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ABSTRACT

Glutamatergic and dopaminergic effects on molecular processes have been
extensively investigated in the basal ganglia. It has been demonstrated that NMDA
and dopamine D1 and D2 receptors interact in the regulation of signal transduction
and induction of transcription factors. In the present experiments, NMDA/dopamine
interactions were investigated in the normosensitive caudate nucleus, hippocampus
and amygdala by monitoring FOS production. We demonstrated that NMDA and the
D1 receptor agonist SKF 38393 triggered FOS levels in a distinct, non-overlapping
and region-specific pattern. NMDA injected intraperitoneally (i.p.) elevated FOS
levels in all hippocampal subfields and the central amygdala, whereas SKF 38393
triggered FOS production in basomedial, cortical, medial amygdala and caudate
nucleus. The NMDA receptor antagonist CGS 19755 prevented NMDA- and SKF
38393-triggered FOS production in all investigated brain areas. Similarly, the D1
receptor antagonist SCH 23390 inhibited the effects produced by SKF 38393 or
NMDA. The D2 receptor antagonist sulpiride exerted synergistic and antagonistic
effects on NMDA- and SKF 38393-triggered FOS production, in a region specific
manner. These data suggest that NMDA and dopamine receptors regulate FOS
production within the limbic system and basal ganglia through regionally
differentiated but interdependent actions.



 Chapter 4

62

INTRODUCTION

Monitoring of the production pattern of the FOS protein has been
extensively employed to investigate the role of brain neurotransmitter systems in
rapid gene responses (Morgan and Curran, 1991). The role of dopamine receptors in
the regulation of FOS production has been investigated in detail in the basal ganglia
after systemic injections of dopaminergic agonists in vivo  (Moine et al., 1997;
Nakazato et al., 1998; Wang and Ginty, 1996; Wirtshafter and Asin, 1994) and their
application to striatal cultures (Das et al., 1997; Konradi et al., 1996), on the basis of
their implication in Parkinson’s disease, schizophrenia, compulsive disorders and
addiction (Bergmann et al., 1998; Blandini and Greenamyre, 1998; Lange et al.,
1997; Starr, 1995; Wichmann and Delong, 1996). On the other hand, the effect of
NMDA receptors on FOS production has been primarily investigated in
hippocampus-dependent experimental models to study convulsions, stress, novelty
and learning (Bozas et al., 1997; Radulovic et al., 1998; Shin et al., 1998). For the
basal ganglia it was consistently demonstrated that the effect of dopamine D1
receptor agonists requires the activity of NMDA receptors, as demonstrated by the
ability of NMDA receptor antagonists to fully prevent D1 receptor-stimulated FOS
production (Keefe and Ganguly, 1998; Konradi et al., 1996; Nakazato et al., 1998;
Tomitaka et al., 1995). The modulation of NMDA receptor-currents by the
dopaminergic system has also been demonstrated (Blank et al., 1997; Cepeda et al.,
1993; Cepeda et al., 1998; Colwell and Levine, 1995; Fraser and Mac Vicar, 1994),
suggesting an interdependence of both systems. However, the impact of dopamine
receptors on NMDA receptor-mediated gene responses has not been investigated so
far.

In addition, little is known on dopamine/NMDA interactions in brain
regions other than the basal ganglia, although the joint activity of NMDA and
dopamine receptors has been implicated in a variety of behaviors, not only restricted
to basal ganglia function. In particular, neuronal processes underlying learning and
memory of behavioral tasks mediated by limbic structures are sensitive to
dopaminergic and NMDA-dependent modulation (Mele et al., 1995; Roullet and
Mele, 1996; White et al., 1995). Numerous areas within the limbic system, including
the hippocampus and amygdala, contain NMDA and dopamine receptors (Huang et
al., 1992; Huang and Kandel, 1996; Laurie et al., 1995) which could modulate short-
and long-term responses to environmental stimuli.

