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Systemic Morphine-Induced Fos Protein in the Rat Striatum and
Nucleus Accumbens Is Regulated by p Opioid Receptors in the
Substantia Nigra and Ventral Tegmental Area
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To characterize how systemic morphine induces Fos protein in
dorsomedial striatum and nucleus accumbens (NAc), we exam-
ined the role of receptors in striatum, substantia nigra (SN), and
ventral tegmental area (VTA). Morphine injected into medial SN
or into VTA of awake rats induced Fos in neurons in ipsilateral
dorsomedial striatum and NAc. Morphine injected into lateral
SN induced Fos in dorsolateral striatum and globus pallidus.
The morphine infusions produced contralateral turning that was
most prominent after lateral SN injections. Intranigral injections
of [p-Ala®, N-Me-Phe?, Gly-ol®]-enkephalin (DAMGO), a . opi-
oid receptor agonist, and of bicuculline, a GABA, receptor
antagonist, induced Fos in ipsilateral striatum. Fos induction in
dorsomedial striatum produced by systemic administration of
morphine was blocked by (1) SN and VTA injections of the u,
opioid antagonist naloxonazine and (2) striatal injections of
either MK 801, an NMDA glutamate receptor antagonist, or
SCH 23390, a D, dopamine receptor antagonist.

Fos induction in dorsomedial striatum and NAc after sys-
temic administration of morphine seems to be mediated by
dopamine neurons in medial SN and VTA that project to medial
striatum and NAc, respectively. Systemic morphine is proposed
to act on w opioid receptors located on GABAergic interneurons
in medial SN and VTA. Inhibition of these GABA interneurons
disinhibits medial SN and VTA dopamine neurons, producing
dopamine release in medial striatum and NAc. This activates D,
dopamine receptors and coupled with the coactivation of
NMDA receptors possibly from cortical glutamate input induces
Fos in striatal and NAc neurons. The modulation of target gene
expression by Fos could influence addictive behavioral re-
sponses to opiates.

Key words: morphine; immediate early genes; Fos; drug ad-
diction; rotational behavior; striatum,; substantia nigra; ventral
tegmental area; nucleus accumbens; Parkinson’s disease

The c-fos and junB immediate early genes (IEGs) are induced in
striatum and nucleus accumbens (NAc) after systemic adminis-
tration of cocaine and amphetamine (Graybiel et al., 1990; Rob-
ertson et al., 1991; Cenci et al., 1992; Hope et al., 1992; Moratalla
et al., 1993, 1996; Steiner and Gerfen, 1993, 1995; Johansson et
al., 1994). This IEG induction is mediated by dopamine because
D, dopamine receptor antagonists block induction of c-fos and
junB (Graybiel et al., 1990; Young et al., 1991; Cole et al., 1992).

Dopamine is hypothesized to mediate some of the reward,
addictive, motor, and other behavioral properties of drugs of
abuse (AKkil et al., 1984; Bozarth and Wise, 1984; Di Chiara and
Imperato, 1988a; Koob and Bloom, 1988; Wise and Rompre,
1989; Di Chiara and North, 1992; Koob, 1992; Nestler, 1992;
Nestler et al., 1993). This hypothesis received further support
when systemic morphine was also shown to induce c-fos and junB
in the medial striatum and NAc, and this IEG induction was
blocked by the systemic administration of the D, dopamine re-
ceptor antagonists SCH 39166 and SCH 23390 (Liu et al., 1994).

Although the IEG induction produced by cocaine and amphet-
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amine might be explained by the effects of these drugs on dopa-
mine release and reuptake (Cooper et al., 1991; Boja et al., 1994;
Hoffman, 1994), it is less clear how systemic morphine induces
IEGs in limbic striatum and NAc. Morphine increases the firing
rates of dopamine neurons in substantia nigra (SN) and ventral
tegmental area (VTA) and increases dopamine release in stria-
tum and NAc (Matthews and German, 1984; Di Chiara and
Imperato, 1988a; Spangel et al., 1990; Di Chiara and North,
1992). Because morphine binds to inhibitory u opioid receptors
(Laugwitz et al., 1992), it has been proposed that morphine acts
on u receptors located on GABA interneurons in substan-
tia nigra pars reticulata (SNr) and VTA (Di Chiara and North,
1992; Johnson and North, 1992). This would disinhibit SN pars
compacta (SNc) and VTA dopamine neurons, increase dopa-
mine neuronal firing, and induce dopamine release in striatum
and NAc.

On the basis of this hypothesis, the present study first deter-
mined whether morphine and u opioid receptor agonist infusions
into SN1/VTA of awake rats induced Fos protein in striatum/
NAc, and whether infusion of a u, opioid receptor antagonist
into SNr/VTA blocked Fos induction in striatum after systemic
morphine administration. Because glutamate receptors regulate
mesolimbic and nigrostriatal dopaminergic neurons (S. W. John-
son et al., 1992; Fitzgerald et al., 1996), we postulated that Fos
induction in striatum was mediated by NMDA glutamate and D,
dopamine receptors located in striatum. Therefore, NMDA and
D, receptor antagonists were infused into striatum to determine
whether they would block Fos induction produced by systemic
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morphine. Finally, because SN and VTA morphine injections
produce increased dopamine release and contralateral turning
behavior (Iwamoto and Way, 1977; Devine and Wise, 1994), we
postulated that the pattern of Fos expression in striatum would
correlate with the rotational behavior.

Preliminary results of this study have been published previously
in abstract form (Bontempi et al., 1995).

MATERIALS AND METHODS

Animals and surgery. One hundred and twelve female albino Sprague
Dawley rats (Simonsen, Gilroy, CA), weighing between 260 and 300 gm,
were maintained on a 12 hr light/dark cycle (lights on at 7 A.M.) in a
temperature-controlled facility (22 = 1°C). Animals were housed indi-
vidually in plastic cages with free access to food and water. All proce-
dures were conducted at the same time every day. Under deep ketamine
and xylazine anesthesia (80 and 12 mg/kg, i.p., respectively), rats were
placed in a stereotaxic frame (Kopf Instruments, Tujunga, CA) with the
incisor bar set 3.3 mm below the interaural line. They were implanted
bilaterally with 26 gauge stainless steel guide cannulas (Plastics One,
Roanoke, VA) in the SNr, the VTA, or the striatum using the following
coordinates (Paxinos and Watson, 1986): (1) SNr: anteroposterior (AP)
relative to bregma, —5.6 mm; lateral (L) to the midsagittal suture, =2.0
mm; ventral (V) from the surface of the skull, —7.0 mm; (2) VTA: AP,
=53 mm; L, £0.6 mm; V, —7.4 mm; (3) striatum: AP, +0.5 mm; L, £3.0
mm; V, —4.4 mm. To minimize tissue damage, each guide was positioned
1 mm above the target injection site and anchored to the skull with two
stainless steel screws and rapid-setting acrylic dental cement. Patency was
maintained by inserting a stylet that projected 1 mm beyond the tip of
each guide cannula. Rats were allowed 1 week to recover from these
operations.

