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Amphetamine and cocaine induce different patterns of
c-fos mMRNA expression in the striatum and subthalamic
nucleus depending on environmental context

Jason Uslaner," Aldo Badiani,’ Camille S. Norton,? Heidi E. W. Day,? Stanley J. Watson,? Huda Akil*> and
Terry E. Robinson'

"Biopsychology and Neuroscience Programs, Department of Psychology, The University of Michigan, East Hall,

525 E. University St, Ann Arbor, MI 48019-1109, USA

2Mental Health Research Institute and Department of Psychiatry, The University of Michigan, Ann Arbor, MI, USA

Keywords: caudate, c-fos, environmental context, immediate early genes, novelty, rat, striatum, subthalamic nucleus

Abstract

In the dorsal striatum, there are two major populations of medium spiny projection neurons. One population is positive for
dynorphin mRNA (DYN+), and these cells project preferentially to the substantia nigra, forming the so-called ‘direct pathway’. A
second population is positive for enkephalin mRNA (ENK+), and these cells influence the substantia nigra indirectly, via the
globus pallidus and subthalamic nucleus. Psychostimulant drugs, such as amphetamine and cocaine, are reported to induce
immediate early genes (IEGs) in only one subpopulation of dorsal striatal projection neurons, DYN+ cells. However, this apparent
selectivity appears to be a function of environmental context. We found that when given in the animal’s home cage, amphetamine
and cocaine increased expression of the IEG, c-fos, almost exclusively in DYN+ cells. However, when given in a novel
environment, amphetamine and cocaine increased c-fos mRNA in both DYN+ and ENK+ cells. Furthermore, amphetamine and
cocaine increased c-fos mRNA expression in the subthalamic nucleus when administered in the novel environment, but not when
given at home. We conclude that the neural circuitry engaged by psychostimulant drugs, and their ability to induce specific
patterns of gene expression, are determined by the environmental context in which they are experienced. This may be related to

the ability of environmental novelty to facilitate psychostimulant drug-induced neuroplasticity.

Introduction

Psychostimulant drugs, such as amphetamine and cocaine, induce the
expression of immediate early genes (IEGs) in neurons throughout
the striatal complex (Graybiel ez al., 1990; Young et al., 1991; Berke
et al., 1998). This may reflect their ability to engage striatal circuitry
(Dragunow & Faull, 1989), and also may be indicative of an initial
step in the development of cellular adaptations underlying drug
experience-dependent plasticity (Morgan & Curran, 1991; Nestler
et al., 1993). There are two neurochemically distinct populations of
medium spiny projection neurons in the striatum (Albin et al., 1989;
Alexander & Crutcher, 1990; Gerfen et al., 1990), and there have
been many studies designed to delineate which population expresses
IEGs following psychostimulant drug administration. There is almost
complete consensus that amphetamine and cocaine induce IEG
expression only in striatal neurons that are positive for prodynorphin
mRNA (dynorphin+, DYN+, or enkephalin-negative, ENK—, neu-
rons). These neurons project preferentially to the substantia nigra,
forming the so-called ‘direct’ pathway. Amphetamine and cocaine
reportedly fail to induce IEGs in striatal neurons that are positive for
proenkephalin mRNA (ENK+ neurons), which project preferentially
to the pallidum and subthalamic nucleus (STN), forming the so-called
‘indirect’ pathway (Berretta ef al., 1992, 1993; Cenci et al., 1992a, b;
Johansson et al., 1994; Ruskin & Marshall, 1994; Kosofsky et al.,

Correspondence: Dr Terry E. Robinson, as above.
E-mail: ter@umich.edu

Received 12 January 2001, revised 20 March 2001, accepted 26 March 2001

1995; Moratalla et al., 1996; Berke et al., 1998; Harlan & Garcia,
1998).

We have found, however, that the ability of amphetamine to induce
the IEG, c-fos, is modulated powerfully by the environmental context
in which it is experienced. In the striatum, for example, amphetamine
induces much higher levels of c-fos mRNA when it is given in a novel
environment, relative to when it is given in the home cage (Badiani
et al., 1998). Also, consistent with the literature, we found that when
amphetamine was given at home it induced c-fos mRNA expression
in cells positive for dopamine (DA) D1 receptor mRNA (the DYN+
cells), but not in cells positive for DA D2 receptor mRNA (the ENK+
cells). In contrast, when we gave amphetamine in a novel environ-
ment it induced c-fos mRNA expression in both D1 and D2 mRNA+
cells (Badiani et al., 1999). This suggests that the context in which
amphetamine is experienced may not only modulate the magnitude of
IEG expression, but may determine which populations of striatal cells
are engaged.

To further address this issue we have characterized the ability of
amphetamine to induce the IEG, c-fos, in neurochemically distinct
striatal cell populations, as a function of environmental context, but
using probes for either proenkephalin mRNA (to identify the ENK+
cell population) or prodynorphin mRNA (to identify the ENK- cell
population). In addition, in our earlier experiments we quantified c-
fos expression in the intact hemisphere of rats that had a unilateral 6-
hydroxydopamine (6-OHDA) lesion (Badiani er al., 1998, 1999).
This is potentially problematic because a unilateral 6-OHDA lesion
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may alter neurotransmission even in the intact hemisphere (e.g.
Robinson, 1991), and therefore, the present study was conducted
using neurologically intact rats. Also, in our previous experiment we
only studied amphetamine, and in the present experiment we sought
to determine if environmental context has a similar effect on c-fos
expression evoked by cocaine. Finally, to further explore the
involvement of the ‘indirect’ pathway, we also examined c-fos
expression in the STN, one component of this circuit.

