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Lesions of glutamatergic afferents to the nucleus accumbens
have been reported to block psychostimulant-induced behav-
ioral sensitization. However, thalamic glutamatergic projections
to the nucleus accumbens have received little attention in the
context of psychostimulant actions. We examined the effects of
acute amphetamine and cocaine administration on expression
of Fos protein in the thalamic paraventricular nucleus (PVT),
which provides glutamatergic inputs to the nucleus accumbens
and also receives dopaminergic afferents. Immunoblot and im-
munohistochemical studies revealed that both psychostimu-
lants dose-dependently increased PVT Fos expression. PVT
neurons retrogradely labeled from the nucleus accumbens were
among the PVT cells that showed a Fos response to amphet-
amine. D2 family dopamine agonists, including low doses of the

D3-preferring agonist 7-OH-DPAT, increased the numbers of
Fos-like-immunoreactive neurons in the PVT. Conversely, the
effects of cocaine and amphetamine on PVT Fos expression
were blocked by pretreatment with the dopamine D2/3 antago-
nist raclopride. Because PVT neurons express D3 but not other
dopamine receptor transcripts, it appears that psychostimu-
lants induce Fos in PVT neurons through a D3 dopamine recep-
tor. We suggest that the PVT may be an important part of an
extended circuit subserving both the arousing properties and
reinforcing aspects of psychostimulants.
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The nucleus accumbens (NAS) is a major site of psychostimulant
drug actions (Di Chiara and Imperato, 1988; Kalivas and Stewart,
1991; Wise, 1996). In particular, the accumbal dopamine (DA)
innervation appears critical for both the locomotor effects and
rewarding properties of psychostimulants (Kalivas and Stewart,
1991; Wise, 1994; Robbins and Everitt, 1996). Converging data
indicate that glutamatergic systems modulate striatal DA function
and thereby regulate psychostimulant-induced locomotor behav-
ior and sensitization (Kalivas, 1995; McGinty, 1995; Wolf, 1998).
Among these data are reports showing that lesions of glutama-
tergic projections to the NAS, including those from the medial
prefrontal cortex (PFC), amygdala, and hippocampus, alter
psychostimulant-induced locomotor behavior and behavioral sen-
sitization (Post et al., 1988; Yoshikawa et al., 1991; Burns et al.,
1993; Wolf et al., 1995; Pierce et al., 1998).

The thalamus is a major source of glutamatergic projections to
the striatal complex (Christie et al., 1987; Fuller et al., 1987).
However, thalamostriatal projections have received scant atten-
tion in the context of psychostimulant actions. Because thalamic
sites that project to the striatum are components of distinct
cortico-striato-pallido-thalamic loops that have been suggested to
cooperatively subserve certain psychostimulant actions (Deutch

et al., 1993; Kalivas et al., 1993; Volkow et al., 1996; Wise, 1996),
the lack of attention to the thalamus in the context of psycho-
stimulants is surprising.

The paraventricular nucleus of the thalamus (PVT) is a midline
nucleus that appears to be a key node in extended cortico-striato-
pallido-fugal circuits. The PVT receives afferents from the ven-
tral pallidum (Haber et al., 1993; Zahm et al., 1996) and, in turn,
projects to the infralimbic and prelimbic cortices in the PFC
(Conde et al., 1990; Berendse and Groenewegen, 1991; Freedman
and Cassell, 1994; Moga et al., 1995; Bubser and Deutch, 1998),
thus completing a functional corticofugal circuit and providing
entry into parallel circuits (Deutch et al., 1993; Zahm et al.,
1996). The efferent projections of the PVT differ from those of
the mediodorsal thalamic nucleus (which also receives ventral
pallidal afferents and projects to the PFC; Groenewegen, 1988) by
sending glutamatergic projections to the NAS, amygdala, and
subiculum (Berendse and Groenewegen, 1990; Su and Bentivo-
glio, 1990; Turner and Herkenham, 1991; Moga et al., 1995;
Bubser and Deutch, 1998). In addition, the PVT receives a DA
innervation (Groenewegen, 1988; Takada et al., 1990; Öngür et
al., 1994; Otake and Ruggiero, 1995).