Injection procedure. Local injections of the different drugs were made
by inserting a 33 gauge injection cannula through the guide cannula in
awake, freely moving animals. The injection cannula projected 1 mm
beyond the tip of the guide and was anchored to the guide by means of
a plastic connector that was screwed onto the guide. Polyethylene tubing
connected the injection cannula to a 5 ul Hamilton syringe mounted on
a Harvard injection pump. Drugs were injected at a rate of 0.4 ul/min,
with volumes of 0.5, 0.3, and 2 ul infused into the SNr, the VTA, and the
striatum, respectively. The injection cannula was left in place for 2 min
after the infusion. After removal of the cannula, animals were left in
their cage, and their behavior was recorded. The bilateral drug/vehicle
injections (left/right) were counterbalanced for each brain site tested.
For experiments requiring intraperitoneal injections, a catheter (SILAS-
TIC, outer diameter, 0.037 inches, inner diameter, 0.020 inches; Dow
Corning, Midland, MI) was inserted intraperitoneally, tunneled under
the skin, exited between the shoulders, and sutured into place the day
before intracranial injections.

Drug treatments. Morphine sulfate (Elkins-Sinn, Cherry Hill, NJ) was
dissolved in sterile saline and administered intracerebrally into the SNr
(1,5, 7.5, and 10 pg) or intraperitoneally via intraperitoneal catheters (10
mg/kg in a volume of 1 ml/kg, every 30 min for 2 hr). All other drugs
were purchased from Research Biochemicals International (Natick, MA)
and injected intracerebrally. The w opioid receptor agonist [D-AlaZ,
N-Me-Phe*, Gly-ol°]-enkephalin (DAMGO) (0.1-5.0 pg), the GABA,
receptor antagonist bicuculline (0.05-1.0 ug), the selective noncompeti-
tive NMDA glutamate receptor antagonist MK 801 (0.1-2 ug), and the
selective D; dopamine receptor antagonist SCH 23390 (0.1-2 pg) were
prepared in sterile distilled water. The w, opioid receptor antagonist
naloxonazine was initially dissolved in distilled water containing 0.1N
HCI and then diluted with the appropriate volume of water to reach the
final concentration (0.5-2 ug; pH of final solution adjusted to 7.0 by the
addition of 10N NaOH). Although this compound is selective for the u,
receptor subclass, it also has a high affinity for both of the traditional u
and & receptors (Cruciani et al., 1987; Nock et al., 1993). A significant
action on & receptors is unlikely because of their low density in SNr and
their absence in VTA (Mansour et al., 1987). We cannot exclude,
however, an action of naloxonazine, even at the lowest doses, on tradi-
tional u receptors (Fowler and Fraser, 1994). This compound was there-
fore considered a general u opioid receptor antagonist in the present
study. All antagonists were injected intracerebrally 30 min before the
systemic morphine injections. Animal behavior was recorded and the
number of rotations (360° contraversive turns) made in consecutive 10
min periods was counted from the time immediately after each intrace-
rebral injection until the animal was anesthetized.
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Immunocytochemistry. Animals were deeply anesthetized 2 hr after the
last drug injection and perfused transcardially with 400 ml of saline
followed by 350 ml of cold 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. Brains were dissected and post-fixed overnight, and
100-um-thick coronal sections were cut on a vibratome. Selected sections
were stained using cresyl violet to identify guide tracks and injection
sites. Only the animals with a cannula tip located within the targeted
structure were included in the data analysis. Immunocytochemistry was
performed on free-floating sections as described previously (Sharp et al.,
1991; Sharp and Sagar, 1995) using a standard avidin-biotin (ABC)
peroxidase method (Elite Vectastain Kit, Vector Laboratories, Burlin-
game, CA). The peroxidase was detected with diaminobenzidine (DAB;
Sigma, St. Louis, MO). The primary antibody was a mouse monoclonal
antibody (LA041, 1:35000) raised to a synthetic peptide derived from
amino acid sequences 4-17 of the Fos protein. The antibody produces
one band on Western blots (De Togni et al., 1988) and produces patterns
of Fos immunostaining that are identical to c-fos mRNA induction using
in situ hybridization (Sharp et al., 1991). Control sections displayed no
staining when incubated without primary antibody.

Cell counting and image analysis. Quantitative analysis of Fos-positive
nuclei was performed using an MCID computerized image processing
system interfaced to a Nikon HF X-II microscope. The striatum, globus
pallidus (GP), and NAc were anatomically defined according to the
Paxinos and Watson atlas (1986). The number of Fos-immunoreactive
neurons in these regions was counted bilaterally using a minimum of four
consecutive sections for each animal. Counts in striatum were obtained
from either an entire cross section or from certain dorsomedial or
dorsolateral portions of striatum (see Fig. 1B). Counts in NAc included
all cells in both the core and shell regions performed at roughly +0.7 mm
anterior to bregma in the region shown by the dotted lines in Figure 1B.
A constant density threshold operation and target acceptance criterion
were used to record the number of Fos-positive nuclei for each of the
sections. These numbers were then averaged for each animal in each
group to give the final means and statistics.

Statistics. All Fos cell counts were expressed as mean + SEM. Differ-
ences between groups were assessed using an ANOVA followed by post
hoc paired comparisons using the Scheffe F-test. Similar statistics were
performed on mean rotation rates calculated over 30 min periods after
the drug injection. Correlation between numbers of Fos-stained neurons
and rotational behavior was obtained by linear regression analysis and
determination of the Pearson product-moment correlation coefficient.
For all comparisons, values of p < 0.05 were considered as statistically
significant.

RESULTS

Cannula placements

Injection sites in the midbrain and striatum were identified on
cresyl violet-stained sections by using the track of the guide and
the injection cannula. The stained sections were imaged with the
MCID computer-based system, and regions of decreased staining
were used to define injection sites. The optical density within
injection tracks was generally 30% less than the density of cells in
surrounding brain areas. The deepest point in each structure
showing decreased staining on three to four adjacent sections
through the area of the injection was defined as the injection site.
Composites of enlarged brain regions containing the injection
sites were traced from the MCID digitized image and compared
with coronal sections depicted in the Paxinos and Watson (1986)
atlas (Fig. 14,B). The injection site was determined in every
animal. There did not appear to be extensive damage to brain
tissue around the injection cannula track (Fig. 2).