The objective of the present study was to evaluate the pattern of FOS
production in the basal ganglia and limbic system in response to both dopamine and
NMDA receptor stimulation and investigate the role of NMDA receptors in
dopamine-induced FOS production as well as the role of dopamine receptors in
NMDA-induced FOS production.
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MATERIALS AND METHODS

Animals
Eight-week-old male inbred C57BL/6J mice, obtained from Harlan-Winkelmann (Borchen,

Germany) were used in the experiments. The mice were housed according to the recommendations of
the Society for Laboratory Animal Science (Germany). Standard pelleted diet and water were offered
ad libitum. Mice were kept individually in standard Macrolon cages in mouse "hotels" (consisting of
shelves located within a wooden enclosure providing olfactory, acoustic, and optic isolation from the
experimental room) 5 days before the beginning of the experiments. In the mouse hotels, the
temperature was maintained at 22 ± 1°C the humidity at 55 ± 10% and the light-dark cycle at 12 hr (7
a.m. - 7 p.m.).

Treatments
In the first series of experiments, mice were intraperitoneally (i.p.) injected with different

doses of NMDA (15, 30 and 60 mg/kg) and the dopamine D1 receptor agonist (± ) SKF 38393
hydrobromide (SKF 38393, 3.75 and 7.5 mg/kg) in order to establish a minimal dose of each drug
required to trigger FOS production. In subsequent experiments, mice were injected i.p. with 30 mg/kg
of NMDA or 7.5 mg/kg of SKF 38393. Combined treatment with agonists was performed by i.p.
injection of mice with 30 mg/kg of NMDA followed 5 min later by i.p. injection of the D1 receptor
agonist SKF 38393 or a reversed sequence of both agonists. Antagonist studies were performed by i.p.
injection of the NMDA receptor antagonist CGS 19755 (10 mg/kg), D1 receptor antagonist SCH 23390
(1 mg/kg) and D2 receptor antagonist sulpiride (50 mg/kg) alone, or 30 min before i.p. injection of
NMDA or SKF 38393. All agonists and antagonists were dissolved in physiological NaCl (saline)
solution and the pH of the solutions was adjusted to 7.4. Each mouse received 100 µl of drug solution.
Control mice were injected i.p. with 100 µl of saline. NMDA was purchased from Sigma (Deisenhofen,
Germany) and all other chemicals from RBI (Köln, Germany). All efforts were taken to minimize
animal suffering during the experiments.

FOS Immunohistochemistry
One hour after injection of agonists or one and a half hours after injection of antagonists, four

to seven mice of each group were anesthetized with ketamine (130 mg/g b.w.) and xylasine (13 mg/g
b.w.) in saline (0.01ml/g, i.p) and then transcardially perfused  with ice cold PBS, followed by 4%
paraformaldehyde in phosphate buffer (pH 7.4, 150 ml/mouse). Brains were postfixed for 48 hr in the
same fixative and then immersed for 24 hr each in 10%, 20% and 30% sucrose in PBS. After the tissue
was frozen with liquid nitrogen, 50-µm thick coronal sections were cut on the cryostat.
Immunohistochemical staining of free-floating sections was performed as described previously
(Radulovic et al., 1998). Briefly, FOS was detected with a rabbit anti- FOS antibody (Oncogene
Science, 1:20,000 dilution) for 48 hr at +4°C. Subsequently, the sections were washed and incubated at
room temperature with biotinylated goat anti-rabbit antibody followed by the ABC complex (Vector
ABC kit). For visualization, DAB was used as chromogen (Sigma fast tablet set). The sections were
mounted, dehydrated and coverslipped with Eukitt. The specificity of immunostaining was confirmed
on sections that were incubated with FOS antibody preabsorbed overnight at +4°C with appropriate
synthetic antigenic peptide in 10-fold excess over the amount of antibody (Oncogene Science).