We recently reported that PVT lesions block cocaine-induced
locomotor sensitization, specifically disrupting the contextual con-
ditioning of the sensitization (Young and Deutch, 1998). This ob-
servation fits well with previous studies documenting that lesions of
glutamatergic projections to the NAS alter psychostimulant-
elicited sensitization. These behavioral data, coupled with the key
anatomical placement of the PVT, led us to assess the response of
PVT neurons to psychostimulants. We followed the induction of
Fos, the protein product of the immediate-early gene c-fos, as a
marker of PVT neurons that are metabolically activated by acute
cocaine and amphetamine administration.
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MATERIALS AND METHODS
Animals and drug treatments. Adult male Sprague Dawley rats were used
as subjects. Rats were group housed on a 12 hr light /dark cycle with lights
on at 6:00 A.M. Food and water were available ad libitum. To assess the
effects of psychostimulants on medial thalamic Fos expression, rats were
pretreated with either cocaine (7.5, 15, or 30 mg/kg, i.p.; n 5 4 per group)
or D-amphetamine (0.5, 1.5, or 5.0 mg/kg, i.p.; n 5 4 per group) and
killed by decapitation 2 hr later. The PVT was dissected from two
adjacent 1-mm-thick coronal slices using a punch with an outer diameter
of 840 mm, and samples were stored at 280°C until assayed by Western
blots. The time course of Fos induction in the PVT in response to acute
cocaine (30 mg/kg) was also determined; animals were administered
vehicle or cocaine and killed 1, 2, or 4 hr later (n 5 4 per group).

We determined the regional specificity of the effects of acute cocaine
(30 mg/kg, i.p.) by examining Fos expression in areas adjacent to the
PVT, including the habenula, dorsal hippocampus, or mediodorsal tha-
lamic nucleus. These regions were dissected and subsequently assayed for
Fos protein levels by immunoblot procedures. In addition, regional
specificity of psychostimulant-elicited Fos induction was determined us-
ing immunohistochemical methods. Rats were administered either vehi-
cle (n 5 7), amphetamine (5.0 mg/kg; n 5 9), or cocaine (30 mg/kg; n 5
10) and deeply anesthetized 2 hr later with pentobarbital. The rats were
then perfused transcardially with 4% paraformaldehyde (Deutch et al.,
1991).

Because amphetamine and cocaine act to increase extracellular DA
levels and the PVT receives a DA innervation, we examined the response
of PVT neurons to administration of DA receptor agonists. We first
assessed if acute administration of the mixed D1 /D2 receptor agonist
apomorphine (0.1 and 1.0 mg/kg; n 5 4 for each group) alters Fos
expression in PVT neurons, and then examined the effects of more
selective DA agonists, including the D1 agonist SKF-38393 (2.5 and 10
mg/kg; n 5 3 per group), the D2-like agonist quinpirole (0.1 and 1.0
mg/kg; n 5 4 per group), and the D3-preferring agonist R(1)7-hydroxy-
dipropylaminotetralin (7-OH-DPAT; 0.025 and 0.1 mg/kg, n 5 12 per
group). Finally, we determined if psychostimulant-elicited changes in Fos
protein levels occur through increases in extracellular DA levels: rats
(n 5 4 per group) were pretreated with the D2/3 antagonist raclopride
(1.0 mg/kg, i.p.) and 30 min later received either cocaine (30 mg/kg) or
amphetamine (5.0 mg/kg); the rats were killed 2 hr after psychostimulant
administration.

