testing. Control
groups and drug infused groups were surgeried and
all of the animals were anaesthetized using a ket-
amine solution, therefore all of groups were under
the same condition and under the same effect of
ketamine anaesthesia.

Elevated plus-maze (EPM) apparatus

This plexiglas, plus-shaped apparatus, was set
at 50 cm height from the floor. This apparatus was
composed of two 50 x 10-cm open arms and two
50 x 10 x 40-cm enclosed arms, each with an open
roof. The junction area of the four arms (central plat-
form) measured 10 x 10 cm. The maze was placed at
the centre of a quiet and dimly lit room [91,92].

Behavioural testing

Rats were placed in the experimental room at
least 1 h before testing. All experiments were done
during the light phase of the light/dark cycle between
11 a.m. and 2 p.m. Animals were randomly assigned
to treatment conditions and tested in a counter-bal-
anced order. Animals’ behaviours were tracked and
recorded by an observer who quietly sat 1 m behind
one of the closed arms of the maze, using a chro-
nometer. During the five-minute post-drug treatment,
rats were individually placed at the centre of the plus
maze facing one of the open arms and allowed for
5 min free exploration in EPM (test session) then
were taken back to their home cages. In 24 hours,
rats were returned to the test room and placed again
in the EPM for a new exploration period of 5 min
(retest session). The observer measured: 1) time
spent in open arms, 2) time spent in closed arms,
3) number of entries into open arms and 4) num-
ber of entries into closed arms during the five-min-
ute period both upon test and retest. An entry was
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defined as ‘all four paws in the arm’. Between EPM
sessions and after each rat the maze was cleaned
with distilled water. The obtained data were used to
calculate: a) % OAT (the ratio of time spent in open
arms to the time spent in all arms x100); b) % OAE
(the ratio of entries into open arms to total entries
x100) [55,97,98], and c) the total closed and open
arm entries were considered as a relatively pure
index for the locomotor activity [93,95].

Drugs

The drugs used in the present study were keta-
mine and xylazine (Alfasan Chemical Co, Woerden,
Holland) for animal anaesthesia, NMDA (N-methyl-
D-aspartic acid as NMDA receptor agonist, Tocris
Cookson, Bristol, UK), SCH 23390 (as dopamine D,
receptor antagonist) and sulpiride (as dopamine D,
receptor antagonist). NMDA and SCH 23390 were
dissolved in sterile 0.9% saline while sulpiride was
dissolved in vehicle (the vehicle was one drop of gla-
cial acetic acid from Hamilton microsyringe, made
up to a volume of 5 ml with sterile 0.9% saline,
then diluted to the required volume) just before the
experiment. Control animals received either saline
or vehicle. NMDA and SCH were administered into
the shell of the nucleus accumbens at a volume of
0.3 pl/rat.

Drug treatments

Experiment 1: Effects of NMDA administration
on open arms exploratory-like behaviours
in the presence or absence of SCH 23390

To substantiate whether the microinjection of
drugs involved in anxiety, the drug infusion took place
before EPM testing. In this experiment, 12 groups
of animals were examined. These were as follows:
1) animals which received intra-NAc shell saline
(0.3 pL/rat) or NMDA (0.125, 0.25, and 0.5 pg/rat),
5 min after saline (0.3 ulL/rat); 2) animals which re-
ceived intra-NAc shell saline (0.3 pl/rat) or SCH (0.125,
0.25 and 0.5 pg/rat), 5 min before saline (0.3 plL/rat)
and 3) animals which received intra-NAc shell sali-
ne (0.3 pl/rat) or the subthreshold dose of SCH
(0.0125 pg/rat), 5 min before different doses of
NMDA (0.125, 0.25, and 0.5 pg/rat).