Materials and methods

Subjects

Fifty-six male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA)
weighing 200-250 g were housed initially in stainless steel hanging
cages in a temperature- and humidity-controlled colony room. The
rats were kept on a 14 : 10 h light : dark cycle (lights on at 07.00 h)
and were given food and water ad libitum. The animals were kept in
the colony room for 7 days before any experimental manipulation.
The experimental procedures were approved by the University of
Michigan Committee on the Use and Care of Animals.

Testing procedures

Rats were assigned to one of seven groups. Animals in three groups
were housed singly in 40.6 X 25.4 X 20.3 cm high white plastic tubs
with ground corncob bedding on the floor. Animals in three other
groups were housed singly in stainless steel hanging cages. After
10 days of adaptation to these housing conditions, animals in these
six groups received an intraperitoneal (i.p.) injection of saline or drug
in the white plastic tubs. Thus, three groups were administered saline
(home/saline group, n =15), 1.5 mg/kg of amphetamine (home/
amphetamine group, n = 9) or 15 mg/kg of cocaine (home/cocaine
group, n = 9) in their home cages, whereas animals in the other three
groups were transferred from their home cages to novel test cages
(white plastic tubs), where they immediately received saline (novelty
group, n=9), 1.5 mg/kg of amphetamine (novel/amphetamine
group, n=11) or 15 mg/kg of cocaine (novel/cocaine group,
n =9). Note that all animals received their injections in physically
identical cages, but for some animals this was home and for others it
was a novel environment. In addition, a seventh group was housed in
the white plastic tubs but received no injections (untreated group,
n=4).

Drugs

D-amphetamine sulphate (1.5 mg/mL) and cocaine HCI (15 mg/mL)
were dissolved in 0.9% saline. All drug weights refer to the weight of
the salts. Drug solutions were administered by i.p. injection (1 mL/
kg) and control treatments consisted of saline.

In situ hybridization methods

Fifty minutes following drug treatments, the rats were decapitated,
their brains were removed and immediately frozen in isopentane (—40
to =50 °C), and then stored in a —70 °C freezer. Coronal brain
sections (10 wm) were cut using a cryostat. Brain sections were taken
at the level of the dorsal striatum and the STN (at approximately
0.8 mm posterior and 4 mm posterior to bregma, respectively), thaw-
mounted on slides coated with polylysine and stored at —70 °C until
processing for in situ hybridization. This level of the dorsal striatum
was chosen because it is where we have previously found the largest
effect of environmental context on amphetamine-induced c-fos
expression (Badiani et al., 1998).

The single in situ hybridization method was adapted from that
described by Cullinan et al. (1995) and the double in situ
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FIG. 1. The expression of c-fos mRNA in the dorsal striatum of rats given
cocaine or amphetamine at home, or in a novel environment, or given saline
in a novel environment. The illustrations to the right of each panel contain
stippled regions that indicate the area of the dorsal striatum that was
quantified. (A) The mean (% SEM) number of cells positive for c-fos
mRNA as a function of drug and environment. The mean (= SEM) for the
control group was 0.222 * 0.15, and this number was subtracted from the
value for each animal in all experimental groups. Thus, the mean of the
control group is represented by a value of zero, and all values greater than
zero indicate significant expression. All groups showed greater expression
than the control group (one-sample t-tests; novel/saline, ¢=7.19,
P < 0.0001; home/cocaine, t=2.79, P < 0.02; novel/cocaine, t = 8.34,
P < 0.0001; home/amphetamine, ¢ =4.84, P < 0.002; novel/amphetamine,
t =6.14, P < 0.0003). Animals given cocaine or amphetamine in the novel
environment showed higher levels of expression than animals treated at
home (novel/cocaine vs. home/cocaine, = 4.86, P < 0.0001; novel/
amphetamine vs. home/amphetamine, ¢ = 2.97, P < 0.009). Both the novel/
cocaine and novel/amphetamine groups differed from the saline group
(t = 2.68-5.52, P < 0.02). (B) The mean (* SEM) number of cells positive
for c-fos mRNA that were also positive for either dynorphin (DYN) mRNA
or enkephalin (ENK) mRNA, as a function of drug and environment. In the
control group, no ENK+ cells were positive for c-fos mRNA, and only
0.222 = 0.15 DYN+ cells were positive for c-fos mRNA. In all groups,
there was an increase in the number DYN+ cells that expressed c-fos
mRNA, relative to the control group (novel/saline, = 3.5, P < 0.009;
home/cocaine, ¢ = 3.1, P < 0.02; novel/cocaine, ¢t = 7.95, P < 0.0001; home/
amphetamine, t=4.25, P <0.003; novel/amphetamine, t=1701,
P < 0.0001). Also, in all groups except the home/amphetamine group, there
was an increase in the number of ENK+ cells that expressed c-fos, relative
to the control group (novel/saline, ¢ = 3.1, P < 0.015; home/cocaine, ¢ = 2.5,
P < 0.038; novel/cocaine, t = 4.05, P < 0.004; home/amphetamine, ¢t = 1.79,
P = 0.11; novel/amphetamine, ¢ = 4.31, P < 0.002). There was no effect of
environment on the number of DYN+ cells that expressed c-fos mRNA
(novel/cocaine vs. home/cocaine, ¢t = 1.91, P = 0.073; novel/amphetamine
vs. home/amphetamine, ¢ = 1.53, P = 0.147). In contrast, there was a strong
effect of environment on the number of ENK+ cells that expressed c-fos
mRNA (novel/cocaine vs. home/cocaine, = 3.01, P < 0.008; novel/
amphetamine vs. home/amphetamine, ¢ = 3.31, P < 0.005). The novel/
cocaine and novel/amphetamine groups also had more c-fos/ENK+ cells
(t = 2.32-3.34, P < 0.033) and c-fos/DYN+ cells (t = 2.45-4.05, P < 0.026)
than the novel/saline group. Asterisks indicate that novel is greater than
home.

