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MK-801 reverses Fos expression induced by the full dopamine D,
receptor agonist SKF-82958 in the rat striatum
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Abstract

Administration of the selective and full dopamine D, receptor agonist SKF-82958 (( +)-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-
2,3,4,5-tetrahydro-1H-3-benzazepine) (1 and 3 mg/kg i.p.) led to a dose-dependent induction of Fos protein in the rat striatum. The 3
mg,/kg SKF-82958-induced expression of striatal Fos protein was blocked by the dopamine D, receptor antagonist SCH-23390
(R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine) (0.3 mg/kg i.p.). The noncompetitive NMDA re-
ceptor antagonist MK-801 ((5R,105)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]-cyclohepten-5,10-imine) (1 mg/kg i.p.) aso com-
pletely prevented striatal Fos induction by an injection of 3 mg/kg SKF-82958. These results suggest that dopamine D, receptor
activation by the full agonist SKF-82958 is sufficient to trigger Fos expression in the striatum, but that concomitant stimulation of NMDA
receptors is required for the striatal Fos induction in response to dopamine D, receptor activation. © 1998 Elsevier Science B.V.
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1. Introduction

The proto-oncogene c-fos, a member of the family of
immediate early genes, encodes a nuclear protein Fos
which modulates the transcription of target genes (Morgan
and Curran, 1991). The induction of c-fos mRNA and
Fos-like immunoreactivity has been found to occur after a
variety of pharmacologica treatments (Hughes and Dra-
gunow, 1995) and has been thought to map functional
pathways in the centra nervous system (CNS) (Dragunow
and Faull, 1989). The striatum, a dopamine axon terminal
field, is one of the brain structures in which the effects of
various drug treatments on Fos expression have been most
extensively investigated. CNS stimulant drugs such as
cocaine, amphetamine and morphine, which activate the
dopaminergic system by enhancing dopamine release, have
been reported to produce a remarkable Fos expression via
dopamine D, receptors in the striatum (Graybiel et al.,
1990; Young €t al., 1991; Liu et a., 1994). Furthermore, it
has been demonstrated that striatal Fos induction by the
indirect dopamine agonists is also sensitive to blockade of
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NMDA receptors (Snyder-Keller, 1991; Torres and Rivier,
1993a; Liu et a., 1994). Likewise, the psychoactive drug
nicotine and the indirect 5-HT agonist fenfluramine induce
striatal Fos expression, depending on both dopamine D,
and NMDA receptors (Torres and Rivier, 1993b; Kiba and
Jayaraman, 1994). These findings suggest that striatal Fos
induction involves a common neural mechanism mediated
by concurrent activation of dopamine D, and NMDA
receptors. In the present study, we examined the effect of
the noncompetitive NMDA receptor antagonist MK-801
on the expression of striatal Fos protein induced by the
dopamine D,-selective full agonist SKF-82958 and thereby
clarified the interactive regulation of striatal Fos expres-
sion via dopamine D; and NMDA receptors.

2. Materials and methods

2.1. Animals and drugs

The animals used were male rats of the Wistar strain
(Japan SLC), that weighed between 230—-300 g. The rats
were housed under a constant temperature (23 + 2°C) and
a 12 h light /dark cycle (light period: 07.00-19.00 h) and
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were alowed free access to food and water. (4 )-SKF-
82958 (( +)-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-
2,3,4,5-tetrahydro-1 H-3-benzazepine hydrobromide),
R(+)-SCH-23390 (R(+ )-7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochlo-
ride) and MK-801 ((5R,10S)-(+)-5-methyl-10,11-dihy-
dro-5H-dibenzo[a,d]-cyclohepten-5,10-imine  hydrogen
maleate) were purchased from Research Biochemicals In-
ternational and dissolved in saline. Drugs were adminis-
tered i.p. a avolume of 0.1 ml per 100 g body weight and
the doses were expressed in terms of the salts.

2.2. Fos immunohistochemistry

2 h after administration of the drugs, the rats received a
lethal dose of sodium pentobarbital and were perfused
transcardially with 100 ml of 0.9% saline solution, fol-
lowed by 200 ml of 4% paraformaldehyde solution pre-
pared with 10 mM phosphate-buffered saline (PBS). The
brains were removed from the skull, postfixed for 5 h in
paraformaldehyde solution and were then immersed in
30% sucrose solution in 10 mM PBS for 24 h at 4°C. All

brains were sectioned on a freezing microtome in the
coronal plane (30 um thick). Sections were collected from
the striatum at 90 wm intervals in the ice-cold 10 mM
PBS.