To investigate the possible drug carryover effects
of aversive learning during test day to aversive
memory upon retest, treated groups were retested
undrugged in EPM 24 h later.
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Experiment 2: Effects of NMDA administration
on open-arms exploratory-like behaviours
in the presence or absence of sulpiride

To substantiate whether the microinjection of drugs
involved in anxiety, the drug infusions were done be-
fore EPM testing. In this experiment, 12 groups of
animals were examined. These included: 1) animals
which received intra-NAc shell saline (0.3 pl/rat)
or NMDA (0.125, 0.25, and 0.5 ug/rat), 5 min after
saline (0.3 pL/rat); 2) animals which received intra-
NAc shell vehicle (0.3 pL/rat) or sulpiride (0.125, 0.25
and 0.5 pg/rat), 5 min before saline (0.3 pL/rat) into
NAc shell, and 3) animals which received intra-NAc
shell vehicle (0.3 plL/rat) or the subthreshold dose of
sulpiride (0.0125 pg/rat), 5 min before different doses
of NMDA (0.125, 0.25, and 0.5 ug/rat).

To investigate the possible drug carryover effects of
aversive learning during test day to aversive memory
upon retest, treated groups were retested undrugged
in EPM 24 h later.

Histology

Following the completion of behavioural test-
ing, animals were euthanized using an overdose
of chloroform. Ink (0.3 pL of 1% aquatic methylene
blue solution) was injected into the guide cannulae
using 27-gauge injection cannulae. Brains were then
removed and fixed in a 10% formalin solution for
48 hours before sectioning. The brains were sliced
using the vibro-slice apparatus in transverse planes
(40 pm). Cannula placements were verified based
on the corresponding map of Paxinos and Watson
atlas of rodents’ brain [58]. Data from the animals in
which injection sites were located outside the NAc
shell were not included in the analyses.

Statistical analysis

Data were expressed as mean + SEM and ana-
lyzed using the repeated measure protocol during test
and retest days. In addition to the analysis made to
compare test to test or retest to retest, the two-way
analysis of variance (ANOVA) was also applied. Where
F-value was significant, one-way ANOVA and post-
hoc analysis (Tukey-test) were performed. Between-
groups differences with p < 0.05 were considered sta-
tistically significant.
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Results
Histology

Data from the animals in which injection sites
were located outside the NAc shell were not includ-
ed in the analyses and in the present study we used
only data from animals that were cannulated clear-
ly within-NAc-shell. Cannulae were implanted into
the NAc shell of a total of 208 rats, however only
the data from 192 animals with correct cannulae
implants were included in statistical analyses.

Experiment 1 results

Effects of NMDA administration on open arms
exploratory-like behaviours

Repeated measure and post hoc analyses demon-
strated that NMDA increases the %OAT (at 0.25 and
0.5 pg/rat, as seen in Fig. 1; panel 1A and Fig. 2; pa-
nel 1A, respectively), %OAE (at 0.25 and 0.5 ug/rat as
seen in Fig. 1; panel 1B and Fig. 2; panel 1B, respec-
tively) and decreases the locomotor activity (non-sig-
nificantly and significantly as seen in Fig. 1; panel 1C
and Fig. 2; panel 1C, respectively), indicating an anxi-
olytic-like response to NMDA.

Adding to the above, data showed that NMDA
increases the %0AT (at 0.25 and 0.5 pg/rat, as shown
in Fig. 1; panel 2Aand at 0.125 and 0.5 pg/ratin Fig. 2;
panel 2A) and %0AE (at 0.25 and 0.5 pg/rat as shown
in Fig. 1; panel 2B and at 0.125 and 0.5 pg/ratin Fig. 2;
panel 2B). However, this did not alter the locomotor
activity (Fig. 1, panel 2C and Fig. 2, panel 2C) upon
retest as compared to the control group, indicating
an NMDA-induced impairment of the aversive mem-
ory acquisition.

According to the above data, NMDA induced anx-
iolytic-like behaviours. Furthermore, the retest data
suggested that the NMDA anxiolytic-like effect may
also be linked to the impairment in further avoidance
acquisition. The corresponding repeated measure re-
sults have been demonstrated in Table | and Table II.