hybridization method from that described by Curran & Watson
(1995). Briefly, brain sections were fixed in 4% paraformaldehyde.
Sections containing the STN were processed for single in situ
hybridization using *>S-UTP and CTP-labelled riboprobes comple-
mentary to c-fos (680-mer; courtesy of Dr T. Curran, St Jude
Children’s Research Hospital, Memphis, TN, USA). Sections
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containing the dorsal striatum were processed for dual in situ
hybridization using **S-UTP and CTP-labelled riboprobes comple-
mentary to prodynorphin or proenkephalin (733-mer and 693-mer,
respectively; courtesy of Dr J. Douglass, Amgen, Thousand Oaks,
CA, USA) and a digoxigenin-UTP-labelled riboprobe complimentary
to c-fos (680-mer; courtesy of Dr T. Curran). The only alterations to
the published protocol were (i) 1.25 ug of linearized plasmid was
used to generate the digoxigenin-UTP-labelled probe, and (ii)
sections were incubated in 0.1 M glycine and 0.5% Triton-X 100,
pH 2.2, for 10 min at room temperature and later fixed in 0.5%
glutaraldehyde. These latter steps were included because they help to
decrease the colour background after development of emulsion-
dipped slides (Day et al., 1999).

Single-labelled sections were exposed to X-ray film (Kodak
Biomax, MR, USA) for approximately 3 days and then dipped in
emulsion (NTB2, Kodak) and stored at 4 °C. Dipped slides were
developed (D-19, Kodak), dehydrated in graded alcohols, cresyl-
violet stained, and coverslipped with Permount. Double-labelled
sections were dipped in Ilford KD-5 emulsion (Polysciences) and
stored at 4 °C (= 3 days for enkephalin and 2 weeks for dynorphin).
After development (D-19, Kodak), the slides were dehydrated in
graded alcohols and coverslipped with Permount.

Quantification

Single-labelled sections were quantified as described previously
(Badiani et al., 1998). Briefly, brain images were captured with a
CCD camera (TM-745, Pulnix, USA) from X-ray film.
Semiquantitative analysis was performed on each brain image using
National Institute of Health image software. Pixels were counted
when the optical density values were greater than 3.5 SD above
background value (background obtained from corpus callosum;
macro written by Dr S. Campeau, University of Colorado, Boulder,
CO, USA). Data are represented as relative integrated optical density
in arbitrary units, which reflect both signal intensity and the number
of pixels above background, divided by total area (Badiani er al.,
1998; Day et al., 2001).

Double-labelled tissue from the dorsal striatum was quantified
using a Leica microscope (Leitz DMR, Wetzler, Germany).
Digoxigenin-labelled cells appeared as a purple precipitate in
brightfield conditions and **S-labelled cells appeared as silver grains
in darkfield conditions. A 250-mm’ eyepiece grid was used to
quantify the number of single- and double-labelled cells in three
locations in the dorsal striatum (see Fig. 1). These data were
combined because the pattern of expression did not differ across the
three locations.

Statistics

Group differences in c-fos mRNA expression were analysed using
planned #-tests. For all data, an initial comparison was made between
the untreated group and the home/saline group to determine the effect
of being picked up and given an i.p. injection of saline. For all
measures there were no differences between these groups, so they
were pooled to form one control group. For all comparisons o.< 0.05.

Results

Expression of c-fos mRNA in the dorsal striatum

Figure 1 shows the results from analysis of the dorsal striatum. In the
control group the levels of expression were extremely low, and for all
graphs the data were normalized by subtracting the mean level of
expression in the control group. Therefore, values that are signifi-
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cantly greater than zero represent an increase in c-fos mRNA
expression above control. The stippled areas on the illustrations to the
right of each graph indicate the portion of the dorsal striatum that was
analysed. We focused on this region of the dorsal striatum because it
is where we previously found the largest drug—environment inter-
action (Badiani et al., 1998).

Figure 1A shows the mean number of cells expressing c-fos
mRNA in the dorsal striatum for each group. The number of c-fos+
cells was increased significantly above control in all groups (all
P < 0.05), but there were also significant group differences. The
greatest number of c-fos mRNA+ cells was found in animals given
amphetamine or cocaine in a novel environment, and these groups
differed significantly from all other groups (P < 0.02).