Figures 14 and 2 show the SNr injection sites. Only the animals
with injections located between 5.2 and 6.0 mm posterior to
bregma were included in the study. Figure 1B indicates the
striatal injection sites. The VTA naloxonazine and morphine
injection sites are shown in Figures 14 and 7B, respectively.
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Figure 1. A, Injection sites are plotted
on coronal brain sections for the rats
that received 0.5 ul injections into the
substantia nigra pars reticulata (SNR)
of morphine (1, 5, 7.5, and 10 pg; n =
37, filled circles), DAMGO (1 ug; n =
6; filled squares), naloxonazine (0.5 ug;
n = 7, open circles), or bicuculline (0.5
ug; n = 6; open squares). Each symbol
corresponds to the deepest penetration
of the cannula track. The distance from
bregma for each section is given in
millimeters. The placements of the in-
jection sites in the ventral tegmental
area (V'TA) for the animals that re-
ceived 0.3 pl injections of naloxona-
zine (0.5 ug; n = 6; filled diamonds) are
plotted on a single plane (—5.2 mm)
(adapted from Paxinos and Watson,
1986). B, Injection sites are plotted on
coronal brain sections for the animals
that received 2 ul injections into the
striatum of either the D; dopamine re-
ceptor antagonist SCH 23390 (0.1 ug;
n = 7; open circles) or the NMDA
glutamate receptor antagonist MK 801
(0.1 pg; n = 7; filled circles). Although
injection sites were made between 0.2
and 0.8 mm anterior to bregma, they
are represented on a single plane (+0.7
mm) (redrawn from Paxinos and
Watson, 1986). The dotted lines indi-
cate how the striatum was arbitrarily
divided into four areas within which
quantitative analyses of Fos-positive
neurons were performed. ST, Striatum;
AcbSh, nucleus accumbens shell; AcbC,
nucleus accumbens core (for complete
listing of all abbreviations, see Paxinos
and Watson, 1986).

Effects of intranigral injections of morphine on Fos
immunoreactivity in striatum and rotational behavior
Morphine injections (1, 5, 7.5, and 10 pg) into the SNr produced
a dose-dependent increase (F g0y = 127.15; p < 0.001) in the
number of Fos-immunoreactive neurons in the ipsilateral stria-
tum (Fig. 34). The greatest induction of Fos in striatum occurred
after injections of 10 ug of morphine into SNr (p < 0.001) (Fig.
3A,B, right panel) compared with very few cells in the opposite
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striatum after saline injections into the opposite SNr (Fig. 34,B,
left panel).

Morphine injections caused a dose-dependent increase (F(4 40,
= 12.36; p < 0.001) in rotational behavior (Fig. 34). Animals
rotated away from the injection site in SNr (contraversive turn-
ing) and showed a tight “nose-to-tail” posture with the highest
doses (7.5 and 10 ug) of morphine. Linear regression analysis
(Fig. 4) revealed that the total number of Fos-positive nuclei in
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Figure 2. A, Photomicrograph of a cresyl violet-stained section showing the locations of the guide cannula track (arrow) and the tip of the internal
cannula (arrowhead) after injection of morphine into medial substantia nigra pars reticulata (SNr). B, Higher power view of A4 showing the injection site.

Scale bar (shown in B): 4, 100 um; B, 50 wm.

the striatum after ipsilateral morphine injections into SNr (all
doses combined) was significantly and positively correlated with
the number of rotations (r = +0.73; F, 55, = 39.55; p < 0.001).
The greater the number of rotations that occurred in a 30 min
period, the higher the total number of Fos-stained neurons in
striatum. All morphine-injected animals turned for at least 30 min
after the injections (Fig. 34). However, a time-dependent effect of
morphine on the rotational behavior was also observed. The
duration of turning over a 2 hr period was found to be dependent
on the initial amount of morphine injected: the longest duration
of turning (2 hr) was observed in animals infused with 10 ug of
morphine, and the shortest duration of turning (30 min) was
observed in animals infused with 1 ug of morphine into SNr (p <
0.01; data not shown). This may be related to the short half-life of
morphine (30—40 min) in the brain (Bhargava et al., 1992).
Three different patterns of Fos expression were observed in the
striatum after morphine injections into SNr. Figure 5 demon-
strates these patterns in the subjects injected with 10 ug of
morphine. Some of these animals exhibited Fos immunostaining
localized mostly to the dorsomedial striatum (Fig. 542; “medial
pattern” group), with little staining in lateral striatum (Fig. 547).
Some of the subjects had Fos-stained cells localized mostly to
dorsolateral and far lateral striatum (Fig. 5C5; “lateral pattern”
group), with fewer stained cells in dorsomedial striatum (Fig.
5C6). The remaining subjects had Fos-immunostained nuclei
throughout striatum, in both medial (Fig. 5B4) and lateral (Fig.
SB3) portions of the striatum (“mediolateral pattern” group).

To quantify this distribution and to determine whether the
patterns of striatal staining were related to the morphine injection
sites in SN, the striatum was arbitrarily divided into four areas as
shown in Figure 1B, area 1 being the most dorsomedial and area
4 being the most dorsolateral. Counts of Fos-positive neurons
were performed for each area in each of the 18 animals that
received 10 pg of morphine into SNr. On the basis of these
counts, subjects were placed into a “medial” group (greatest
number of cells in area 1 and no cells in area 4), a “lateral” group
(greatest number of cells in area 2), or a “mediolateral” group
(greatest number of cells in areas 1 and 2, with cells in areas 3 and
4). Plots of the numbers of cells in each region of striatum for
each group are shown in Figure 6A4. Note the progressive de-
crease in cells in area 1 going from medial to lateral and the
progressive increase in cells in areas 2, 3, and 4 going from medial
to lateral.