Quantification and Data Analysis
FOS-positive cells were counted in the hippocampus, amygdala and caudate nucleus with a

Macintosh-based image analysis system (NIH Image), as described previously (Radulovic et al., 1998).
Counting was performed at a magnification x 100, in one field per area encompassing the entire brain
region included in quantification. An area of the same shape and size per brain region was used for
each mouse. The same light and threshold conditions were employed for all sections except for the
dentate gyrus, where a higher threshold was used due to the high density of stained cells in this area.
Nuclei were counted individually and expressed as number of FOS-positive nuclei per 0.1 mm2. The
anteroposterior (AP) coordinates relative to bregma of the areas (Franklin and Paxinos, 1997) included
for detailed analysis were: AP -1.22, medial nucleus of the amygdala; AP -1.34 central, cortical,
basomedial and basolateral nucleus of the amygdala, hippocampal CA1, CA2, CA3 regions and dentate
gyrus; AP + 0.98, dorsomedial, dorsolateral, ventromedial and ventrolateral parts of the caudate
nucleus. Statistical analysis of behavioral and immunohistochemical data were performed by ANOVA



 Chapter 4

64

followed by the Bonferonni-Dunn test for post-hoc comparisons. The results are presented as mean ±
SEM.

Figure 1. FOS levels in the hippocampus (a), amygdala (b) and caudate nucleus (c)
of mice injected i.p. with saline (A). Schematic representation of the analyzed brain
areas (B). Scale bar = 200 µm.
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RESULTS

In all brain areas subjected to quantitative analysis of FOS-positive nuclei,
saline injection resulted in low to undetectable FOS levels (Fig. 1). Dose-response
studies with NMDA and SKF 38393 were carried out with the aim to establish the
lowest dose of each drug producing significant FOS production in the hippocampus,
amygdala and caudate nucleus. This effect was achieved with 30 mg/kg of NMDA
and 7.5 mg/kg of SKF 38393 (Figs. 2 and 3).

Figure 2. Effects of NMDA (A), SKF 38393 and sulpiride (B) on FOS production in
the hippocampus, amygdala and caudate nucleus. No. of mice per group was four to
seven. Statistically significant differences: *p < 0.05 or greater vs. saline, ap < 0.05
or greater vs. NMDA 15 mg/kg, bp < 0.05 or greater vs. SKF 38393 3.75 mg/kg.
Abbreviations: CA1, CA2, CA3, hippocampal subfields; DG, dentate gyrus; BLA,
basolateral amygdala; BMA, basomedial amygdala; CeA, central amygdala; CoA,
cortical amygdala; MeA, medial amygdala; DLC, dorsolateral caudate nucleus;
DMC, dorsomedial caudate nucleus; VLC, ventrolateral caudate nucleus; VMC,
ventromedial caudate nucleus.
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Figure 3. Effect of combined treatment of mice with NMDA and SKF 38393 on FOS
production in the hippocampus, amygdala and caudate nucleus. No. of mice per
group was four to six. Statistically significant differences: *p < 0.05 or greater vs.
SKF 38393.
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The dose of 60 mg/kg of NMDA was excluded on the basis of our
observations that it produced convulsions. The dose of 15 mg/kg of NMDA was not
sufficient to trigger FOS production, although it produced similar behavioral
changes (decreased activity) as the dose 30 mg/kg (data not shown). Interestingly,
significant regional differences were observed in response to NMDA and SKF.
Thus, i.p. injection of 30 mg/kg of NMDA strongly increased FOS levels in all
hippocampal subfields, F (2,14) = 20.1, p < 0.001,  for CA1, F (2,14) = 6.4 , p <
0.05 for CA2, F (2,14) = 8.4, p < 0.01,  for CA3 and F (2,14) = 54.8, p < 0.001, the
dentate gyrus, and the central amygdala, F (2,14) = 10.8, p < 0.01, but not in the
other nuclei of the amygdala and the striatum (Figs. 2 and 4). In contrast, i.p.
injection of 7.5 mg/kg of SKF 38393 resulted in significant FOS production
throughout the caudate nucleus, F (2,13) = 31.5, p < 0.001, as well as in the
basomedial, F (2,13) = 4.3, p < 0.05, cortical, F (2,13) = 11.05, p < 0.01, and medial
amygdala, F (2,13) = 5.6, p < 0.05, but not in the CA1, CA2 and CA3 subfields of
the hippocampus (Figs. 2 and 5). Both drugs induced FOS production only in the
dentate gyrus, however, the effect of NMDA was significantly stronger than the one
of SKF 38393, t (1,8) = 4.3, p < 0.01. In the basolateral amygdala, neither NMDA
nor SKF 38393 elicited FOS production that was different from the FOS production
after saline injection.