Figure 1B shows the mean number of c-fos mRNA+ cells in the
dorsal striatum that were also positive for either DYN mRNA or ENK
mRNA, for each group. Figure 2 provides illustrations of represen-
tative sections processed for dual in sifu hybridization histochemistry.
When given at home or in a novel environment, both amphetamine
and cocaine induced c-fos mRNA expression in DYN+ cells, and
there was no significant effect of environment. In contrast, there was
a large effect of environment on c-fos mRNA expression in ENK+
cells. When given at home, both amphetamine and cocaine increased
c-fos mRNA expression in very few ENK+ cells, and the home/
amphetamine group did not even differ from control. When given in a
novel environment, however, both amphetamine and cocaine
increased c-fos mRNA expression in many ENK+ cells, and in
significantly more ENK+ cells than in the home/drug condition
(P < 0.008). Like psychostimulant drug treatment at home, saline
administered in a novel environment increased c-fos mRNA expres-
sion in very few ENK+ cells, although significantly more than in the
control condition.

In summary, when given at home, amphetamine and cocaine
induced c-fos mRNA expression in many DYN+ cells, but only in
very few ENK+ cells. When given in a novel environment, however,
amphetamine and cocaine induced c-fos mRNA expression in
approximately equal numbers of DYN+ and ENK+ cells. Indeed,
the increase in the total number of cells positive for c-fos mRNA seen
when psychostimulants were given in a novel environment, relative to
when they were given at home (see Fig. 1A), was largely accounted
for by the increase in the number of ENK+ cells expressing c-fos
mRNA (compare Fig. 1A and B).

Subthalamic nucleus

Figure 3 shows the effect of environment on amphetamine- and
cocaine-induced c-fos mRNA levels in the STN. In the control group,
levels of c-fos mRNA were very low and the data were normalized by
subtraction of the average level of expression in control group (i.e.
control expression equals zero). The doses of amphetamine and
cocaine used here did not significantly increase c-fos mRNA
expression in the STN when these drugs were administered at
home, nor did saline administration in a novel environment. In
contrast, when administered in a novel environment, both amphet-
amine and cocaine significantly increased c-fos mRNA expression in
the STN (P < 0.01), and the levels of expression were significantly
greater than in the home condition (P < 0.02). Figure 4 provides
representative densitograms.

Discussion

We report four major findings. (i) In neurologically intact rats (our
previous studies were with rats that had a unilateral 6-OHDA lesion),
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both cocaine and amphetamine induced c-fos mRNA expression in
significantly more cells in the dorsal striatum when the drugs were
administered in a novel environment than when they were admin-
istered in the home cage. (ii) When given at home, both amphetamine
and cocaine induced c-fos mRNA almost exclusively in striatal cells
that were positive for dynorphin mRNA (i.e. the ENK- cell
population). (iii) When given in a novel environment, however,
amphetamine and cocaine induced c-fos mRNA not only in DYN+
cells, but in approximately equal numbers of ENK+ cells. (iv)
Amphetamine and cocaine enhanced c-fos mRNA levels in the STN
when they were administered in a novel environment, but not when
they were administered at home.

Most researchers have reported that amphetamine and cocaine
increase c-fos mRNA or Fos-like immunoreactivity (Fos-IR) almost
exclusively in ENK- striatal neurons (Berretta et al., 1992; Cenci
et al., 1992a, b; Johansson et al., 1994; Ruskin & Marshall, 1994;
Kosofsky et al., 1995; Berke et al., 1998). For example, using
immunohistochemistry, Berretta et al. (1992, p.769) reported that in
rats given either amphetamine or cocaine ‘Fos-positive nuclei were
almost never found in enkephalin-positive neurons. Out of 2500 Fos-
positive nuclei plotted, only two were colocalized with
enkephalin’. Similarly, using in situ hybridization, Johansson et al.
(1994, p. 845) reported that ‘amphetamine and cocaine raised c-fos
mainly in substance P-positive cells, but rarely in enkephalin-positive
cells’. Therefore, our finding that amphetamine and cocaine increased
c-fos mRNA in many ENK+ cells appears, at first glance, to be
inconsistent with the literature. However, to the best of our
knowledge, in all previous studies but one, psychostimulants were
given in the home cage. For example, in all the studies from the
Graybiel laboratory, amphetamine or cocaine was given in the home
cage (A. Graybiel, personal communication, 18 November 2000).
The one exception is a study by Jaber ef al. (1995), who reported that
although amphetamine induced Fos-IR predominantly in ENK- cells
(77% of Fos+ cells were also substance P+), Fos was also expressed
in ENK+ cells (33% of Fos+ cells were ENK+). Indeed, these authors
report the highest level of psychostimulant-evoked IEG expression in
ENK+ cells in the literature, other than the present study and our
earlier study in rats with a unilateral 6-OHDA lesion (Badiani et al.,
1999). It is especially important to note, therefore, that Jaber et al.
(1995) treated rats in a test cage, not in their home cage.