Because D3 but not other DA receptor transcripts are present in the
PVT (Mansour and Watson, 1994), we also examined the effects of
7-OH-DPAT administration on the numbers of Fos-like immunoreactive
(Fos-li) neurons in the PVT, using immunohistochemical methods. Rats
were subcutaneously injected with vehicle (n 5 4) or 0.1 mg/kg 7-OH-
DPAT (n 5 5), and animals were anesthetized and perfused 2 hr later.

The rewarding properties and locomotor stimulant actions of psycho-
stimulants have been suggested to be subserved in part by the NAS. We
therefore determined if amphetamine administration induced Fos in
PVT neurons that project to the NAS. Rats received iontophoretic
deposits of FluoroGold (FG; Fluorochrome, Englewood, CO) into the
NAS through micropipettes with tip diameters of 25–30 mm; FG was
dissolved in 0.1 M cacodylate and deposited by applying pulsed (7 sec
on/off) positive (2.5 mA) current for 7–10 min. Three weeks later animals
received either vehicle (n 5 4) or amphetamine (5.0 mg/kg, i.p.; n 5 6)
and were perfused after 2 hr had elapsed. Frontal sections cut through
the diencephalon and telencephalon were then processed to demonstrate
retrogradely labeled cells in the PVT that expressed nuclear Fos-like
immunoreactivity.

Immunoblot analyses. Fos protein levels were assessed by immunoblots
of total protein isolated from tissue homogenates of brain samples. The
tissue samples were sonicated in 2% SDS, and an aliquot was removed
for measurement of protein levels (Lowry et al., 1951). Each lane of a
10% acrylamide–0.27% methylenebisacrylamide gel was loaded with 50
mg of protein and run overnight at 60 V; the protein was then transferred
to nitrocellulose. The blots were incubated 4 3 15 min in 2% nonfat dry
milk in TBS 1 (10 mM Tris, pH 7.4, containing 150 mM NaCl and 0.1%
Tween 20) and then incubated overnight at 4°C in the Fos antibody
(1:5000) in TBS 1. The blots were washed in blocking buffer, incubated
for 2 hr in HRP-conjugated secondary antibody (Vector Laboratories,
Burlingame, CA), and then washed in TBS 1 before being developed
using enhanced chemiluminescence and exposed to Hyperfilm ECL
(Amersham, Arlington Heights, IL).

Levels of Fos protein were determined using a rabbit anti-Fos antibody
generated against the M peptide. This antibody, which recognizes Fos-

related antigens (Fras) as well as Fos has been characterized previously
(Quinn et al., 1989). Fos protein levels were quantitated by measuring
band optical densities using computer-assisted densitometry with the
public domain NIH Image program (developed at the United States
National Institutes of Health and available on the Internet at http://
rsb.info.nih.gov/nih-image) after calibration using an optical step chart
(Eastman Kodak, Rochester, NY). All quantitative data presented are of
Fos protein and not of Fos-related antigens. In some cases, depending on
the electrophoretic resolution, an apparent doublet was seen at 55 kDa;
this probably represents a post-translational modification of Fos. For our
densitometric evaluations of Fos, we monitored both bands together,
because in all cases the two bands were similarly regulated. The optical
densities were compared by means of analyses of variance followed by
Bonferroni t tests between comparison groups when indicated.

Immunohistochemistry. Coronal sections (30–40 mm) were cut through
the thalamus and forebrain on a vibrating microtome. Free-floating
sections were processed immunohistochemically for the demonstration
of Fos-like immunoreactivity following our previously described meth-
ods (Deutch et al., 1991). The numbers of Fos-li nuclei within the borders
of the PVT were counted in sections counterstained to demonstrate
tyrosine hydroxylase-immunoreactivity; the PVT can be distinguished
from adjacent thalamic nuclei by the presence of a relatively dense
tyrosine hydroxylase-immunoreactive axon plexus (Groenewegen, 1988;
Freedman and Cassell, 1991; Bubser and Deutch, 1998). The numbers of
Fos-li neurons in the PVT were compared by means of ANOVA and
subsequent Tukey’s tests when indicated.