In order to determine the receptor types involved in the NMDA- and SKF
38393-mediated FOS production, NMDA, D1 and D2 receptor antagonists were
used in additional experiments. Injection of the NMDA receptor antagonist CGS
19755 and the D1 receptor antagonist SCH 23390 did not produce significant FOS
levels in any of the tested forebrain areas (data not shown). The D2 receptor
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antagonist sulpiride increased the number of FOS-positive nuclei in the dorsomedial,
F (6.587, p < 0.01, and ventromedial, F (3,15) = 5.91, p < 0.01, areas of the caudate
nucleus (Fig. 2), but not in the hippocampus and amygdala (Fig. 2).

Combined treatment of mice with 30 mg/kg of NMDA followed by 7.5
mg/kg of SKF 38393 was performed to investigate whether the drugs exhibit
additive effects on FOS production in the hippocampus, amygdala and caudate
nucleus. The results obtained by FOS immunohistochemical analysis did not provide
any evidence for additive interactions between NMDA and SKF 38393 (Fig. 3).
FOS levels in the hippocampus and central amygdala, elicited by coadministration
of NMDA and SKF 38393 were similar to the ones induced by NMDA alone.
Moreover, in the medial, F (3, 19) = 4.7, p < 0.05, and cortical, F (3, 19) = 7.3, p <
0.01, nuclei of the amygdala and in the caudate nucleus, F (3, 19) = 11.3, p < 0.01,
FOS levels were significantly lower after coadministration of NMDA and SKF
38393 from the levels induced by SKF 38393 alone. A reversed sequence of agonist
administration (SKF 38393 preceding NMDA) also failed to show additive effects
on FOS production (Fig. 3), in fact, a tendency for a lower FOS response was
observed than after SKF 38393 injection, but this difference was not statistically
significant. A possibility for an additive effect was also excluded by
coadministration of NMDA (30 mg/kg) and a lower dose (3.75 mg/kg) of SKF
38393 (data not shown).

NMDA-triggered FOS production in the hippocampus and central amygdala
was completely prevented by systemic pretreatment of mice with the NMDA
receptor antagonist CGS 19755 (Fig. 6a and b). In the hippocampus and central
amygdala the number of FOS-positive nuclei found after NMDA injection was
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significantly reduced by pretreatment with the D1 receptor antagonist SCH 23390
(Fig. 6a and b). In contrast, the D2 receptor antagonist sulpiride did not affect FOS
production in the hippocampus and central amygdala.. In the dorsolateral and
ventrolateral areas of the caudate nucleus (Fig. 6c), FOS levels induced by sulpiride
and NMDA were significantly higher than the ones induced by sulpiride alone [t
(1,8) = 2.982, p < 0.05, for dorsolateral striatum and t (1,8) = 2.688, p < 0.05, for
ventrolateral striatum].

Figure 6. Effect of NMDA and dopamine receptor antagonists on NMDA-triggered
FOS production in the hippocampus (A), amygdala (B) and striatum (C). Mice were
pretreated with saline, CGS 19755, SCH 23390, or sulpiride. Scale bar = 200 µm.
No. of mice per group was four to six. Statistically significant differences: *p < 0.05
or greater vs. saline, ap < 0.05 or greater vs. NMDA.
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SKF 38393-triggered FOS production was fully antagonized by both D1 and
NMDA receptor antagonists in all examined brain areas (Fig. 7a-c). The effect of the
D2 receptor antagonist sulpiride, however, showed marked regional differences.
Sulpiride completely prevented SKF 38393-induced FOS production in the dentate
gyrus and amygdala (Fig. 7a and b). In contrast, co-administration of sulpiride and
SKF 38393 resulted in significantly increased FOS production in the dorsomedial
and ventromedial striatum (Fig. 7c).