After the subdivision of these animals into the three groups
based on the Fos-staining pattern in striatum, a histological
analysis of the 10 wug morphine injection sites in SNr was per-
formed. These sites were plotted in Figure 74. Animals from the
medial group had SNr injection sites located in the medial third
of the SNr; subjects from the lateral group had SNr injection sites
located in the lateral third of the SNr; and subjects from the
mediolateral group had SNr injection sites located in the middle
third of SNr. On the basis of this observation, the SNr was divided
into three equal sectors (dotted lines shown in Fig. 74) and labeled
the medial, middle, and lateral sectors of SNr. Using this subdi-
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Figure 3. A, Number of Fos-immunoreactive nuclei (open squares) induced in the rat striatum 2 hr after saline (0) and morphine injections (1, 5, 7.5, and
10 pg in 0.5 wl) into ipsilateral substantia nigra pars reticulata (SNr) and the effects of each dose of morphine on rotational behavior ( filled bars). Note that
increasing morphine doses increased the number of Fos-stained neurons in striatum, the maximal response being obtained with 10 pg of morphine.
Morphine injections were accompanied by a dose-dependent increase in locomotor activity as revealed by the number of rotations recorded during the first
30 min after morphine injections. Animals rotated away from the injection side (contralateral turning). The number of rats in each group is given in
parentheses. Fos induction: *p < 0.05; ***p < 0.001 as compared with saline (0 dose). Rotation: *p < 0.05; **p < 0.01; ***p < 0.001 as compared with
saline. B, Photomicrographs of a rat striatum (dorsomedial part) showing Fos protein induction 2 hr after saline injection into one medial SNr (left) and
morphine injection (10 pg) into the opposite medial SNr (right) of the same animal. Note that the intranigral injection of morphine markedly increased Fos
protein in dorsomedial striatum (right) as compared with the side injected with saline (left). ST, Striatum; LV, lateral ventricle. Scale bar, 100 wm.
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Figure 4. Plot of the rotation rate recorded during the first 30 min after
intranigral injections of morphine (1, 5, 7.5, and 10 ug; n = 37) versus the
total number of Fos-positive nuclei counted in the striatum. The rota-
tional behavior was positively correlated with the number of striatal Fos
neurons (r = +0.73; p < 0.001; df = 36). The line represents linear
regression derived by the method of least squares.

vision of the SNr, a two-factor repeated ANOVA showed that the
number of Fos nuclei in the different areas of the striatum (areas
1-4, Fig. 1B) was a function of the SNr sector (medial, middle,
and lateral) infused with morphine (F4 45, = 30.99; p < 0.001). A
similar analysis performed on all the animals infused with 1, 5,
7.5, and 10 pg of morphine into SNr confirmed this result (Fs 102,
= 11.38; p < 0.001) and also revealed that within each area of the
striatum, the number of Fos-positive neurons was a function of
the dose of morphine injected into a given sector of SNr (F 4 40,
= 126.39; p < 0.001). Figure 34 shows the general morphine-
induced dose-dependent increase in striatal Fos nuclei regardless
of the injection sites in SNr. Although our experimental approach
was not designed to target specific SNr sectors, a detailed analysis
revealed that the lowest dose of morphine (1 ug) was more
effective in inducing Fos in striatum when injected in medial SNr
than in lateral SNr. This may suggest that a difference in respon-
sivity to morphine exists in SNr.

These findings are consistent with neuroanatomical data show-
ing that dopamine projections from SN to striatum are topo-
graphically organized (Fallon and Moore, 1978). Despite an even-
tual diffusion factor associated with the drug used, the data
indicate that receptors located close to the injection site are
directly involved in the morphine-induced behavioral and bio-
chemical effects (David and Cazala, 1994). To confirm the spec-
ificity of the different patterns of Fos expression, four animals
were injected with 10 ug of morphine into a “negative control”
site that was 2 mm dorsal to the SNr (Fig. 74, filled squares).
These injections did not induce any Fos in striatum nor did they
produce any rotational behavior. The anterior-posterior place-
ment of the injection cannula (between 5.2 and 6.0 mm posterior
to bregma; Fig. 14) did not seem to be of major importance in
determining either the pattern of Fos expression within the stri-
atum or the rate of turning. Although the anterior to posterior
distribution of Fos-stained cells in striatum was not analyzed
quantitatively, there were relatively fewer Fos-immunoreactive
neurons in anterior striatum than in middle striatum, especially
after morphine injections into the middle and lateral SNr. The
anterior to posterior distribution of Fos-stained cells in the stri-
atum was globally similar to that observed after intraperitoneal

J. Neurosci., November 1, 1997, 717(21):8596-8612 8601

injections of morphine (10 mg/kg). Systemic morphine also in-
duced Fos protein in medial prefrontal, cingulate, and parietal
cortices, as well as in centromedial and centrolateral thalamic
nuclei (not shown). This pattern of Fos induction was globally
mimicked by morphine injections into medial SNr (Fig. 8). Al-
though smaller and less consistent responses were observed in
thalamic nuclei, this suggests that the activation of an “SN-
thalamo-cortical” circuit may mediate Fos induction in cortical
areas that in turn would activate specific sets of striatal neurons.

In preliminary experiments, the fluorescent tracer Fluoro-Gold
(0.5 ul of a 3% solution) was injected into SNr to retrogradely
label striatonigral neurons. Five days later, morphine was admin-
istered systemically, and Fos expression in striatum was examined
2 hr later. Fos was expressed in striatal neurons labeled with
Fluoro-Gold as reported by Cenci et al. (1992). This result
suggests that Fos is expressed, at least in part, in striatal neurons
that project to SN, contain substance P, and are proposed to have
D, receptors (Gerfen et al., 1990; Robertson et al., 1990; Gerfen,
1992; Kosofsky et al., 1995; Surmeier et al., 1996). Recent studies
suggest that substance P-containing striatal neurons, expressing
D,,, D5, and D, receptors, project to the SN and internal and
external segments of GP. Substance P and enkephalin neurons,
which make up a small percentage of striatal neurons and contain
D,, and D, receptors, project to the same locations (Surmeier et
al., 1996).

Relationship between rotational behavior and Fos
staining in the different areas of the striatum

Figure 64 presents the number of Fos-positive nuclei in the
different areas of the striatum for the three groups (medial,
mediolateral, and lateral) of animals injected with 10 ug of
morphine into the different sectors of SNr and compares this
number with the rotational behavior observed for these groups. A
one-way ANOVA revealed a significant effect of Fos pattern on
rotational behavior (F(,,sy = 54.35; p < 0.001). The greatest
rotation rate was observed in the lateral pattern group, which also
showed a peak of Fos-stained cells in area 2 of the striatum. The
lowest rotation rate was observed in the medial pattern group, in
which most of the Fos-positive neurons were located in area 1, the
most dorsomedial portion of striatum.