The tissue was immunostained for c-fos protein by the
avidin—biotin peroxidase complex (ABC) technique of Hsu
et a. (1981). Primary antibody (sheep polyclona antibody
to c-fos protein) purchased from Cambridge Research
Biochemicals (OA-11-824) was diluted to a concentration
of 1:1000 in 10 mM PBS containing 1.0% normal rabbit
serum and 0.3% Triton X-100. The sections were incu-
bated in the solution of primary antibody for 48 h at room
temperature. In control experiments, immunostaining was
not found when the primary antibody was omitted. The
specificity of the Fos immunocytochemica technique was
also demonstrated by the previous report with the same
primary antibody showing that no immunostaining was
present in the rat sections incubated in the anti-Fos solu-
tion containing the peptide to which the antibody was
made (Berretta et al., 1992).

After being rinsed 3 times (10 min each) in fresh PBS,
bound antibody was detected using a Vectastain ABC kit

Fig. 1. Representative photomicrographs showing Fos-immunoreactive neurons in the medial striatum. Drugs were administered 2 h before death. (A)
Saline, (B) 3 mg,/kg SKF-82958, (C) 0.3 mg,/kg SCH-23390 + 3 mg,/kg SKF-82958, (D) 0.3 mg,/kg MK-801 + 3 mg,/kg SKF-82958 and (E) 1 mg,/kg

MK-801 + 3 mg,/kg SKF-82958. Scale bar = 100 wm.
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(Vector Laboratories). The sections were incubated for 2 h
in biotinylated rabbit anti-sheep 1gG (diluted 1:200), rinsed
in PBS and then incubated for 2 h in avidin:biotinylated
peroxidase complex. After being rinsed in PBS, the sec-
tions were preincubated for 5 min in 0.05% 3,3-diamino-
benzidine solution in 0.1 M Tris buffer (100 ml) and then
reacted for 5 min by adding 10 wl of 30% hydrogen
peroxide. The reaction was stopped by rinsing the sections
with PBS. The sections were mounted on gelatin-coated
dlides and air-dried overnight. The reaction product was
intensified by dipping the sections in 0.2% osmium tetrox-
ide in 10 mM PBS. The sections were dehydrated in
ethanal, cleared in xylene and coverslipped with Permount.
For quantitative analyses, the number of Fos-immunoreac-
tive cells was counted within a 0.5 X 1.0 mm? area of the
medial stristum a —0.3 mm relative to the bregma,
according to the rat brain atlas of Paxinos and Watson
(1982).

2.3. Data analysis

The significance of differences between the groups was
determined by a one-way analysis of variance (ANOVA)
followed by Dunnett’s test when F ratios reached signifi-
cance (P < 0.05).

3. Results

Few or no Fos-immunoreactive cells were observed in
the media striatum taken from saline-injected rats (Figs. 1
and 2). Administration of 1 and 3 mg/kg SKF-82958
resulted in a significant increase in the number of Fos-im-
munoreactive cells in the medial striatum (F(2, 15) =
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Fig. 2. Effects of SCH-23390 and MK-801 on SKF-82958-induced
striatal Fos expression. Rats received drug administration 2 h before
death. Each column represents the mean+ S.E.M. of Fos-immunoreactive
neurons in 0.5xX 1.0 mm? area of the medial striatum (n=5-10). The
significance of differences from the saline-injected group (*P < 0.05,
**P < 0.01) and from the 3 mg,/kg SKF-82958-injected group (*#P <
0.01) was determined by a one-way ANOVA followed by Dunnett’s test.

12.05, P < 0.01). SKF-82958 (3 mg/kg)-induced increase
in striatal Fos-positive cells was blocked by 0.3 mg/kg
SCH-23390 (F(1, 13)=21.86, P<0.01). MK-801 at
doses of 0.3 and 1 mg/kg aso dose-dependently and
significantly suppressed the 3 mg/kg SKF-82958-induced
increase in Fos-immunoreactive cells in the medial stria
tum (F(2, 17) = 26.74, P < 0.01). Neither SCH-23390 nor
MK-801 produced significant expression of Fos protein in
the striatum when administered independently (data not
shown).