It thus seems that the apparent selectivity of psychostimulant-
induced IEG expression in the striatum may be a function of where
drugs were administered. When given in a novel environment, the
effect of amphetamine and cocaine on c-fos was not restricted to one
population of projection neurons. This raises a number of questions

regarding the neurotransmitter systems thought to govern psychos-
timulant-induced IEG expression in the striatum. The ability of
amphetamine and cocaine to induce c-fos in the striatum is widely
thought to be DA-dependent. The ability of amphetamine or cocaine
to induce c-fos mRNA and Fos-IR in the striatum is decreased by a 6-
OHDA lesion (Cenci et al., 1992b; Bhat & Baraban, 1993; Cenci &
Bjorklund, 1994; Paul et al., 1995; Ishida et al., 1998), or by the
coadministration of D1 antagonists (Graybiel et al., 1990; Berretta
et al., 1992; Nguyen et al., 1992; Steiner & Gerfen, 1995; Yoshida
et al., 1995; Ishida et al., 1998), as is the expression of other IEGs,
including zif/268 and arc (Moratalla et al., 1992; Steiner & Gerfen,
1995; Daunais & McGinty, 1996; Kodama ef al., 1998). The effect of
D2 antagonists is more mixed, and more difficult to interpret, because
D2 antagonists can themselves induce expression of c-fos (Graybiel
et al., 1990; Young et al., 1991; Ruskin & Marshall, 1994).
Nevertheless, LaHoste et al. (2000) reported recently that the D2
antagonist, 1.-741,626, but not the D3 antagonist, U99194A, or the
D4 antagonist, L-745,870, attenuated amphetamine-stimulated Fos-
IR in the striatum. However, all of these studies presumably
characterized c-fos expression primarily in ENK- cells, because
expression in ENK+ cells has not been studied.

Consistent with the notion that amphetamine-evoked c-fos mRNA
expression in ENK- cells is DA-dependent, we found that a 6-OHDA
lesion abolishes the ability of amphetamine to increase c-fos mRNA
in cells also positive for D1 receptor mRNA (ENK- cells), regardless
of environmental context. However, we also found that a 6-OHDA
lesion does not reduce c-fos mRNA in striatal neurons positive for D2
receptor mRNA (ENK+ cells) when amphetamine is administered in
a novel environment (Badiani et al., 1999). This is an important
finding because it is the first to suggest that different neurotransmitter
systems are responsible for psychostimulant-evoked increases in c-fos
mRNA expression in different striatal projection neurons, and that the
induction of c-fos in the ENK+ cell population requires the actions of
a neurotransmitter(s) other than DA.

At this point it is pure speculation as to what neurotransmitters are
involved in the induction of c-fos in ENK+ cells. Nevertheless, there
are reasons to suspect that glutamate may be involved. First, NMDA
receptor antagonists decrease amphetamine- and cocaine-evoked
expression of a number of IEGs in the striatum (Snyder-Keller, 1991;
Ohno et al., 1994; Wang et al., 1994; Wang & McGinty, 1996; Ishida
et al., 1998). Second, damage to corticostriatal afferents, which are
mostly glutamatergic, reduces IEG expression evoked by amphet-
amine (Cenci & Bjorklund, 1993; Cenci & Bjorklund, 1994). Third,
activation of corticostriatal fibres by electrical stimulation induces c-
fos mRNA or Fos-IR in the striatum and STN (Fu & Beckstead, 1992;

FIG. 2. Representative histological plates illustrating sections from the dorsal striatum double-labelled for c-fos mRNA and enkephalin (ENK) mRNA. Cells
positive for c-fos mRNA are visualized by the purple precipitate and cells positive for enkephalin mRNA by silver grains. White arrows indicate single-
labelled cells (c-fos+/ENK-). Black arrows indicate double-labelled cells (c-fos+/ENK+).

FiG. 3. The expression of c-fos mRNA in the subthalamic nucleus of rats given cocaine or amphetamine (AMPH) at home, or in a novel environment, or
given saline in a novel environment, as indicated by analysis of optical density values (arbitrary units). The level of expression in the control group was very
low (mean = SEM, 2.8 * 1.33 units), and this value was subtracted from the value for each animal in all experimental groups. Thus, the mean of the control
group is represented by a value of zero, and all values greater than zero indicate significant expression. Statistics: only animals administered amphetamine or
cocaine in a novel environment differed from the control group (one-sample t-tests: novel/saline, t = 1.48, P = 0.178; home/cocaine, t = 1.51, P = 0.17;
novel/cocaine, t = 3.6, P < 0.008; home/amphetamine, ¢ = 1.67, P = 0.139; novel/amphetamine, ¢ = 4.51, P < 0.002). Animals given cocaine or amphetamine
in a novel environment showed higher levels of c-fos mRNA expression than animals treated at home (novel/cocaine vs. home/cocaine, ¢t = 3.07, P < 0.008;
novel/amphetamine vs. home/amphetamine, ¢ = 2.57, P < 0.02). Both the novel/cocaine and novel/amphetamine groups differed from the novel/saline group