To determine whether psychostimulants induce Fos in PVT neurons
that project to the NAS, sections were first immunostained for Fos using
nickel–cobalt-enhanced diaminobenzidine as the chromogen to reveal
black Fos-li nuclei (Deutch et al., 1991). After extensive washes, sections
were then processed to reveal the retrograde tracer FG using a rabbit
polyclonal antibody (1:3000; Chemicon, Temecula, CA); the retrograde
tracer was revealed using an immunoperoxidase procedure with diami-
nobenzidine as the chromogen, resulting in a brown cytosolic reaction
product through which the black nuclear Fos-like immunoreactivity
could be easily visualized.

RESULTS
Cocaine and amphetamine markedly increased Fos protein levels
and the numbers of Fos-li neurons in the PVT. These effects
were regionally specific and both dose- and time-dependent.
Psychostimulant-elicited Fos induction in the PVT appeared to
reflect the actions of increased extracellular DA levels. Thus,
administration of D2-like DA agonists, including the D3-
preferring agonist 7-OH-DPAT, increased Fos PVT expression,
whereas pretreatment with the D2/3 antagonist raclopride blocked
psychostimulant-induced PVT Fos expression.

Dose–response and time course
Acute administration of both cocaine and amphetamine dose-
dependently increased PVT Fos expression (Fig. 1). Both 15 and
30 mg/kg cocaine significantly increased Fos protein levels in the
PVT. Amphetamine also dose-dependently increased Fos protein
levels, with the 1.5 and 5.0 mg/kg doses significantly increasing
levels of the protein.

Rats injected with cocaine did not show a significant increase in
PVT Fos at 1 hr after injection, but by 2 hr there was a marked
induction of the protein (Fig. 2). Fos protein levels started to
subside by 4 hr after injection, but were still significantly elevated
relative to control values at this time. Because the maximal
induction of Fos was seen at 2 hr after administration, in all other
experiments the animals were killed 2 hr after drug treatment.

Regional specificity
Animals injected with 30 mg/kg cocaine or 5.0 mg/kg amphet-
amine showed a marked increase in Fos protein levels in the PVT
when examined using immunoblots. In contrast, we were unable
to detect a significant increase in Fos protein in the hippocampus
or habenula of psychostimulant-treated animals (Fig. 2). No effect
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of cocaine or amphetamine was observed in mediodorsal thalamic
nucleus (data not shown).

Immunohistochemical studies revealed that cocaine and am-
phetamine markedly increased the numbers of Fos-li neurons in
the PVT (Fig. 3, Table 1). The effects of the psychostimulants
were seen throughout the anteroposterior levels of the PVT.
There were no significant differences in the magnitude of the
increase in Fos-li neurons between the three anteroposterior
levels of the PVT at which cell counts were made. We did not
systematically count the number of Fos-li neurons in more ventral
midline intralaminar nuclei, but it was our subjective impression
that the two psychostimulants also increased the number of Fos-li
neurons in the interanteromedial and intermediodorsal nuclei
and in the central medial nucleus, albeit not to the same degree as
in the PVT.

Although the effects of cocaine and amphetamine were most
prominent in the PVT, a smaller but significant increase in the
number of Fos-li neurons in the lateral habenula (F(2,25) 5 20.2;
p # 0.01) was also observed. The two psychostimulants did not
induce Fos in the medial habenula.

Effects of DA agonists and antagonists
The mixed DA agonist apomorphine increased Fos levels in the
PVT (Table 2). This effect appears to be caused by actions at

D2-like receptors, because the D1 agonist SKF 38393 did not
significantly increase PVT Fos levels [F(2,8) 5 1.51, not significant
(NS)], whereas the D2-family agonist quinpirole did increase Fos
expression in the PVT (Table 2).