4, Discussion

It has been reported that the direct-acting dopamine D,
receptor agonist SKF-38393 fails to induce expression of
striatal Fos protein, unless dopamine D, receptors are
made supersensitive by 6-hydroxydopamine lesion of the
nigrostriatal pathway (Robertson et a., 1992). In the pre-
sent study, the full dopamine D, receptor agonist SKF-
82958 produced a significant induction of Fos protein in
the normosensitive striatum, an effect that was blocked by
the dopamine D, receptor antagonist SCH-23390. Consis-
tent with our results, Wang and McGinty (1996) recently
reported that SKF-82958 induced robust expression of
c-fos mRNA in the striatum of intact rats. The differential
actions of these two compounds can be explained by the
fact that SKF-82958 is a full dopamine D, receptor ago-
nist, whereas SKF-38393 exerts only a partial dopamine
D, receptor agonistic effect (46.4% of the intrinsic activity
of dopamine) (O'Boyle et al., 1989). In support of this
view, A-77636 ((1R,3S)-3-(1-adamantyl)-1-aminomethyl-
3,4-dihydro-5,6-dihydroxy-1H-2-benzopyran), another full
direct-acting dopamine D, receptor agonist, produces Fos-
like immunoreactivity in the intact rat striatum (Wirtshafter
and Asin, 1994). Taken together, it is conceivable that
dopamine D, receptor activation by the full agonists is
sufficient to induce substantial Fos expression in the stria-
tum.

The major finding of the present study was that striatal
Fos induction by SKF-82958 was sensitive to blockade of
NMDA receptors by MK-801. The striatum receives the
massive glutamatergic projection from all major cortical
areas in addition to dopaminergic neurons of the substantia
nigra (Fonnum et al., 1981; Young and Bradford, 1986).
The present results extended the previous findings showing
that transection of corticostriatal glutamatergic afferents or
NMDA receptor blockade by MK-801 attenuated striatal
Fos induction by the indirect-acting dopamine agonists
(Snyder-Keller, 1991; Centi and Bjorklund, 1993; Torres
and Rivier, 1993a; Liu et al., 1994) and aso blocked the
direct dopamine D, receptor agonist-induced Fos expres-
sion in the denervated striatum of 6-hydroxydopamine
unilaterally treated rats (Paul et al., 1992, 1995; Centi and
Bjorklund, 1993). It is, therefore, conceivable that con-
comitant NMDA receptor stimulation is required for stri-
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atal Fos expression in response to activation of dopamine
D, receptors.

Berretta et al. (1992) proposed that cooperative interac-
tions between dopamine D, and NMDA receptor-mediated
pathways occur postsynaptically in the regulation of Fos
expression in striatal neurons. They suggested functional
interactions at the level of the CAMP response element
binding protein (CREB) activated by two intracellular
messenger pathways, i.e. increases in CAMP and Ca?*
concentrations in response to dopamine D, and NMDA
receptor stimulation, respectively. The present study did
not determine the precise mechanism by which NMDA
receptors contribute to striatal Fos induction in response to
dopamine D, receptor activation by SKF-82953. It is of
interest to note the recent electrophysiological study that
dopamine enhances postsynaptically the NMDA
receptor /channel function by stimulating dopamine D,
receptors in striatal neurons (Levine et al., 1996). It should
also be noted that NMDA receptor antagonists can block
Fos expression in cultured cortical neurons after a direct
stimulation of multiple intracellular signaling pathways,
including dibutyryl cAMP application (Hisanaga et al.,
1992). It is, therefore, conceivable that striatal Fos expres-
sion induced by activation of dopamine D, receptors needs
to be supported by a certain degree of coactivation of
NMDA receptors, athough further study is necessary to
clarify whether NMDA function upregulated via dopamine
D, receptorsis required to trigger Fos induction or NMDA
receptor stimulation is enough at the basal level and
simply plays a permissive role in the Fos response.

References

Berretta, S., Robertson, H.A., Graybiel, A.M., 1992. Dopamine and
glutamate agonists stimulate neuron-specific expression of Fos-like
protein in the striatum. J. Neurophysiol. 68, 767—777.

Centi, M.A., Bjorklund, A., 1993. Transection of corticostriatal afferents
reduces amphetamine- and apomorphine-induced striatal Fos expres-
sion and turning behaviour in unilaterally 6-hydroxydopamine-le-
sioned rats. Eur. J. Neurosci. 5, 1062—1070.

Dragunow, M., Faull, R., 1989. The use of c-fos as a metabolic marker in
neurona pathway tracing. J. Neurosci. Methods 29, 261—265.

Fonnum, F., Storm-Mathisen, J., Divac, 1., 1981. Biochemical evidence
for glutamate as neurotransmitter in corticostriatal and corticothalamic
fibres in rat brain. Neuroscience 6, 863—873.

Graybiel, A.M., Moratala, R., Robertson, H.A., 1990. Amphetamine and
cocaine induce drug-specific activation of the c-fos gene in
striosome-matrix compartments and limbic subdivisions of the stria-
tum. Proc. Natl. Acad. Sci. USA 87, 6912—-6916.