FIG. 4. Representative densitograms illustrating the expression of c-fos mRNA (S35-labelled) in the subthalamic nucleus (STN) of rats administered cocaine
(COC) or amphetamine (AMPH). Increasing intensity of the signal is indicated by the transition from white to yellow to red. The cerebral peduncle (CP) is
labelled to assist with orientation.
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Wan et al., 1992; Liste et al., 1995; Parthasarathy & Graybiel, 1997;
Sgambato et al., 1997), and this effect is attenuated by glutamate
antagonists (Liste er al., 1995; Berretta et al., 1997). Fourth, local
cortical disinhibition by application of the GABA-A antagonist,
picrotoxin (Arnauld ef al., 1996; Berretta et al., 1997; Berretta et al.,
1999) or local infusion of glutamate agonists into the striatum,
induces Fos-IR in ENK+, but not ENK—, neurons (Berretta er al.,
1997). Fifth, when amphetamine or cocaine are given in a novel
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environment there is a massive increase in c-fos mRNA expression
throughout the neocortex, including the prefrontal cortex and the
amygdala, which in part may reflect activation of glutamatergic
corticostriatal systems. This cortical activation is probably due the
action of a novel environment as a stressor (Cullinan et al., 1995),
because mere exposure to a novel environment (without drug)
increases corticosterone secretion and induces c-fos mRNA in the
neocortex and portions of the amygdala (Badiani et al., 1998; Uslaner
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et al., 1999; Day et al., 2001). Importantly, these same cortical
systems are not engaged when amphetamine or cocaine are given at
home (Badiani et al., 1998; Uslaner et al., 1999; Day et al., 2001).

We hypothesize therefore that when amphetamine and cocaine are
given in a novel environment, the primary neuropharmacological
effects of these drugs on monoamine neurotransmission (which
predominate in the home condition) interact with the effects of
environmental novelty on corticostriatal glutamate systems, and this
interaction leads to the recruitment of the ENK+ cell population in the
striatum. The identity of the neurotransmitter systems that engage
corticostriatal cells is unknown, but neurotransmitter systems acti-
vated by stressors, such as monoamines, are prime suspects. Note,
however, that the cortical activation produced by exposure to a novel
environment alone (in the absence of drugs) is not sufficient to engage
ENK+ cells or the STN (see Figs 1B and 3). This appears to require a
drug—environment interaction at the level of the striatum, and we
hypothesize this involves a monoamine—glutamate interaction.

Finally, it is tempting to speculate that engaging the ENK+ cell
population in the striatum leads to increased activity in the ‘indirect’
pathway, and that this accounts for the increase in c-fos mRNA
expression in the STN seen when amphetamine or cocaine are given
in a novel environment. It has been reported previously that
amphetamine increases Fos-IR (Wirtshafter & Asin, 1999), glucose
utilization (Trugman & James, 1993; Pontieri et al., 1995) and unit
activity (Olds et al., 1999) in the STN, although in these studies the
effect of environmental context was not examined. Of course, it is
also possible that the effect of environmental novelty on psychos-
timulant-evoked c-fos mRNA expression in the STN is not related
directly to the recruitment of ENK+ cells in the striatum, but to
activation of one of many other afferents to the STN, including those
arising in the neocortex (for review seeParent & Hazrati, 1995).

It is worth noting that the monoamine—glutamate interaction
hypothesized here may not only facilitate striatal and STN IEG
expression, but because psychostimulant administration in a novel
environment facilitates behavioural sensitization (Badiani er al.,
1995a, b; Crombag et al., 1996; Browman et al., 1998), it may also
promote drug experience-dependent neuroplasticity. Indeed, stimula-
tion of the STN can produce long-term potentiation (LTP)-like
changes in the substantia nigra (Overton et al., 1999). This is
important because of the proposed relationship between LTP,
sensitization and glutamate neurotransmission (Wolf, 1998).

Conclusions

In conclusion, the pattern of gene expression induced by psychos-
timulant drugs is determined, to an amazing extent, by the setting in
which these drugs are experienced. This may account for some of the
effects of environmental novelty on both the acute psychomotor
actions of these agents, as well as their ability to induce drug
experience-dependent neuroplasticity. Most importantly, these data
indicate that to understand the neurobiological actions of drugs of
abuse that are critical in the development of addiction, such as their
ability to promote neuroplasticity, we must pay close attention not
only to their direct pharmacological actions, but also, as put by Falk
& Feingold (1987, p. 1503), to the ‘cluster of interactions among the
pharmacological substance, the individual set of the organism, and
the environmental setting’.

Acknowledgements

This research was supported by a NIDA grant to T.E.R. (DA04294) and a
NIMH grant to H.A. and S.J.W. (MH42251). T.E.R. is also supported by a
Senior Research Scientist Award from NIDA (KO5 DA00473). We thank

Sharon Burke and Michelle Ostrander for their assistance in conducting these
experiments.

Abbreviations

6-OHDA, 6-hydroxydopamine; DA, dopamine; DYN, dynorphin; ENK,
enkephalin; IEGs, immediate early genes; i.p., intraperitoneal; IR, immunor-
eactivity; LTP, long-term potentiation; neg, negative; pos, positive; STN,
subthalamic nucleus.

References

Albin, R.L., Young, A.B. & Penney, J.B. (1989) The functional anatomy of
basal ganglia disorders. Trends Neurosci., 12, 366-375.

Alexander, G.E. & Crutcher, M.D. (1990) Functional architecture of basal
ganglia circuits: neural substrates of parallel processing. Trends Neurosci.,
13, 266-271.

Arnauld, E., Jeantet, Y., Arsaut, J. & Demotes-Mainard, J. (1996) Involvement
of the caudal striatum in auditory processing: c-fos response to cortical
application of picrotoxin and to auditory stimulation. Mol. Brain Res., 41,
27-35.

Badiani, A., Anagnostaras, S.G. & Robinson, T.E. (1995a) The development
of sensitization to the psychomotor stimulant effects of amphetamine is
enhanced in a novel environment. Psychopharmacology, 117, 443-452.