7-OH-DPAT administration resulted in a dose-dependent in-
crease in Fos protein levels in the PVT using immunoblot meth-
ods (Fig. 4), with the 0.1 mg/kg dose eliciting a significant in-
crease in Fos expression. This dose is well within the range at
which 7-OH-DPAT has been reported to selectively target the D3

receptor (Levant et al., 1996). In our immunoblot studies the
effects of 7-OH-DPAT were somewhat variable, leading us to
replicate twice the original experiment, each replication with four
animals receiving vehicle and the two doses of the agonist. We
therefore also examined the effects of 7-OH-DPAT using immu-
nohistochemical methods, and again observed a significant in-
crease in the number of Fos-li neurons in the PVT (Fig. 5). In
contrast, 7-OH-DPAT treatment did not significantly increase the
number of Fos-li neurons in the lateral habenula (t(7) 5 1.26, NS),
a site at which psychostimulants induced Fos.

Consistent with the DA agonist data, we found that pretreat-
ment with raclopride, a D2/3 receptor antagonist, completely
blocked the ability of cocaine to induce Fos in the PVT (Fig. 6).
Raclopride itself did not significantly increase Fos levels in the
PVT, consistent with our previous data (Deutch et al., 1995). We

Figure 1. The effects of acute administration of cocaine (COC) and
amphetamine (AMP) on Fos protein levels in the PVT. A representative
immunoblot is shown in the top panel, and the graphical representation of
the data (expressed as percent control of vehicle) is shown in the bottom
panel. Both psychostimulants dose-dependently increased PVT Fos ex-
pression. *p # 0.05 relative to vehicle ( V ) control; **p # 0.01 relative to
vehicle control.

Figure 2. The top panel shows a time course of the effects of acute
cocaine (C) administration. Fos levels peaked at 2 hr after cocaine
injection; note that the vehicle injection resulted in a small, albeit not
significant, increase in Fos expression in the PVT at 2 hr. The bottom
panel shows a representative immunoblot to illustrate the regional selec-
tivity of the effects of cocaine (C) relative to vehicle (V ) on Fos expres-
sion. Cocaine induced Fos expression in the PVT but not the hippocam-
pus (HIP) or habenula (Hb).
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also found that raclopride pretreatment blocked amphetamine-
elicited PVT Fos expression (data not shown).

The nucleus accumbens as a target of PVT neurons
that express Fos
Deposits of the retrograde tracer FG involved primarily the shell
and septal pole compartments of the NAS (Fig. 7) and resulted in
extensive labeling of cells in the PVT. Although few retrogradely
labeled PVT neurons expressed Fos-like immunoreactivity in
vehicle-treated rats, administration of amphetamine increased
the number of retrogradely labeled PVT neurons with Fos-li
nuclei (Fig. 7). In our limited sample, 5.7% of PVT neurons that
were retrogradely labeled from the NAS in vehicle-treated rats
expressed Fos-like immunoreactivity. In contrast, 16.0% of ret-
rogradely labeled neurons expressed Fos-like immunoreactivity
in amphetamine-treated animals. The effect of amphetamine ap-
peared to be more pronounced in the anterior PVT: 5.4% of the
retrogradely labeled cells were Fos-li in vehicle-treated rats,

whereas 22.6% of the retrogradely labeled anterior PVT neurons
expressed Fos-li nuclei in amphetamine-injected rats.

DISCUSSION
Technical issues
We used Fos as a reporter system to reveal the effects of acute
psychostimulant administration on PVT neurons. It is difficult to
monitor changes in PVT DA release using ex vivo biochemical
methods, because the dense noradrenergic innervation of the
PVT clouds interpretation of the source of DA metabolites (Scat-
ton et al., 1984); in vivo methods are similarly constrained because
the small size of the PVT precludes microdialysis studies. Fos has
been used widely and with considerable success as a marker of
neurons that are functionally activated by various stimuli, but
there are certain limitations to the method. The cell population of
interest must be capable of mounting a Fos response; this obvi-
ously holds true for PVT neurons. Under basal conditions Fos is
expressed solely in neurons (Mugnaini et al., 1989), but under
toxic conditions (such as trauma or ischemia) Fos can be ex-
pressed in glia as well as neurons. We observed Fos-like immu-
noreactivity in neurons, including those that project to the NAS.
A possible concern is that high doses of cocaine can cause
seizures, which dramatically induce Fos in certain sites, including
the hippocampus. We did not find any effect of acute cocaine (30
mg/kg) on hippocampal Fos expression, nor does amphetamine
result in seizures at the doses used.