Effects of intra-NAc shell microinjection
of SCH 23390 on open arms exploratory-like
behaviours

In this experiment two-way ANOVA analysis was
done to assess the NMDA treated group dose-re-
sponse as compared to controls as well as the interac-
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Fig. 1. The effects of NMDA administration on open-arms exploratory-like behaviours in the presence or
absence of SCH 23390. Rats were tested in the EPM, 5 min after concurrent microinjection of saline (0.3
uL/rat) or NMDA (0.125, 0.25 and 0.5 pg/rat) or saline (0.3 pL/rat) or SCH 23390 (0.125, 0.25 and 0.5 pg/rat)
and the subthreshold dose of SCH 23390 prior to intra-NAc shell NMDA. In 24 h, all groups were retested in
the EPM, undrugged. *p < 0.05, **p < 0.01 and ***p < 0.001 different from the control group on the test day.
*p < 0.05, **p < 0.01 and ***p < 0.001 different from control groups on the retest day. *p < 0.05, **p < 0.01
and “**p < 0.001 different from the test and retest groups. ¥p < 0.05, ¥¥p < 0.01 and ¥¥¥p < 0.001 different
from the test groups. Pp < 0.05, PBp < 0.01 and PBPp < 0.001 different from the retest groups.
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Fig. 2. The effects of NMDA administration on open-arms exploratory-like behaviours in the presence or
absence of sulpiride. Rats were tested in the EPM, 5 min following the concurrent microinjection of saline
(0.3 uL/rat) or NMDA (0.125,0.25 and 0.5 pg/rat) or vehicle (0.3 uL/rat) or sulpiride (0.125,0.25 and 0.5 pg/rat)
and the subthreshold dose of sulpiride prior to the intra-NAc shell NMDA. In 24 h, all groups were retested
in the EPM, undrugged. *p < 0.05, **p < 0.01 and ***p < 0.001 different from the control saline group on the
test day. *p < 0.05, **p < 0.01 and ***p < 0.001 different from control saline groups on the retest day. *p <
0.05, **p < 0.01 and ***p < 0.001 different from the test and retest groups. ¥p < 0.05, ¥¥p < 0.01 and ¥¥¥p <
0.001 different from the test groups. fp < 0.05, PBp < 0.01 and PPBp < 0.001 different from the retest groups.
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Table I. Repeated measure and two ANOVA results with p values for experiment 1

Experiments Behaviours Day Group Day and group Final results/
interaction conclusion of each
experiment
Repeated measure Fa 28 p 29 p Fi, 29 p NMDA at doses of
results . 0.25and 0.5 pg/rat
(panel 1and 2 % OAT 30.516 0.000 25.923 0.000 0.012 0.998 induced anxiolytic-
of Fig. 1) % OAE 21514 0000 14052 0000 0424 0737 likebehaviourand
impaired aversive
Locomotion 3.661 0.066 1.591 0.214 2.141 0.118 memory acqu]s]‘[ion
Repeated measure Fa, 28 p 3,29 p Fa, 29 p SCH at doses of
results S 0.25 and 0.5 pg/rat
(panel 3 and 4 % OAT 1.258 0.272 9.286 0.000 1.506 0.235 induced anxiolytic-
of Fig. 1) % OAE 2954 0097 18856 0000 0330 0804 likebehaviourand
impaired aversive
Locomotion 17.398 0.000 5.332 0.005 0.816 0.496 memory acqu]s]tion
Two ANOVA Fa se) p @, 56) p Fa, se) p SCH at a dose of
results S 0.125 pg/ratin
(panel 5 and 1 % OAT 149.065 0.000 1.581 0.220 25.770 0.000 the NAc decreases
of Fig. 1) % OAE 9469  0.003 5.621 0.002 2731 0.052 the anxiolytic-like
behaviours induced
Locomotion 4.092 0.048 3.500 0.021 1.062 0.373 by the intra-NAc shell
injection of NMDA at
IEVZZ@SNOVA Fu.se) p G,56) P F. 56 p doses of 0.125, 0.25
(panel 6 and 2 % OAT 63.043 0.000 1.074 0.368 26.897 0.000 and 0.5 pg/rat and
of Fig. 1) O meanwhile improves
g % OAE 1342 0252 5307 0003 6047  0.00l  the aversive memory
Locomotion  0.198 0.658 1.265 0.295 0.566 0.640 impairment

tion with SCH 23390 or sulpiride treatment. Accord-
ing to the repeated measure and Post hoc analyses,
SCH 23390 increased the %OAT (at 0.25 pg/rat,
Fig. 1; panel 3A), %0AE (at 0.25 and 0.5 pg/rat,
Fig. 1, panel 3B) and decreased the locomotor activ-
ity (at 0.5 pg/rat, Fig. 1; panel 3C) upon test, indi-
cating that SCH 23390 may induce an anxiolytic-like
response.