The numbers of Fos-stained neurons in the specific areas of
striatum were found to correlate with the rotational behavior
(Fig. 6B). The number of rotations was highly positively corre-
lated with the number of Fos-positive nuclei in area 2 (r = +0.89;
Fi16) = 58.69; p < 0.001). For area 1, however, the rate of
rotation was negatively correlated with the number of Fos-stained
cells (r = —0.77; F4 16, = 23.65; p < 0.001). That is, animals with
greater numbers of Fos-stained cells in area 2 rotated at faster
rates, whereas animals with greater numbers of Fos-stained cells
in area 1 rotated at slower rates (Fig. 6B). Similar results were
obtained when all the animals injected with all doses of morphine
(1,5,7.5, and 10 pg) into SNr were combined. Significant positive
correlations were found when using areas 2, 3, or 4 separately or
all three areas together (r = +0.86; F(; 55, = 101.61; p < 0.001),
the highest correlation being found in area 2 of the striatum (r =
+0.88; F(y 35 = 125.73; p < 0.001).

The lateral pattern group of animals injected with 10 ug of
morphine into the lateral SNr not only expressed Fos in dorso-
lateral parts of the striatum but also had a large number of
Fos-positive neurons in the GP (Fig. 94, Table 1). In contrast,
very few Fos-positive neurons were observed in the GP in the
medial pattern group, in which the rotation rate was the lowest
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Figure 5. Photomicrographs illustrating the distribution of Fos-positive nuclei in the striatum 2 hr after ipsilateral injections of morphine (10 ug) into
the medial part (A), the middle part (B), or the lateral part (C) of the SNr (for injection site placements, see Fig. 74). Fields indicated by brackets are
shown at higher magnification in panels 1-6. An intense induction of Fos was observed in the dorsomedial striatum (42) after morphine injection into
medial SNr, whereas very few Fos-positive neurons were found in the dorsolateral striatum (A47). After morphine injections into the middle SNr, Fos was
expressed in both dorsomedial (B4 ) and dorsolateral striatum (B3). After morphine injections into lateral SNr, Fos-stained neurons were mainly limited
to the dorsolateral striatum (C5), with little Fos in the dorsomedial striatum (C6). ST, Striatum. Scale bars: A-C, 1 mm; panels 1-6, 150 pum.
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Figure 6. Effects of intranigral morphine injections on the distribution of Fos immunostaining within the striatum and on the rotational behavior. A4,
Animals injected with 10 pug of morphine were divided into three groups (Medial pattern group, n = 6; Medio-lateral pattern group, n = 6; and Lateral
pattern group, n = 6) according to the patterns of Fos expression in the four different areas of the striatum (areas 1, 2, 3, and 4; see Fig. 1B). The number
of Fos-positive neurons in the different areas of the striatum for these three groups is presented with the corresponding rotational behavior. Rotation
rate was greater in the lateral and mediolateral groups compared with the medial and saline (dotted line) groups (*p < 0.05 as compared with saline
group; ***p < 0.001 as compared with medial and saline groups). Fos induction was the greatest in area 1 in the medial group and declined in the other
groups, whereas the numbers of Fos-stained cells increased in areas 2, 3, and 4 in the lateral group compared with the medial group. (Medial group, **°p <
0.001 for area 1 as compared with areas 2, 3, and 4. Medio-lateral group, “p < 0.05 for areas 1 and 2 as compared with areas 3 and 4. Lateral group, *p <
0.05 for area 2 as compared with areas 1, 3, and 4). B, The magnitude of the morphine-induced rotational behavior correlated with the pattern of Fos
expression within the striatum. The number of rotations was positively correlated (left panel ) with the number of Fos-positive nuclei in area 2 of striatum
(r = +0.89; p < 0.001; df = 17) but was negatively correlated (right panel) with the number of Fos-stained neurons in area 1 of striatum (r = —0.77;
p < 0.001; df = 17).

(Fig. 9B, Table 1). Linear regression analysis performed on the 18 morphine into SNr were combined (r = +0.80; F, 55, = 60.95;
animals injected with 10 pug of morphine confirmed that the total ~ p < 0.001).

number of Fos-positive nuclei in the ipsilateral GP was signifi-

cantly and positively correlated with the rotational behavior (r = Effects of SNr injections of p opioid agonist and

+0.77; F 1 1) = 23.55; p < 0.001). A similar correlation between ~ GABA, antagonist

rates of rotation and numbers of Fos-stained nuclei in GP was To confirm that morphine induction of Fos in striatum was caused
found when all the animals injected with the different doses of by specific actions on w opioid receptors, the u-specific agonist
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Figure 7. Locations of injection cannula
tips for animals that received morphine
either (A4) into the substantia nigra pars
reticulata (SNR) (10 pg in 0.5 pl) or (B)
into the ventral tegmental area (V'TA) (10
pg in 0.3 ul). All injection sites, which
were between 5.2 and 6.0 mm posterior to
bregma for SNr and between 4.8 and
5.6 mm posterior to bregma for VTA,
are represented on two single planes
(—5.6 and —5.2 mm for SNr and VTA,
respectively) (redrawn from Paxinos and
Watson, 1986). The SNr was arbitrarily
divided into three regions shown with the
dotted lines and labeled MEDIAL, MID-
DLE, and LATERAL. The symbols de-
note injection sites within SNr, and the
type of symbol denotes whether the injec-
tion induced Fos in medial striatum/NAc
(filled triangles), in medial and lateral stri-
atum (open circles), or mainly in lateral
striatum ( filled circles) (see Fig. 5). The
symbols above the SNr (filled squares)
represent a “negative control site” made
to test the site specificity. These morphine
injections did not induce Fos in striatum
nor did they produce rotational behavior.
Morphine injections into the VTA (B)
were found to induce Fos protein mostly
in NAc and medial striatum (see Fig. 13)
(for complete listing of all abbreviations,
see Paxinos and Watson, 1986).

-5.2 mm

¢ Fos in NAc and medial striatum

A Fos in medial striatum and NAc
o Fos in medio-lateral striatum

o Fos in lateral striatum

B No Fos in striatum

Figure 8. Photomicrographs of Fos immunoreactivity in coronal sections through the parietal (4) and anterior cingulate (B) cortices showing marked
induction of Fos-positive nuclei in a rat injected with 10 ug of morphine into the medial part of the SNr. Note the large number of cells immunoreactive
for Fos in parietal cortex, especially in layer VI (arrowhead). Par, Parietal cortex; Cing Ant, anterior cingulate cortex; cc, corpus callosum. Scale
bar, 80 pwm.
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Figure 9. Photomicrographs of Fos immunoreactivity in coronal sections through the globus pallidus (GP) showing (A) marked induction of
Fos-positive nuclei in a rat injected with 10 ug of morphine into the lateral part of the SNr compared with (B) no Fos immunostaining in a rat injected

with 10 ug of morphine into the medial part of the SNr. Scale bar, 300 wm.