Immunoblot procedures are a useful means of exploring the
pharmacological substrates of psychostimulant-elicited Fos ex-
pression and allow for the specific monitoring of Fos protein
expression. We did not routinely measure levels of Fras, but it was

Figure 3. Charting of the distribution of Fos-li cells at three different anteroposterior levels of the PVT and in the habenula in response to acute cocaine
and amphetamine injection. Each dot represents a Fos-li neuron. LHb, Lateral habenula; MHb, medial habenula; pv, thalamic paraventricular nucleus;
sm, stria medullaris.

Table 1. Effects of cocaine (30 mg/kg) or amphetamine (5.0 mg/kg) on
the numbers of Fos-li neurons in the thalamic paraventricular nucleus

PVA PV PVP

Vehicle (7) 16.4 6 3.8 8.3 6 1.9 10.1 6 2.8
Cocaine (10) 42.8 6 4.0* 28.6 6 2.5* 33.1 6 6.6**
Amphetamine (9) 42.6 6 6.2* 31.6 6 3.3* 46.8 6 6.2*

Data are presented as the mean (6SEM) number of Fos-li neurons in the anterior
(PVA), central (PV), or posterior (PVP) PVT.
*p # 0.01; **p # 0.05.
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our subjective impression that several Fras were also induced by
psychostimulant treatment. Immunoblot methods lack the spatial
localization afforded by immunohistochemical methods. In most
cases our anatomical and immunoblot studies corresponded well,
clearly indicting that cocaine and amphetamine induce Fos in
PVT neurons. Moreover, our anatomical data are consistent with
the report of Brown et al. (1992), who noted that acute cocaine
administration increases the number of Fos-li PVT neurons.
There was, however, one region where we obtained discrepant
results using immunoblot and immunohistochemical approaches.
Immunoblot studies did not reveal any significant effects of psy-
chostimulants on the lateral habenula, but anatomical studies
showed a significant increase in the number of Fos-li neurons in
the lateral (but not medial) habenula. This latter finding agrees
with the report of Wirtshafter et al. (1994), who noted that
amphetamine increased Fos-li neurons in the lateral habenula.
Our habenula dissection for immunoblot studies included both
lateral and medial habenula. Because the latter site did not
respond to psychostimulants with an increased number of Fos-li

neurons, the dissection of the habenula may have limited the
ability of the immunoblot procedure to detect changes in Fos
restricted to the lateral habenula.

Dopaminergic substrates of psychostimulant-elicited
PVT Fos expression
Many actions of psychostimulants are mediated by DA. There is
a relatively dense plexus of DA-immunoreactive fibers in the
PVT, which falls off sharply at the border of the PVT with the
medial segment of the mediodorsal thalamic nucleus (Groenewe-
gen, 1988; Freedman and Cassell, 1991). The PVT receives DA
afferents from hypothalamic DA neurons and midbrain DA neu-
rons (Otake and Ruggiero, 1995; Takada et al., 1990; our unpub-
lished observations), and PVT neurons express D3 receptor
mRNA (Mansour and Watson, 1994) and D3-binding sites (Le-
vant et al., 1993). Finally, the DA transporter has been reported
to be present in the midline thalamic nuclei (Fujita et al., 1994).