Moreover, the data revealed that SCH 23390
increases the %OAT (at 0.5 pg/rat, Fig. 1; panel 4A),
and %O0AE (at 0.25 and 0.5 pg/rat, Fig. 1; panel 4B),
while does not alter the locomotor activity (Fig. 1;
panel 4C) on retest day as compared to the control
group, indicating that SCH 23390 possibly impairs
the aversive memory retrieval.

In conclusion, the data revealed that SCH 23390
induces an anxiolytic-like response. Besides, the
increased %OAT upon retest indicates that SCH
23390-treated rats had their aversive memory to
open-arm exploration negatively affected as com-
pared to the control group. The corresponding repeat-
ed measure results have been summarized in Table I.
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Effects of NAc shell microinjection of SCH 23390
prior to NMDA on open arms exploratory-like
behaviours

Two-way ANOVA and post hoc analyses revealed
that intra-NAc microinjection of SCH 23390 prior to
NMDA causes a significant decrease in %O0AT (at
0.125, 0.25 and 0.5 pg/rat, Fig. 1; panel 5A) while
exerts no significant change in the %O0AE and the
locomotor activity (Fig. 1; panel 5B, 5C) on test day as
compared to NMDA-treated groups (Fig. 1; panel 1A,
1B and 1C), indicating that SCH 23390 potentially
reverses the anxiolytic-like response induced by the
intra-NAc shell microinjection of NMDA.

On the other hand, this intervention resulted in
a significant decrease in the %OAT (at 0.125, 0.25
and 0.5 pg/rat, Fig. 1; panel 6A) while leading to no
significant change in %0AE and locomotor activity
(Fig. 1; panel 6B, 6C) on retest day as compared to
NMDA-treated groups (Fig. 1; panel 2A, 2B and 2C). The
above indicates that SCH 23390 potentially restores
the aversive memory impairment already induced by
the intra-NAc shell microinjection of NMDA.
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Table Il. Repeated measure and two ANOVA results with p values for experiment 2

Experiments Behaviours Day Group Day and group Final results/
interaction conclusion of each
experiment
Repeated Fa 28 p .29 p Fa, 29 p NMDA at doses of
measure results . 0.25and 0.5 pg/rat
(Panel1and 2 % OAT 10.031 0.004 11.111 0.000 2.264 0.103 induced anxiolytic-
of Fig. 2) % OAE 11446 0002 12033 0000 3188 0039 likebehaviourand at
doses of 0.125 and
Locomotion  3.740 0.063 4.047 0.016 1.983 0139 025 ug/rat impaired
aversive memory
acquisition
Repeated Fa, 28 p 3,29 D Fa, 29 p Sulpiride at doses of
measure results S 0.25 and 0.5 pg/rat
(Panel 3 and 4 % OAT 2.466 0.128 6.472 0.002 1.591 0.214 induced anxiolytic-
of Fig. 2) % OAE 2414 0131 14298 0000 1058 0383 like behaviourand
at dose of 0.5 ug/
Locomotion 5.324 0.029 6.447 0.002 2.795 0.059 rat impaired aversive
memory acquisition
Two ANOVA Fa se p @, 56) p Fa, se) p Sulpiride at a dose
results . of 0.125 pg/rat in
(Panel 5 and 1 % OAT 28.098 0.000 1.137 0.342 18.014 0.000 the NAC decreases
of Fig. 2) % OAE 8996 0004 0984 0407 5668  0.002 the anxiolytic-like
behaviours induced
Locomotion  1.242 0.270 4772 0.005 1394 0254 bythe intra-NAc shell
injection of NMDA
Two ANOVA Fu,s6) p (3, 56) P Fo.56) P at doses of 0.25
results
% OAT 21579 0.000 0.541 0.656 10.833 0.000 and 0.5 pg/rat, and
(Panel 6 and 2 .
of Fig. 2) O meanwhile improves
- % OAE 1517 0223 1070 0369 4634 0006  the aversive memory
locomotion 3574 0064 3574 0064 065/ 0582 mpairmentbythe