Hisanaga, K., Sagar, SM., Sharp, F.R., 1992. N-Methyl-p-aspartate
antagonists block Fos-like protein expression induced via multiple

signaling pathways in cultured cortical neurons. J. Neurochem. 58,
1836-1844.

Hsu, S-M., Raine, L., Fanger, H., 1981. Use of avidin—biotin—peroxidase
complex (ABC) in immunoperoxidase techniques: A comparison be-
tween ABC and unlabeled antibody (PAP) procedures. J. Histochem.
Cytochem. 29, 577-580.

Hughes, P., Dragunow, M., 1995. Induction of immediate-early genes and
the control of neurotransmitter-regulated gene expression within the
nervous system. Pharmacol. Rev. 47, 133-178.

Kiba, H., Jayaraman, A., 1994. Nicotine induced c-fos expression in the
striatum is mediated mostly by dopamine D, receptor and is depen-
dent on NMDA stimulation. Mol. Brain Res. 23, 1-13.

Levine, M.S,, Altemus, K.L., Cepeda, C., Cromwell, H.C., Crawford, C.,
Ariano, M.A., Drago, J., Sibley, D.R., Westphal, H., 1996. Modula-
tory actions of dopamine on NMDA receptor-mediated responses are
reduced in D, -deficient mutant mice. J. Neurosci. 16, 5870-5882.

Liu, J., Nickolenko, J., Sharp, F.R., 1994. Morphine induces c-fos and
junB in stristum and nucleus accumbens via D; and N-methyl-p-
aspartate receptors. Proc. Natl. Acad. Sci. USA 91, 8537-8541.

Morgan, JI., Curran, T., 1991. Stimulus-transcription coupling in the
nervous system: involvement of the inducible proto-oncogenes fos
and jun. Annu. Rev. Neurosci. 14, 421-451.

O'Boyle, K.M., Gaitanopoulos, D.E., Brenner, M., Waddington, J.L.,
1989. Agonist and antogonist properties of benzazepine and thienopy-
ridine derivatives at the D, dopamine receptor. Neuropharmacol ogy
28, 401-405.

Paul, M.L., Graybiel, A.M., David, J.-C., Robertson, H.A., 1992. D1-like
and D2-like dopamine receptors synergistically activate rotation and
c-fos expression in the dopamine-depleted striatum in a rat model of
Parkinson’s disease. J. Neurosci. 12, 3729-3742.

Paul, M.L., Currie, RW., Robertson, H.A., 1995. Priming of a D;
dopamine receptor behavioural response is dissociated from striatal
immediate-early gene activity. Neuroscience 66, 347—359.

Paxinos, G., Watson, C., 1982. The Rat Brain in Sterotaxic Coordinates.
Academic Press, New York.

Robertson, G.S., Vincent, SR., Fibiger, H.C., 1992. D, and D, dopamine
receptors differentially regulate c-fos expression in striatonigral and
striatopallidal neurons. Neuroscience 49, 285—296.

Snyder-Keller, A.M., 1991. Striatal c-fos induction by drugs and stress in
neonatally dopamine-depleted rats given nigral transplants: Impor-
tance of NMDA activation and relevance to sensitization phenomena.
Exp. Neurol. 113, 155-165.

Torres, G., Rivier, C., 1993a. Cocaine-induced expression of striatal c-fos
in the rat is inhibited by NMDA receptor antagonists. Brain Res. Bull.
30, 173-176.

Torres, G., Rivier, C., 1993b. Regional effects of NMDA receptor
antagonists on the induction of striatal c-fos by fenfluramine. Mol.
Cell. Neurosci. 4, 231-236.

Wang, J.Q., McGinty, JF., 1996. Scopolamine augments c-fos and
zif /268 messenger RNA expression induced by the full D; dopamine
receptor agonist SKF-82958 in the intact rat striatum. Neuroscience
72, 601-616.

Wirtshafter, D., Asin, K.E., 1994. Interactive effects of stimulation of D,
and D, dopamine receptors on Fos-like immunoreactivity in the
normosensitive rat striatum. Brain Res. Bull. 35, 85-91.

Young, A.M.J,, Bradford, H.F., 1986. Excitatory amino acid neurotrans-
mitters in the corticostriate pathway: Studies using intracerebral mi-
crodialysis in vivo. J. Neurochem. 47, 1399-1404.

Young, S.T., Porrino, L.J., ladarola, M.J., 1991. Cocaine induces striatal
c-Fos-immunoreactive proteins via dopaminergic D, receptors. Proc.
Natl. Acad. Sci. USA 88, 1291-1295.