Accordingly, dopaminergic mechanisms may subserve
psychostimulant-elicited Fos expression in the PVT. However,
cocaine and amphetamine increase extracellular levels of norepi-
nephrine as well as DA, and cocaine significantly increases extra-
cellular serotonin (Lin et al., 1996; Parsons et al., 1996). The PVT
receives relatively dense norepinephrine, epinephrine, and sero-
tonin innervations (Lindvall et al., 1974; Bosler et al., 1987;
Freedman and Cassell, 1991; Otake and Ruggiero, 1995). To
determine whether the effects of psychostimulants on PVT Fos
involved increased extracellular DA levels, we examined the
ability of DA agonists to mimic the effects of psychostimulants on

Table 2. The effects of dopamine agonists on Fos protein expression in the PVT

Vehicle

Apomorphine Quinpirole SKF 38393

0.1 mg/kg 0.5 mg/kg 0.1 mg/kg 0.5 mg/kg 2.5 mg/kg 10 mg/kg

100 6 18 266 6 23* 359 6 48** 358 6 77 475 6 141* 154 6 48 232 6 18

Data are shown as the mean (6SEM) optical density values expressed as a percent of vehicle control. The sample size for all groups is 4.
*p # 0.05; **p # 0.01.

Figure 4. The effects of acute administration of the D3-preferring ago-
nist 7-OH-DPAT on Fos protein levels in the PVT. The top panel shows
an immunoblot demonstrating the effects of 7-OH-DPAT on Fos protein
levels, with the lower panel showing the graphical representation of the
PVT Fos response across all animals. The higher (0.1 mg/kg) dose of the
agonist significantly increased Fos expression. *p # 0.05 relative to
vehicle-injected control.

Figure 5. The effects of 0.1 mg/kg 7-OH-DPAT on the numbers of Fos-li
neurons in the PVT. The D3-preferring agonist significantly increased the
numbers of Fos-li PVT neurons at all anteroposterior levels. *p # 0.05.
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PVT Fos expression and of a DA antagonist to block
psychostimulant-elicited Fos induction in the PVT.

The mixed D1/2 agonist apomorphine increased Fos expression
in the PVT. Similar effects were seen after pretreatment with the
D2-like agonist quinpirole, but not in response to the D1 agonist
SKF 38393. Moreover, 7-OH-DPAT, at a dose that selectively
interacts with D3 receptors (Levant et al., 1996), increased PVT
Fos expression. These data agree well with the expression of the
D3 but not other DA receptors in PVT neurons (Mansour and
Watson, 1996). Finally, the D2/3 receptor antagonist raclopride
completely blocked the ability of cocaine and amphetamine to
induce Fos protein in the PVT. Because raclopride has no sig-
nificant affinity for adrenergic or serotonergic receptors, it ap-
pears that the effects of psychostimulants on PVT Fos are pre-
dominantly subserved by dopaminergic mechanisms. It remains
to be determined which of the many behavioral and physiological
effects of psychostimulants are reflected by the induction of Fos
protein in the PVT.

Because PVT neurons express the D3 but not other DA recep-
tors (Mansour and Watson, 1994), it follows that DA-mediated
psychostimulant actions in the medial thalamus either occur
through D3 receptors expressed on PVT neurons or indirectly

through transsynaptic activation of the PVT. We cannot distin-
guish between these two possibilities at this point.

Koob and associates have argued that D3 DA receptors are
critical to the rewarding properties of psychostimulants (Caine

Figure 6. The effects of DA receptor antagonist pretreatment on
cocaine-elicited Fos induction. Pretreatment with the D2/3 antagonist
raclopride (R), which did not significantly change Fos expression by itself,
blocked the ability of cocaine (C) to induce Fos in the PVT (R 1 C). *p #
0.01 relative to vehicle control