intra-NAc shell injec-
tion of NMDA

Having mentioned these, we may conclude that
the intra-NAc shell injection of the subthreshold dose
of SCH 23390 decreases the anxiolytic-like behaviours
induced by the intra-NAc shell injection of NMDA, and
meanwhile improves the aversive memory impair-
ment. The two-way ANOVA results have been out-
lined in Table I.

Experiment 2 results

Effects of NAc shell microinjection of sulpiride
on open arms exploratory-like behaviours

According to the repeated measure and post
hoc analyses, the data showed that sulpiride does
not alter the %O0AT (Fig. 1; panel 3A) while increases
the %OAE (at 0.25 and 0.5 pg/rat, Fig. 2, panel 3B)
and decreases the locomotor activity (at 0.25 and
0.5 pg/rat, Fig. 2; panel 3C) upon test, indicating that
sulpiride may induce an anxiolytic-like response.

Moreover, the data revealed that sulpiride increas-
es the %OAT (at 0.5 pg/rat, Fig. 2; panel 4A), %0AE
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(at 0.5 pg/rat, Fig. 2; panel 4B) whereas decreases
the locomotor activity (at 0.5 ug/rat, Fig. 2; panel 4C)
on retest day as compared to the control group, indi-
cating that sulpiride possibly impairs the aversive
memory retrieval.

In conclusion, the data revealed that sulpiride
induces an anxiolytic-like response. Besides, the
increased %OAT upon retest indicates that sulpiri-
de-treated rats had their aversive memory to open-
arm exploration negatively affected as compared to
the control group. The corresponding repeated mea-
sure results have been summarized in Table II.

The effects of intra-NAc shell microinjection
of sulpiride prior to NMDA on open arms
exploratory-like behaviours

Two-way ANOVA and post hoc analyses demon-
strated that the intra-NAc microinjection of sulpiride
prior to NMDA causes a significant decrease in %0AT
(at 0.25 and 0.5 pg/rat, Fig. 2; panel 5A) and %0AE
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(at 0.5 pg/rat, Fig. 2; panel 5B) while exerts no signif-
icant change in locomotor activity (Fig. 2; panel 5C)
on test day as compared to NMDA-treated groups
(Fig. 2; panel 1A, 1B and 1C). This indicates that sulpir-
ide potentially reverses the anxiolytic-like response
induced by intra-NAc shell microinjection of NMDA.

On the other hand, this intervention resulted in
a significant decrease in %0AT (at 0.125, 0.25 and
0.5 pg/rat, Fig. 2; panel 6A) while leading to no sig-
nificant change in %O0AE and locomotor activity
(Fig. 2; panel 6B, 6C) on retest day as compared to
NMDA-treated groups (Fig. 2; panel 2A, 2B and 2C).
The above indicates that sulpiride potentially restores
the aversive memory impairment already induced by
the intra-NAc shell microinjection of NMDA.

Based on these, we may conclude that the intra-
NAc shell microinjection of the subthreshold dose
sulpiride decreases the anxiolytic-like behaviours
induced by the intra-NAc shell injection of NMDA, and
meanwhile improves the aversive memory impair-
ment. The corresponding two-way ANOVA results are
outlined in Table II.