Figure 7. Effect of NMDA and dopamine receptor antagonists on SKF 38393-
triggered FOS production in the hippocampus (A), amygdala (B) and striatum (C).
Mice were pretreated with saline, CGS 19755, SCH 23390, or sulpiride. No. of mice
per group was four to six. Statistically significant differences: *p < 0.05 or greater
vs. saline, ap < 0.05 or greater vs. SKF 38393.

A

B

C

saline

CGS-19755 10 mg/kg +

SCH 23390 1 mg/kg +

Sulpiride 50 mg/kg +
SKF 38393  7.5 mg/kg

SKF 38393  7.5 mg/kg

SKF 38393  7.5 mg/kg

SKF 38393  7.5 mg/kg

N
o.

 o
f 

FO
S+

 n
uc

le
i/1

05
 µ

m
2

CA1 CA2 CA3 DG
0

50

100

150

200

250

300

*

a
a

a

N
o.

 o
f 

FO
S+

 n
uc

le
i/1

05
 µ

m
2

0
25
50
75

100
125
150
175
200

*
*

aa
a

a

aa
a

a

a

*

N
o.

 o
f 

FO
S+

 n
uc

le
i/1

05
 µ

m
2

DMC DLC VMC VLC
0

10

20

30

40

50

60

*
*

*

*

*,a
*,a

a aaaaaaa

*

*

CeA BLA BMA CoA MeA



NMDA/dopamine interactions in the mouse brain

71

DISCUSSION

Significant regional differences in the coupling of D1 and NMDA receptor
stimulation with FOS production are demonstrated in this study. In most of the
examined forebrain areas only one of the employed agonists (for D1 receptors or
NMDA receptors) was able, in the required presence of endogenous agonists for the
other receptor, to induce FOS production. Thus, one receptor played a triggering, the
other a permissive role. The requirement of both receptors and the assignment of
their triggering or permissive role was demonstrated in experiments with receptor-
specific antagonists.

In agreement with previous studies, the D1 receptor agonist was found to
elicit FOS production in the striatum (Lange et al., 1997; Mons and Cooper, 1995;
Ruskin and Marshall, 1994; Sgamboto et al., 1997). Full D1 receptor agonists have
been shown to induce robust formation of c-fos mRNA or to increase production of
the FOS protein in the striatum of intact rats (Le Moine et al., 1997; Nakazato et al.,
1998; Wang and Ginty, 1996; Wirtshafter and Asin, 1994), whereas the partial
dopamine D1 receptor agonist  SKF 38393 triggered FOS only in the supersensitive
striatum (Cole et al., 1992; Robertson et al., 1992). In the present work, the recently
developed partial D1 receptor agonist SKF-38393 hydrobromide, which crosses
efficiently the blood brain barrier (Murray and Waddington, 1989), elicited
substantial FOS production in the normosensitive striatum. Accordingly, we found
that i.p. injection of SKF 38393 hydrobromide, but not SKF-38393 hydrochloride
increased FOS production in the brain (data not shown). Striatal FOS production in
response to D1 receptor stimulation was previously found exclusively in neurons
expressing the protein phosphatase inhibitor DARPP-32 (dopamine and cAMP-
regulated phosphoprotein) (Beretta et al., 1992) which mediates the potentiation of
NMDA currents by activation of the protein kinase A pathway (Blank et al., 1997).
It is possible that this interaction contributed to the permissive role of NMDA
receptors in the D1 receptor-triggered FOS response, in view of the particularly high
amounts of DARPP-32 in areas such as caudate nucleus and amygdala (Ouimet et
al., 1984). Accordingly, mice lacking DARPP-32 respond with significantly lower
striatal FOS production to the D1/D2 receptor agonist amphetamine than wild-type
controls (Fienberg et al., 1998). In addition, the observed interactions could be also
mediated by intracellular mechanisms encompassing the protein kinase C pathway
leading to FOS production upon stimulation of D1 receptors (Simpson and Morris,
1995).