Figure 7. The bottom panel is a photomicrograph of PVT neurons
retrogradely (FluoroGold) labeled from the nucleus accumbens (diffuse
cytoplasmic labeling, arrows), some of which express Fos-li nuclei (arrow-
heads). Other Fos-li neurons that are not retrogradely labeled (open
arrows) are also visible. This photomicrograph was taken from an animal
that received 5.0 mg/kg D-amphetamine, with the FluoroGold injection
site into the septal pole/shell of the nucleus accumbens (top panel ).
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and Koob, 1993; Parsons et al., 1996; Caine et al., 1997). 7-OH-
DPAT, the D3-preferring agonist, substitutes fully for an
amphetamine-discriminative stimulus at doses that target D3 but
not D2 receptors (Bevins et al., 1997) and D3 agonists also
generalize to cocaine (Acri et al., 1995; Lamas et al., 1996).
Moreover, an increase in the density of D3 receptors has been
reported in post mortem studies of chronic cocaine abusers (Staley
and Mash, 1996). Although most speculation on the involvement
of D3 receptors in psychostimulant actions has been in the context
of D3 receptors localized to accumbal neurons, it is possible that
the reinforcing effects of drugs of abuse also involve D3 sites
present on accumbal afferents (Rodriquez De Fonseca et al.,
1995), such as those from the PVT.

Functional considerations
The PVT is anatomically positioned to influence forebrain sites
involved in psychostimulant actions, including the NAS, PFC, and
amygdala. We found that acute psychostimulant administration
resulted in an increase in Fos expression in neurons that were
retrogradely labeled from the NAS. We did not determine
whether PVT neurons that project to other sites are also impacted
by psychostimulant administration, choosing to focus on the NAS
first because of the large body of data relating accumbal function
to psychostimulants. Indeed, because many Fos-li neurons present
in the PVT after amphetamine administration are not retro-
gradely labeled from the NAS, it is likely that psychostimulants
may drive PVT influences over several forebrain sites, including
such regions as the PFC and amygdala.

Although the precise roles that the PVT may play in psycho-
stimulant actions remain to be established, there are two possible
functions on which we can speculate. Although the PVT and
related intralaminar nuclei have been classically considered to
represent “nonspecific” thalamic relays for ascending reticular
formation neurons, these nuclei are very specific in their cortical
projections (Berendse and Groenewegen, 1991) and may exert
greater specific regulatory influences over certain cortical (and
subcortical) targets than hitherto realized (Groenewegen and
Berendse, 1994). The PVT projects strongly to several mesocor-
ticolimbic DA terminal fields. Single cholinergic reticular forma-
tion neurons collateralize to innervate both the PVT and ventral
tegmental area (Bolton et al., 1993), thus providing a means by
which reticular core information can directly (through the VTA)
and indirectly (via PVT projections to the NAS, PFC, and amyg-
dala) regulate forebrain DA function. This suggests that the PVT
may be important as a generalized arousal relay to mesolimbic
DA terminal fields, including the NAS, PFC, and AMG. In
addition, in view of recent data suggesting that pontine cholin-
ergic reticular formation neurons are involved in the rewarding
effects of opiates (Olmstead et al., 1998), and because these
neurons are a primary source of afferents to the PVT, the PVT
may subserve the rewarding properties of psychostimulants and
other drugs of abuse.

We have recently reported that PVT lesions block the condi-
tioned aspects of cocaine-induced behavioral sensitization
(Young and Deutch, 1998). In contrast, Pierce et al. (1998)
reported that PVT lesions do not disrupt expression of cocaine-
elicited sensitization; however, their lesions spared the anterior
half of the PVT and they did not assess the effects of lesions on
the conditioned component of sensitization. Our lesion data are
consistent with those of Brown et al. (1992), who noted that
although Fos is induced in many central sites of rats injected
acutely with cocaine, the PVT was among the few regions in

which Fos was induced in animals exposed to a neutral stimulus
previously paired with cocaine. These data suggest that the PVT
may be important in associating the rewarding aspects of psycho-
stimulants with contextual cues, and, thus, may be relevant to the
craving that psychostimulant abusers report when confronted
with secondary reinforcers.
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