Discussion

In our study, animals were given pretest intrace-
rebral drugs injection followed by no injection upon
retest 24 h later. Based on this, drug effects on anx-
iety-like behaviours and aversive learning with sub-
sequent long-term effects on memory in 24 h were
tested. It has been reported that the prior experience
of an undrugged EPM testing session may alter the
behavioural responses in an undrugged retest ses-
sion [13,74]. The injury caused by the injection might
change the expression of messenger RNAs and pro-
teins. But there is a study that investigated changes
in the expression of messenger RNAs for trkA, trkB
and trkC in the brain following an injury caused by
insertion of a 30-gauge needle into adult rat hippo-
campus or neocortex. The increased levels of mMRNA
after the injury returned to control levels a few hours
after the injury. Pretreatment of the animals with
the ketamine completely prevented the changes
of trkB and trkC messenger RNAs, suggesting that
the brain injury caused a release of glutamate with
subsequent activation of NMDA receptor [54]. In the
present study, rats were allowed 5 days before the
test to recover from surgery so the changes of mRNA
levels after the injury may be returned to control lev-
els after the recovery days.
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Effects of intra-NAc shell NMDA
administration on anxiolytic-like
behaviours and aversive memory
formation

Our results indicated that the intra-NAc shell
infusion of NMDA receptor agonist at applied dos-
es induces an anxiolytic-like response in EPM. This
NMDA-induced anxiolytic-like effect emerges into
the retest day. Current findings suggest that NMDA
treatment induces impairment in the aversive mem-
ory acquisition upon test. There is a body of evi-
dence supporting that NAc shell is an essential brain
site regulating emotion, motor activity [17], moti-
vation-related learning, memory [12,29], and anxi-
ety-like behaviours [48,49,61]. On the other hand, the
NMDA receptor (as an ionotropic glutamate receptor)
plays a critical role in the regulation of glutamate-in-
duced behaviours such as learning and memory for-
mation (possibly through long-term potentiation and
depression) [9,38], and anxiety-related behaviours
[26,63].

Our results are in agreement with the previous
investigation showing that NMDA agonist releases
behavioural and anxiolytic-like behaviours indicat-
ing the role of NMDA receptors in modulation of
anxiety-related behaviours [26,73]. Moreover, there
is also an investigation showing that the activation
of NMDA receptor induces anxiogenic-like effects in
EPM and social interaction tasks [21].

Evidence has suggested the critical role of NAc
in regulation of several learning functions which
require a flexible use of sensory information [47,64,
65]. It has been postulated that NAc manipulations
induce spatial memory deficit in the Morris water
maze [64,68] and radial maze [24,70]. In agreement
with our results, evidence has demonstrated that
the systemic administration of NMDA leads to an
impaired dark-avoidance learning in rats [89]. On
the other hand, some investigations have postulated
that the deactivation of the NAc glutamatergic ion-
otropic receptors disrupt the working memory [7,35,
41] and spatial responses [71] while other contradic-
tory studies have shown that the NMDA receptor
blockade in NAc shell does not alter the spatial learn-
ing [47,71]. Furthermore, it appears that the NAc shell
is more involved in the regulation of spatial learning
and memory as compared to the NAc core since the
NAc shell (but not the core) lesions disrupt the spa-
tial learning [35]. The NAc sends a dense GABA pro-
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jection to the ventral pallidum (VP), and stimulation
of either the NAc or its glutamatergic afferents can
inhibit VP neuronal firing [23]. The VP can influence
DA neural activity via a direct projection to the ven-
tral tegmental area (VTA) [23]. Dopaminergic neurons
projection of the VTA sends back to the NAc. Dopami-
nergic terminals arising from this area make synaptic
contacts with NAc GABAergic neurons. According to
the present results, stimulation of the NAc by injec-
tion of NMDA in this area would have increased fir-
ing of GABAergic projection neurons of the NAc caus-
ing a decrease in VP the GABAergic neural activity.
The decrease in VP activity would then be expected
to cause a reduction of the GABAergic inhibition over
the VTA and this could alter an increased release of
dopamine in NAc. The present data suggested that
maybe glutamate exerts its function by affecting the
release of dopamine. Several studies have indicated
that dopaminergic system modulates the neuronal
activities involved in fear or anxiety-like behaviours
[25,60]. Several investigations have substantiated
that the mesocortical DA system produces a robust
and specific response to stressors [28]. Some investi-
gations have suggested that these high levels of DA
released under stress are above the optimal range for
working memory and therefore impair this cognitive
function [5,88].