The mechanisms of a triggering or permissive action of D1 and NMDA
receptors on FOS production in a region-specific manner are unknown at this time.
Interestingly, in striatal cultures, both NMDA and D1 receptor agonists are capable
to trigger c-fos mRNA and FOS production (Conderelli et al., 1994; Konradi et al.,
1994; Lerea and Mac Namara, 1993; Liu et al., 1995). In contrast to in vitro
experiments, in vivo administration of NMDA alone did not trigger any FOS
production in the striatum. This finding was in full agreement with the inability of
NMDA to induce FOS after intrastriatal injection (Ciani et al., 1994). However,
blockade of NMDA receptors prior to D1 receptor stimulation prevented D1
receptor-mediated FOS production both in vivo and in vitro. Application of NMDA
antagonists in striatal cultures results in decreased Ca2+ influx, pCREB levels, and
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FOS production (Das et al., 1997; Konradi et al., 1996). These findings demonstrate
that both signalling cascades are functional in striatal neurons and converge most
probably at pCREB which might regulate c-fos expression through the calcium and
cAMP response element of the fos gene promoter.

It appears, that the regulation of FOS production in vivo occurs under
complex circuitry mechanisms, probably by reciprocal interactions among brain
structures through axonal projections. It is known, for example, that electrical
stimulation of the sensorimotor, auditory and limbic cortex elicits FOS production in
the striatum in areas corresponding to the primary projection site of the stimulated
cortical cells (Sgambato et al., 1997). It is also possible that in vivo  the Mg2+ block
of NMDA receptors prevented FOS production, since striatal neurons are more
hyperpolarized than their limbic counterparts (Hernandez-Lopez et al., 1997). In
addition, the NMDA receptor function was found to be tonically inhibited by D2
receptors in the striatum. Evidence supporting these observations was found in mice
lacking the D2 receptor. Tetanic stimulation, which induces dopamine receptor-
dependent long-term depression (LTD) in wild-type mice (Calabresi et al., 1992),
results in NMDA receptor-dependent long-term potentiation (LTP) in D2R-deficient
mice (Calabresi et al., 1997). D2 receptors also inhibit glutamate release (Yamamoto
and Davy, 1992), and its relief by sulpiride could additionally account for FOS
production observed after administration of sulpiride alone. Thus, it seems likely
that blockade of D2 receptors facilitates FOS production by NMDA in the lateral
caudate nucleus, as observed in the present study, although it is also possible that the
NMDA treatment modulated the response to sulpiride.

The FOS production pattern induced by sulpiride alone was consistent with
previous reports demonstrating, that typical neuroleptics, such as haloperidol, induce
FOS production in the dorsolateral/lateral striatum (Semba et al., 1999), whereas
atypical neuroleptics, such as sulpiride, elevate FOS levels in the medial striatum
(Robertson et al., 1994). It was also found that D2 antagonists induce c-fos mRNA
in the rat caudate putamen and nucleus accumbens and enhance c-fos mRNA
formation in response to selective D1 agonists (Dragunow et al., 1990).
Accordingly, it is proposed that D2 receptors, which are negatively coupled to the
cAMP pathway (Stoof and Kebabian, 1981) tonically inhibit FOS production in
response to D1 agonists. Our results demonstrated that simultaneous blockade of D2
receptors and stimulation of D1 receptors enhanced FOS production in the medial
caudate nucleus. Although D2 receptors may exert a tonic inhibition of D1 receptor
function in this brain region, it is equally likely that the observed increase of FOS
production was due to additive effects of both treatments. Interestingly, co-
activation of D1 and D2 receptors produced by exogenous administration of
nonselective dopamine receptor agonists, such as the psychostimulants amphetamine
and cocaine, or combined treatment with selective D1 and D2 agonists
synergistically activates FOS production in a characteristic patchy pattern. Under
those experimental conditions, D2 antagonists were found to prevent c-fos mRNA
expression (Ruskin and Marshall, 1994). These findings suggest that tonic and
phasic stimulation of D2 receptors may differentially affect the activity of D1
receptors.