Table 1. Number of Fos-positive nuclei in striatum, NAc, and GP after morphine injections either into

VTA or into SNr

Morphine 10 pg

Brain region VTA Medial SNr Middle SNr Lateral SNr
Striatum
Area 1 256.7 = 43.2%** 425.0 = 35.8 291.4 = 28.1 155.7 £ 13.6
Area 2 327+174 553 +89 198.8 + 22.8 270.0 = 33.1*
Area 3 03+03 43+ 18 102.9 = 27.8 192.2 = 28.6
Area 4 0.0+ 0.0 0.0x0.0 19.6 = 6.8 50.5 =13.2
NAc 205.0 = 17.9%#* 94.0 = 15.0 57252 19.1£25
GP 473 = 12.0 125 £3.8 142.3 £ 30.7 323.0 = 28.3**

Data are mean = SEM. Injections of morphine into VTA induced Fos predominantly in area 1 of striatum and NAc (*** p <
0.001 as compared with the remaining four brain regions). Morphine injected into the lateral part of SNr induced Fos
predominantly in GP (** p < 0.01) and area 2 of striatum (* p < 0.05). For further comparisons of Fos induction within the
striatum (areas 1-4) after morphine injections into medial, middle, and lateral SNr, see Figure 64.

DAMGO was injected into the SNr. Depending on the location of
the injection site within the SNr, contralateral rotational behavior
was obtained with doses varying from 0.1 to 5 ug (data not
shown). The 1 ug dose of DAMGO injected into SNr induced
numbers of Fos-positive neurons in striatum (Figs. 10B, 11A4)
similar to those induced by the 5-10 pg doses of morphine (Fig.
3A4). In addition, intranigral injections of DAMGO induced num-
bers of Fos-stained neurons in striatum (Fig. 10 B) similar to those
induced by systemic injections of morphine (Fig. 104, open bars).
The injection of the GABA , antagonist bicuculline (doses vary-
ing from 0.05 to 1 pg) into the SNr also induced Fos in striatum

(Figs. 10B, 11E; 0.5 pg dose) and produced contralateral turning
(data not shown). The saline injections into SNr of the same
animals induced few Fos-positive nuclei in striatum (Figs.
10B, 11B,F).

Effects of pn,, D;, and NMDA receptor antagonists on
systemic morphine-induced Fos immunoreactivity

To further define the role of w opioid receptors in SNr, the w,
receptor antagonist naloxonazine was injected into the SNr with
the same volume of vehicle infused into the opposite SNr. Sys-
temic morphine injected 30 min later markedly induced Fos in
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Figure 10. A, Effects of injection of the u, A
opioid receptor antagonist naloxonazine
(NLXZ) into substantia nigra pars reticu-
lata (SNr) and ventral tegmental area
(VTA) or intrastriatal injections of the
NMDA glutamate receptor antagonist MK
801 and the D, dopamine receptor antago-
nist SCH 23390 on Fos induction in stria-
tum (S7) after systemic administration of
morphine (10 mg/kg, i.p., 4 times over 2 hr).
The different antagonists were injected 30
min before morphine. The number of Fos-
positive nuclei was significantly reduced
(**p < 0.01; ***p < 0.001) in the striatum
ipsilateral to the antagonist injections
(cross-hatched bars) compared with vehicle
injections (open bars). B, The w opioid re-
ceptor agonist DAMGO and the GABA,
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receptor antagonist bicuculline injected 0-
into SNr significantly increased (***p < NLXZ
0.001) the number of Fos-positive nuclei in 0.5ug
the striatum ipsilateral to the injected side *
(cross-hatched bars) compared with the

vehicle-injected side (open bars). SNr

medial striatum ipsilateral to the vehicle injection into SNr (Figs.
104, 11D), whereas Fos induction was markedly suppressed but
not completely blocked in medial striatum ipsilateral to the nal-
oxonazine injection (Figs. 104, 11C). Similar results were ob-
tained when naloxonazine was injected into the VTA before
systemic morphine (Fig. 104). Animals injected with naloxona-
zine alone into SNr or VTA did not show any significant Fos-
positive nuclei in striatum (not shown).

One experiment was not performed in animals that received
systemic morphine. Injection of bicuculline, a GABA, antago-
nist, into SNr induced Fos in striatum, as described previously in
Results. On the basis of this finding, we would predict that
injection of a GABA, agonist into SNr should block Fos induc-
tion in striatum produced by systemic administration of mor-
phine. In preliminary experiments, we found that although no Fos
induction was observed after intrategmental injections of musci-
mol, intranigral injections unexpectedly induced Fos in striatum.
This result indicates that Fos induction is mediated by a complex
circuitry in the VTA and SN. The stimulation of nigrostriatal
neurons by a GABA, agonist suggests that a second inhibitory
interneuron located in SN may participate in the GABAergic
regulation of nigrostriatal neurons (Westerink et al., 1996).

MK 801 and SCH 23390 were injected into striatum on one side
of the brain, and vehicle was injected into the other side (Figs.
104, 12). After systemic injections of morphine, large numbers of
Fos-immunostained neurons were induced in medial striatum
ipsilateral to the vehicle injections (Figs. 104, 12B,D), whereas
Fos induction was almost completely blocked in the medial stri-
atum ipsilateral to the MK 801 or SCH 23390 infusions (Figs.
104, 124,C). Animals injected with MK 801 or SCH 23390 alone
did not show any significant Fos-positive nuclei in striatum (not
shown).

Effects of morphine injections into VTA on Fos
immunoreactivity in striatum and NAc

Injections of 10 pg of morphine into the VTA produced con-
tralateral turning (data not shown) and a significant increase in
the number of Fos-immunoreactive neurons in the ipsilateral
striatum (Fig. 134) compared with the saline control-injected
side. The Fos-stained cells were located mainly in the dorsome-
dial and ventromedial portions of the striatum (Fig. 134), whereas

NLXZ
0.5ug

77, o]

MK 801 SCH 23390 Damgo Bicuculline
0.1 pug 0.1 ug lug 0.5ug

v v

VTA ST SNr

fewer Fos-positive cells were located in lateral striatum compared
with the SNr injections (Table 1). The greatest difference be-
tween SNr and VTA injections of morphine was noted in NAc,
where Fos was markedly induced after VTA injections (Fig. 13B,
Table 1) but not after injections into the lateral part of SNr (Fig.
13D, Table 1). Morphine injections into medial SNr induced Fos
in NAc, but to a lesser extent than VTA injections (Fig. 13C,
Table 1). Separate counts in the core and shell regions of NAc
were not performed to compare SNr and VTA injections.