Effect of intra-NAc shell dopamine D,
and D, receptors antagonists injection
on anxiolytic-like behaviours and
aversive memory formation

It has been made clear that the NAc shell plays
a critical part in modulation of dopamine-mediated
functions as it contains the largest amount of dopa-
minergic terminals and thus the highest concen-
tration of dopamine [20,27,80]. Therefore, the NAc
dopaminergic system has a pivotal role in modula-
tion of learning and memory [11,14,43], fear and/or
anxiety [50]. The idea of investigating the role of NAc
shelldopamine D, and D, receptors in NMDA-induced
effects using the elevated plus-maze test, appealed
to our interest.

Present results indicated that the intra-NAc shell
microinjection of SCH 23390 (a dopamine D, receptor
antagonist) increases both %OAT and %OAE whereas
decreases the locomotor activity. On the other hand,
inhibition of the dopamine D, receptor in NAc shell
by sulpiride (a dopamine D, receptor antagonist) did
not affect the %OAT, however; increased %OAE and
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decreased the locomotor activity. Several investiga-
tions have substantiated that the extensive D1- and
D2-like receptors are on the presynaptic varicosities
of medium-spiny neurons of nucleus accumbens
[84]. Similar to the response seen with SCH 23390
and sulpiride on anxiolytic-like behaviours there is
a study showing that dopamine D, and D, receptors
blockade in the basolateral amygdala exerts anxio-
lytic-like behaviours [96]. Intra-NAc injection of SCH
23390 or sulpiride induced anxiolytic- and did not
alter anxiety-like behaviours, respectively [90]. Fur-
thermore, our present data indicated that beside
the increased %OAT on the test day, the increased
%OAT upon retest in both SCH 23390 and sulpiride
show that these drug-induced anxiolytic-like effects
emerge on the retest day. Current findings suggest
that SCH 23390 and sulpiride treatments impair the
aversive memory function upon retest. Moreover,
evidence has reemphasized the crucial role of dopa-
minergic system in the regulation of several neural
activities which are involved in learning and memo-
ry (see [34], for a review). For instance, it has been
shown that the activation or deactivation of dopa-
mine receptors provides a capability to learn and
store information [1]. Other studies have demon-
strated that the immediate post-training block-
ade of D, and D, receptors located within the NAc
impairs the performance of spatial learning tasks
[52]. Based on some other reports, the intra-dorsal
hippocampal [62] and peripheral [2,15] administra-
tion of the antagonists impair the one-trial passive
avoidance and spatial or non-spatial memories in
mice, respectively. However, other investigations
indicate that pre-test single administration of SCH
23390 or sulpiride causes no significant change
in the step-down latency [56]. One study demon-
strated that inhibition of the dopamine exocytosis
from pre-synaptic neuron via Ca®*-channel blockade
by SKF96365 decreases anxiolytic-like behaviours
induced by sulpiride in the NAc shell region indicat-
ing the involvement of the pre-synaptic dopamine
D, receptors in sulpiride induced anxiolytic-like
behaviours [3]. However, blockade of pre-synaptic
dopamine D, receptors increases the presynaptic
release of dopamine, which in turn induced anxiolyt-
ic-like behaviours and aversive memory acquisition
impairment. The anxiolytic-like behaviours and aver-
sive memory acquisition impairment that induced
by SCH may be related to its effects on pre-synaptic
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dopamine D, receptors in shell on NAc which will
cause the increase in dopamine release.