Combined treatment of mice with NMDA followed by SKF 38393 or a
reversed sequence of these agonists did not show evidence for additive effects. In
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fact, in the striatum and some nuclei of the amygdala FOS levels were significantly
lower than FOS levels after the injection of the D1 receptor agonist alone. This
finding seems paradoxical in view of the observation that NMDA receptor activity
was necessary for D1 receptor-triggered FOS production in these areas. However,
Ca2+ influx may also exert multiple inhibitory effects on the D1 receptor-mediated
signalling pathway. It was found that Ca2+ inactivates phosphorylated DARPP-32
(Halpain et al., 1990). Ca2+ also inhibits the adenylyl cyclase V, which is present at
high levels and almost exclusively in the striatum (Glatt and Syder, 1993; Mons and
Cooper, 1995) and reduces dopamine-induced elevation of cAMP (Schinelli et al.,
1994). Thus, synergistic or antagonistic effects between D1 and NMDA receptors on
FOS production observed in the present study may be due to different interactions
between the Ca2+ and adenylyl cyclase signalling pathways.

As in the striatum, D1 receptor stimulation triggered NMDA receptor-
dependent FOS responses in the basomedial, cortical and medial amygdala, whereas
NMDA was ineffective. Although some of the mechanisms underlying the
D1/NMDA receptor interactions may be shared by the amygdala and striatum,
existing data demonstrate that the dopaminergic signalling markedly differs between
these two areas. D1 receptors mediate LTD in the striatum but LTP in the amygdala
(Huang and Kandel, 1996). In contrast to the striatum, where D1 receptors appear to
be coupled to adenylyl cyclase (Glatt and Syder, 1993), the amygdaloid D1
receptors were found to be positively coupled to the phosphoinositol pathway
(Undie and Friedman, 1990). The inefficiency of NMDA to trigger FOS production
in the amygdala suggested that the NMDA system may be also inhibited as assumed
for the striatum. However, our results excluded the involvement of D2 receptors.
Thus, it is remarkable that both brain areas exhibited identical FOS responses to D1
and NMDA receptor agonists despite the described regional differences in receptor
coupling to signal transduction.

In the hippocampus and central amygdala, the triggering and permissive
roles of D1 and NMDA receptors were reversed. The D1 receptor agonist was not
able to trigger FOS production, but played a permissive role, as demonstrated by the
ability of the D1 receptor antagonist to reduce significantly NMDA-triggered FOS
production. It is well established that the hippocampal regulation of the fos gene
expression requires the activation of several regulatory elements within its promoter,
which may only be achieved by multiple intracellular signalling pathways
(Robertson et al., 1995). In contrast to NMDA receptor stimulation, which could
activate all necessary elements (c-Sis inducible element, serum response element,
calcium and cAMP response element) of the fos gene promoter (Ghosh et al., 1994),
stimulation of the D1 receptor, which is mainly coupled to the cAMP signalling
pathway, did not appear to be sufficient. However, the cAMP pathway may be
important for the permissive role of D1 receptors.

Another type of dopamine/NMDA interaction was observed in the dentate
gyrus, which allowed for both D1 and NMDA receptors to trigger and permit FOS
production. Furthermore, the D2 receptor antagonist fully prevented D1 receptor-
triggered FOS production indicating a D1/D2 receptor synergism. A molecular basis
for D1/D2 synergistic interactions in the dentate gyrus, as well as some amygdalar
nuclei, may be the D2 receptor-mediated release of arachidonic acid (Di Marzo et
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al., 1992; Piomelli et al., 1991) which was found to be required for FOS production
in distinct brain areas (Lerea et al., 1997).

The observed, highly differentiated and reciprocal dopamine and NMDA
interactions in the regulation of the FOS response may enable the brain to integrate
dopaminergic and glutamatergic signalling in a region-specific manner in vivo.
Thus, the regional specificity of the roles of dopamine and NMDA receptors in the
control of FOS production may have broad implications for the neuronal plasticity,
which occurs in the basal ganglia and the limbic system.
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