DISCUSSION

1 opioid receptors in SNr and VTA mediate morphine-
induced Fos protein in striatum and NAc

Systemic morphine induces Fos protein in limbic portions of
striatum and NAc (Chang et al., 1988; Liu et al., 1994), a response
blocked by systemic w opioid receptor antagonists (Bontempi et
al., 1995; Garcia et al.,, 1995). This study determined where
systemic morphine acts and which receptors are responsible for
Fos induction. Morphine action on u opioid receptors in SNr and
VTA is sufficient to induce Fos in striatum and NAc because (1)
morphine injections into SNr induce Fos in striatum, (2) mor-
phine injections into VTA induce Fos in NAc and dorsomedial
striatum, (3) Fos is expressed in striatum after intranigral injec-
tion of the w opioid receptor agonist DAMGO, and (4) SNr and
VTA injections of the u, opioid receptor antagonist naloxona-
zine block Fos induction in medial striatum produced by systemic
morphine.

Morphine infusions into SNr/VTA should act on u opioid
receptors. The w receptors are not located on SNc/VTA dopa-
mine neurons because u receptors are coupled to inhibitory
guanine nucleotide binding proteins (Laugwitz et al., 1992) that
inhibit neurons. Morphine, however, increases SNc/VTA dopa-
mine neuronal firing (Matthews and German, 1984; Di Chiara
and Imperato, 1988a; Johnson and North, 1992; Devine et al.,
1993; Devine and Wise, 1994). Morphine could act on w receptors
located on GABAergic interneurons in SNr and VTA (Di Chiara
and North, 1992; Johnson and North, 1992). Morphine binding to
p receptors located on SNr/VTA GABA interneurons would
inhibit these cells, decrease GABA release, and decrease tonic
inhibition of SN¢/VTA dopamine neurons. Increased firing of
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dopamine neurons would increase dopamine release in striatum/
NAc and induce Fos. Injections of the GABA, receptor antago-
nist bicuculline into SNr/VTA produce dopamine release (Wes-
terink et al., 1996), rotational behavior (Kozlowski and Marshall,
1980), and self-administration (David et al., 1997; Tkemoto et al.,
1997) and induce Fos in ipsilateral striatum in this study.

Systemic morphine induces Fos in dorsomedial striatum and to
a lesser extent in NAc (Liu et al,, 1994; present study). This
pattern of Fos induction was mimicked by morphine injections
into medial SNr and VTA but was not reproduced by lateral SNr
injections. This suggests that systemic morphine acts preferen-
tially on medial SNr and on VTA to induce Fos in dorsomedial
striatum and NAc. This might occur because of a higher density
or some other property of u receptors in medial SNr and VTA
compared with lateral SNr (McLean et al., 1986; Mansour et al.,
1987; Temple and Zukin, 1987; German et al., 1993).
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Figure 11. A, B, Photomicrographs of a rat
dorsomedial striatum showing (A) marked
Fos protein induction 2 hr after injection of
the w opioid receptor agonist DAMGO (1
png) into one medial SNr as compared with
(B) the very low level of Fos induction after
saline injection into the opposite medial SNr.
C, D, Fos protein induction in dorsomedial
striatum after systemic administration of
morphine (10 mg/kg, i.p., 4 times over 2 hr)
in a rat that had vehicle injected into one SNr
(D) and the u, opioid receptor antagonist
naloxonazine (0.5 ug) injected into the op-
posite SNr (C) 30 min previously. Note that
Fos induction was reduced in the striatum
ipsilateral to the naloxonazine injection. E,
F, Fos protein induction in the dorsolateral
striatum of an animal injected with the
GABA, receptor antagonist bicuculline (0.5
png) into one lateral SNr (E) and saline in-
jected into the opposite lateral SNr (F).
ST, Dorsomedial striatum; ST lat, dorsolat-
eral striatum; LV, lateral ventricle. Scale bar,
250 wm.

Injections of the w, opioid receptor antagonist naloxonazine
into SNr did not completely block the induction of Fos in striatum
and NAc produced by systemic administration of morphine, rais-
ing the possibility that u receptors in other locations or other
opiate receptor subtypes that are located within or outside the SN
modulate Fos induction (Loh and Smith, 1990; Miyamoto et al.,
1993). The finding that naloxonazine injections into the VTA also
reduced Fos induction in striatum is consistent with the proposal
that systemic morphine acts on both medial SNr and VTA u
opioid receptors. Striatal w opioid receptors might also play a role
in inducing Fos in striatum after systemic morphine. If u recep-
tors were located on striatal GABAergic neurons that project to
SNc dopamine neurons (Gerfen, 1992), then morphine would
inhibit these cells, resulting in activation of SNc dopamine neu-
rons and induction of Fos in striatum via the nigrostriatal
pathway.
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Figure 12.  Fos protein induction in dorsomedial striatum after systemic administration of morphine (10 mg/kg, i.p., 4 times over 2 hr) in rats that had
saline injected into one striatum (B, D) and the NMDA glutamate receptor antagonist MK 801 (0.1 ug) (A) or the D; dopamine receptor antagonist
SCH 23390 (0.1 ng) (C) injected into the opposite striatum 30 min previously. Note that MK 801 and SCH 23390 markedly decreased Fos protein
induction compared with the side injected with saline. ST, Striatum. Scale bar, 85 wm.

There are parallel circuits in the basal ganglia that process
different classes of information (Alexander and Crutcher, 1990;
Graybiel, 1990; Gerfen, 1992; Groenewegen and Berendse,
1994). The rat medial striatum and NAc receive afferent inputs
from limbic-related structures (Groenewegen and Berendse,
1994), whereas the dorsolateral striatum receives predominant
inputs from sensory and motor cortical areas (Brown
and Sharp, 1995). Systemic morphine activates the limbic cir-
cuit, a property common to drugs of abuse (Di Chiara and
Imperato, 1988b).