Effect of intra-NAc shell microinjection
of D, and D, receptors antagonists

on anxiolytic-like behaviours

and aversive memory deficits induced
by the intra-NAc shell NMDA

Data indicated that the intra-NAc shell admin-
istration of the subthreshold dose (0.125 ug/rat) of
SCH 23390 or sulpiride together with different dos-
es of NMDA, reduce the anxiolytic-like response and
improve the aversive memory impairment already
induced by the intra-NAc shell infusion of NMDA.
These results may suggest the involvement of the
dopamine transmission through D, and D, receptors
of the NAc. Several investigations have suggested
the possible dopaminergic and glutamatergic sys-
tems interaction in the NAc [66,67] based on which
the NAc glutamate transmission is modulated by
the dopamine system [37,53,82]. With respect to the
interaction of these systems, there is a study show-
ing that the NMDA receptors are localized on the
NAc shell neurons which abundantly contain dopa-
mine D, receptors [81]. Some evidence has also indi-
cated the modulation of dopamine function through
NMDA and AMPA receptors [30]. In an interesting
report, Kalivas et al. declared that SCH 23390 and
sulpiride restore the amphetamine-induced gluta-
mate level decrease in NAc suggesting the involve-
ment of presynaptic dopamine receptors in this phe-
nomenon [36]. Furthermore, Dalia et al. indicated
that dopamine increases the extracellular glutamate
levels in the NAc [18]. Meanwhile, activation of glu-
tamate receptor increases the dopamine release in
the NAc [31]. We also know from the literature that
NAc dopamine and glutamate signalling interactions
are crucially required in behavioural reinforcement
and habit formation and dopamine can modulate
excitatory glutamatergic projection from the PFC
[82]. The elevation of extracellular dopamine and
glutamate levels in the striatum might disrupt Ca®*
homeostasis leading to the endoplasmic reticulum
(ER) stress response [4,72]. The stimulation of dopa-
mine D, receptors in the mouse neostriatum acti-
vates the cAMP/protein kinase A (PKA) pathway [76].
PKA activated increases in the levels of nitric oxide
(NO) in the dorsal striatum [45]. NO in turn produc-
es peroxynitrite which can regulate poly (ADPribose)
polymerase-1 (PARP-1) activation [86]. Activation of

174

three subtypes of glutamatergic ionotropic receptors
leads to calcium influx, nitric oxide (NO) and reactive
oxygen species (ROS) generation. Superoxide can
combine with NO forming peroxynitrite (ONOO").
Excessive production of peroxynitrite and other free
radicals induces chromosomal DNA nicks and breaks
resulting in PARP-1 activation [19,83]. This enzyme is
the nuclear target for different types of stress and
signalling pathways. PARP-1 plays a crucial role in
regulation of many transcription factors and nuclear
proteins. Under physiological conditions, this enzyme
is involved in memory formation and it should not
be inhibited [32]. However, under massive stress and
other pathological conditions it could be over-acti-
vated and involved in cell death by different mecha-
nisms including activation of pro-inflammatory gene
expression or modulation of NMDA and cholinergic
receptor signalling [75,77]. Thus, there are three pos-
sible mechanisms for PARP-1 activation: first, dopa-
mine D, receptor-dependent cAMP/PKA pathway is
able to activate PARP-1; second, group | mGluRs and
NMDA receptors interact with each other to increase
PAPR-1 activation; and third, crosstalk between
dopamine and glutamate receptors may provide
another means of interaction [85]. Another study
demonstrated that systemic inflammation evoked
by an intraperitoneal injection of lipopolysaccharide
induces morphological and biochemical changes
in the brain including alterations of PARP-1 activity
and expression of several genes [32]. PARP-1 inhibi-
tor protects against LPS-evoked recognition impair-
ment and significantly improves spatial memory in
LPS-treated mice. PARP-1 inhibitor in control mice
decreased memory function because under physio-
logical conditions this enzyme is involved in memory
formation and it should not be inhibited [32].

In conclusion, the stimulation of NMDA recep-
tors in the shell of NAc and the effects of dopamine
antagonists on presynaptic receptors might cause
the increase in dopamine levels in the striatum and
disrupt Ca?* homeostasis leading to the endoplas-
mic reticulum (ER) stress response [4,72]. In addi-
tion, stimulating dopamine and glutamate recep-
tors increases nitric oxide efflux which activates
PARP-1 in the central nervous system [69,86]. Under
physiological conditions, this enzyme is involved in
memory formation and it should not be inhibited
[32]. Activation of PARP-1 by elevation of extracel-
lular dopamine and glutamate levels in the striatum
might disrupt memory function and induce anxiolyt-
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ic-like behaviours. Finally, our results suggest a mod-
ulatory role of the NAc shell dopaminergic system on
NMDA-induced effects in the aversive memory.
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