Badiani, A., Browman, K.E. & Robinson, T.E. (1995b) Influence of novel
versus home environments on sensitization to the psychomotor stimulant
effects of cocaine and amphetamine. Brain Res., 674, 291-298.

Badiani, A., Oates, M.M., Day, HE.W., Watson, S.J., Akil, H. & Robinson,
T.E. (1998) Amphetamine-induced behavior, dopamine release, and c-fos
mRNA expression: modulation by environmental novelty. J. Neurosci., 18,
10579-10593.

Badiani, A., Oates, M.M., Day, HE.W., Watson, S.J., Akil, H. & Robinson,
T.E. (1999) Environmental modulation of amphetamine-induced c-fos
expression in D1 versus D2 striatal neurons. Behav. Brain Res., 103,
203-209.

Berke, J.D., Paletzki, R.F., Aronson, G.J., Hyman, S.E. & Gerfen, C.R. (1998)
A complex program of striatal gene expression induced by dopaminergic
stimulation. J. Neurosci., 18, 5301-5310.

Berretta, S., Parthasarathy, H.B. & Graybiel, A.M. (1997) Local release of
GABAergic inhibition in the motor cortex induces immediate-early gene
expression in indirect pathway neurons of the striatum. J. Neurosci., 17,
4752-4763.

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.

Berretta, S., Robertson, H.A. & Graybiel, A.M. (1993) Neurochemically
specialized projection neurons of the striatum respond differentially to
psychomotor stimulants. Prog. Brain Res., 99, 201-205.

Berretta, S., Sachs, Z. & Graybiel, A.M. (1999) Cortically driven Fos
induction in the striatum is amplified by local dopamine D2-class receptor
blockade. Eur J. Neurosci., 11, 4309-4319.

Bhat, R.V. & Baraban, J.M. (1993) Activation of transcription factor genes in
striatum by cocaine: role of both serotonin and dopamine systems. J.
Pharmacol. Exp. Ther., 267, 496-505.

Browman, K.E., Badiani, A. & Robinson, T.E. (1998) The influence of
environment on the induction of sensitization to the psychomotor activating
effects of intravenous cocaine in rats is  dose-dependent.
Psychopharmacology, 137, 90-98.

Cenci, M.A. & Bjorklund, A. (1993) Transection of corticostriatal afferents
reduces amphetamine- and apomorphine-induced striatal Fos expression
and turning behaviour in unilaterally 6-hydroxydopamine-lesioned rats.
Eur. J. Neurosci., 5, 1062-1070.

Cenci, M.A. & Bjorklund, A. (1994) Transection of corticostriatal afferents
abolishes the hyperexpression of Fos and counteracts the development of
rotational overcompensation induced by intrastriatal dopamine-rich grafts
when challenged with amphetamine. Brain Res., 665, 167-174.

Cenci, M.A., Campbell, K., Wictorin, K. & Bjorklund, A. (1992a) Striatal c-
fos induction by cocaine or apomorphine occurs preferentially in output
neurons projecting to the substantia nigra in the rat. Eur J. Neurosci., 4,
376-380.

Cenci, M.A., Kalen, P., Mandel, R.J., Wictorin, K. & Bjorklund, A. (1992b)
Dopaminergic transplants normalize amphetamine- and apomorphine-

© 2001 Federation of European Neuroscience Societies, European Journal of Neuroscience, 13, 1977-1983



induced Fos expression in the 6-hydroxydopamine-lesioned striatum.
Neuroscience, 46, 943-957.

Crombag, H.S., Badiani, A. & Robinson, T.E. (1996) Signalled versus
unsignalled intravenous amphetamine: large differences in the acute
psychomotor response and sensitization. Brain Res., 722, 227-231.

Cullinan, W.E., Herman, J.P., Battaglia, D.F., Akil, H. & Watson, S.J. (1995)
Pattern and time course of immediate early gene expression in rat brain
following acute stress. Neuroscience, 64, 477-505.

Curran, EJ. & Watson, S.J. (1995) Dopamine receptor mRNA expression
patterns by opioid peptide cells in the nucleus accumbens of the rat: a
double in situ hybridization study. J. Comp. Neurol., 361, 57-76.

Daunais, J.B. & McGinty, J.F. (1996) The effects of D1 or D2 dopamine
receptor blockade on zif/268 and preprodynorphin gene expression in rat
forebrain following a short-term cocaine binge. Mol. Brain Res., 35,
237-248.

Day, H.E.W., Badiani, A., Uslaner, J., Oates, M.M., Vittoz, N.M., Robinson,
T.E., Watson, S.J. & Akil, H. (2001) Environmental novelty differentially
affects C-fos mRNA expression induced by amphetamine or cocaine in
subregions of the bed nucleus of the stria terminalis and amygdala. J.
Neurosci., 21, 732-740.

Day, HE., Curran, EJ., Watson, SJ. Jr & Akil, H. (1999) Distinct
neurochemical populations in the rat central nucleus of the amygdala and
bed nucleus of the stria terminalis: evidence for their selective activation by
interleukin-1beta. J. Comp. Neurol., 413, 113-128.

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

Falk, J.L. & Feingold, D.A. (1987) Environmental and cultural factors in the
behavioral action of drugs. In Meltzer, H.Y. (ed.), Psychopharmacology:
the Third Generation of Progress, Raven Press, New York, NY, pp.
1503-1510.