Morphine injections into SN and VTA produce
contralateral rotation

Infusions of morphine, the w receptor agonist DAMGO, and
bicuculline into SNr or VTA produced contralateral turning
behavior. This effect is consistent with infusions of morphine,
enkephalin (Jenck et al., 1988), and DAMGO (Devine and Wise,
1994) into VTA or intranigral injections of morphine (Iwamoto
and Way, 1977), other opiates (Morelli and Di Chiara, 1985), and
GABA antagonists (Kozlowski and Marshall, 1980), which pro-
duce contralateral turning. Morphine increases dopamine release
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Figure 13.  Photomicrographs of a rat dorsomedial striatum (A4) and nucleus accumbens (NAc) (B) showing marked Fos protein induction 2 hr after
morphine (10 pg) injection into the ipsilateral VTA. Morphine injected into medial SNr also induced Fos protein in the NAc (C) compared with little
Fos induction after morphine injection into lateral SNr (D). ST, Striatum. Scale bar, 200 wm.

in ipsilateral striatum to produce contralateral turning (Stinus et
al., 1980; K. B. Johnson et al., 1992; Paul et al., 1992; Devine and
Wise, 1994), although an alternative nondopaminergic mecha-
nism has also been suggested (Morelli and Di Chiara, 1985).
Of interest is that the turning that was produced correlated
with the number and pattern of striatal Fos-stained neurons.
Although morphine injections into both SNr and VTA produced
turning, the turning rate was greatest at high morphine doses and
correlated best with morphine injections into middle and lateral
SNr, which induced Fos primarily in dorsolateral striatum. This is
compatible with the topography of lateral SNc projections to
lateral striatum and sensorimotor cortical projections to lateral

striatum (Groenewegen and Berendse, 1994; Brown and Sharp,
1995; Graybiel, 1995; Hersch et al., 1995). In turning animals, Fos
was also induced in the GP, a region that is involved in the control
of movements (Alexander and Crutcher, 1990; Albin et al., 1995;
Graybiel, 1995). D, receptor activation can enhance or decrease
evoked discharge in neostriatal medium spiny neurons, depend-
ing on the cellular depolarization and calcium flux through L-
type calcium channels (Hernandez-Lépez et al., 1997). There-
fore, striatal D, neurons that contain substance P, project to SN,
and send axon collaterals to the internal segments of the GP
(Kawaguchi et al., 1990; Surmeier et al., 1996) could mediate
induction of Fos in GP. This Fos induction indicates activation of



8610 J. Neurosci., November 1, 1997, 17(21):8596-8612

the motor/sensory circuit, which might mediate the dopamine-
dependent motor syndromes reported after stimulation of intrani-
gral opioid receptors (Morelli et al., 1989). Drugs that modulate
opioid receptors might provide additional targets for the pharma-
cological treatment of motor disorders of the basal ganglia (Albin
et al., 1995).

Coactivation of D, and NMDA receptors mediates
induction of Fos in striatum

Systemic administration of either D, or NMDA receptor antag-
onists blocks Fos induction in striatum produced by systemic
administration of cocaine, amphetamine (Graybiel et al., 1990;
Snyder-Keller, 1991; Young et al., 1991; Torres and Rivier, 1993),
and morphine (Liu et al., 1994). In the present study, local striatal
injections of either D; or NMDA receptor antagonists were
sufficient to completely block Fos induction in striatum produced
by systemic morphine. These results suggest that coactivation of
D, dopamine and NMDA glutamate receptors located in stria-
tum is necessary for Fos induction. The Fos induction produced
by infusions of N-methyl-p-aspartate itself into striatum (Aronin
et al., 1991) might also require D, receptor coactivation.

Blockade of Fos induction by striatal injections of D, and
NMDA receptor antagonists means that Fos induction after
systemic morphine must be mediated by both dopamine and
glutamate inputs to striatum/NAc. The only sources of dopamine
input to striatum and NAc are from the SNc/VTA dopamine
neurons, suggesting that increased release of dopamine from SNc
and VTA neurons is necessary for systemic morphine to induce
Fos in striatum/NAc. The source of glutamate input to the
striatum and NAc could be from cortex. Systemic morphine
induces Fos in medial prefrontal, cingulate, and parietal cortices
(Garcia et al., 1995). In fact, mesocortical and mesolimbic dopa-
mine inputs to limbic cortex could modulate Fos induction in
cortical neurons. Alternatively, cortical neurons may be activated
by alterations in thalamocortical projections (Berendse and Groe-
newegen, 1991). Cortical pyramidal neurons projecting to stria-
tum and NAc (Berendse et al., 1992) would release glutamate and
activate NMDA receptors, which along with coincident release of
dopamine and activation of D, receptors could induce Fos in
striatal/NAc neurons.

There are several possible mechanisms that could explain this
D, /NMDA receptor coactivation. NMDA receptors may be lo-
cated presynaptically on dopamine terminals and modulate do-
pamine release in striatum (Leviel et al., 1990; Krebs et al., 1991,
Wang, 1991; Martinez-Fong et al., 1992). MK 801 could block
presynaptic NMDA receptors on striatal/NAc dopamine termi-
nals, block dopamine release normally produced by morphine,
and prevent Fos induction.

NMDA receptors mediating Fos induction could also be lo-
cated postsynaptically. Because D, receptors in striatum/NAc are
believed to be postsynaptic, it is possible that the D; and NMDA
receptors are located on the same cell in which Fos is induced.
This would suggest that concurrent activation of NMDA and D,
receptors would be required for Fos induction. The Fos promoter
is known to have the adenylate cyclase response (CRE) and
serum response (SRE) elements, responsive to cAMP and cal-
cium, respectively (Bading et al., 1993). Dopamine binding to D,
receptors would activate cAM P, CREB, and binding to the CRE.
Glutamate binding to NMDA receptors would induce calcium
entry and activate the SRE. Although there is the suggestion that
either element can induce Fos in vitro (Bading et al., 1993), recent
in vivo transgenic mutation of any one of the c-fos promoter
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elements was sufficient to block Fos induction (Robertson et al.,
1995). In addition, if there is not sufficient calcium in the cell,
c-fos transcription is blocked (Collart et al., 1991). Last, blockade
of NMDA receptors in cultured cortical neurons prevents Fos
activation by many different stimuli, including potassium and
phorbol esters (Hisanaga et al., 1992), and blockade of NMDA
receptors in striatal neurons prevents Fos induction by dopamine
and phorbol esters (Konradi et al., 1996). These data suggest that
coactivation of D, and NMDA receptors and coactivation of
CRE and SRE in the c-fos promoter are required for Fos induc-
tion in single striatal cells.

D, and NMDA receptor antagonists prevent c-fos and junB
induction in striatum and NAc produced by morphine (Liu et al.,
1994; present study), amphetamine, and cocaine (Graybiel et al.,
1990; Young et al., 1991; Berretta et al., 1992; Moratalla et al.,
1993), and they block the reward and other properties of drugs of
abuse (Trujillo and Akil, 1991; Koob, 1992; Maldonado et al.,
1993; Shippenberg et al., 1993). These findings suggest that the
D,/NMDA receptor regulation of IEG induction in striatum and
NAc could modulate the expression of target genes that may be
involved in the establishment of long-term changes in neural
circuits underlying some of the behavioral effects of addictive
drugs. Further investigations will have to elucidate the nature and
the functional role of these target genes (Nye and Nestler, 1996;
Sganga et al., 1996).
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