Fu, L. & Beckstead, R.M. (1992) Cortical stimulation induces fos expression
in striatal neurons. Neuroscience, 46, 329-334.

Gerfen, C.R., Engber, T.M., Mahan, L.C., Susel, Z., Chase, T.N., Monsma,
F.J.J. & Sibley, D.R. (1990) D1 and D2 dopamine receptor-regulated gene
expression of striatonigral and striatopallidal neurons. Science, 250,
1429-1432.

Graybiel, A.M., Moratalla, 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 striatum. Proc. Natl.
Acad. Sci. USA, 87, 6912-6916.

Harlan, R.EE. & Garcia, M.M. (1998) Drugs of abuse and immediate-early
genes in the forebrain. Mol. Neurobiol., 16, 221-267.

Ishida, Y., Todaka, K., Kuwahara, 1., Ishizuka, Y., Hashiguchi, H., Nishimori,
T. & Mitsuyama, Y. (1998) Methamphetamine induces Fos expression in
the striatum and the substantia nigra pars reticulata in a rat model of
Parkinson’s disease. Brain Res., 809, 107-114.

Jaber, M., Cador, M., Dumartin, B., Normand, E., Stinus, L. & Bloch, B.
(1995) Acute and chronic amphetamine treatments differently regulate
neuropeptide messenger RNA levels and Fos immunoreactivity in rat
striatal neurons. Neuroscience, 65, 1041-1050.

Johansson, G., Lindstrom, K. & Fredholm, B.B. (1994) Diffferences in the
regional and cellular localization of c-fos messenger RNS induced by
amphetamine, cocaine and caffeine in the rat. Neuroscience, 59, 837-849.

Kodama, M., Akiyama, K., Ujike, H., Shimizu, Y., Tanaka, Y. & Kuroda, S.
(1998) A robust increase in expression of arc gene, an effector immediate
early gene, in the rat brain after acute and chronic methamphetamine
administration. Brain Res., 796, 273-283.

Kosofsky, B.E., Genova, L.M. & Hyman, S.E. (1995) Substance P phenotype
defines specificity of c-fos induction by cocaine in developing rat striatum.
J. Comp. Neurol., 351, 41-50.

LaHoste, G.J., Henry, B.L. & Marshall, J.F. (2000) Dopamine D1 receptors
synergize with D2, but not D3 or D4, receptors in the striatum without the
involvement of action potentials. J. Neurosci., 20, 6666-6671.

Liste, 1., Rozas, G., Guerra, M.J. & Labandeira-Garcia, J.L.. (1995) Cortical
stimulation induces Fos expression in striatal neurons via NMDA glutamate
and dopamine receptors. Brain Res., 700, 1-12.

Moratalla, R., Elibol, B., Vallejo, M. & Graybiel, A.M. (1996) Network-level
changes in expression of inducible Fos-June proteins in the striatum during
chronic cocaine treatment and withdrawal. Neuron, 17, 147-156.

Moratalla, R., Robertson, H.A. & Graybiel, A.M. (1992) Dynamic regulation
of NGFI-A (zif268, egrl) gene expression in the striatum. J. Neurosci., 12,
2609-2622.

Morgan, J.I. & Curran, T. (1991) Stimulus-transcription coupling in the

Environmental context and gene expression 1983

nervous system: involvement of the inducible proto-oncogenes fos and jun.
Annu. Rev. Neurosci., 14, 421-451.

Nestler, E.J., Hope, B.T. & Widnell, K.L. (1993) Drug addiction: a model for
the molecular basis of neural plasticity. Neuron, 11, 995-1006.

Nguyen, T.V., Kosofsky, B.E., Birnbaum, R., Cohen, B.M. & Hyman, S.E.
(1992) Differential expression of c-fos and zif268 in rat striatum after
haloperido, clozapine, and amphetamine. Proc. Natl. Acad. Sci. USA, 89,
4270-4274.

Ohno, M., Yoshida, H. & Watanabe, S. (1994) NMDA receptor-mediated
expression of Fos protein in the rat striatum following methamphetamine
administration: relation to behavioral sensitization. Brain Res., 665,
135-140.

Olds, M.E., Jacques, D.B. & Kopyov, O. (1999) Subthalamic responses to
amphetamine and apomorphine in the behaving rat with a unilateral 6-
OHDA lesion in the substantia nigra. Synapse, 34, 228-240.

Overton, P.G., Richards, C.D., Berry, M.S. & Clark, D. (1999) Long-term
potentiation at excitatory amino acid synapses on midbrain dopamine
neurons. Neuroreport, 10, 221-226.

Parent, A. & Hazrati, L.N. (1995) Functional anatomy of the basal ganglia. II.
The place of subthalamic nucleus and external pallidum in basal ganglia
circuitry. Brain Res. Rev., 20, 128-154.

Parthasarathy, H.B. & Graybiel, A.M. (1997) Cortically driven immediate-
early gene expression reflects modular influence of sensorimotor cortex on
identified striatal neurons in the squirrel monkey. J. Neurosci., 17,
2477-2491.

Paul, M.L., Currie, R.W. & Robertson, H.A. (1995) Priming of a D1 dopamine
receptor behavioural response is dissociated from striatal immediate-early
gene activity. Neuroscience, 66, 347-359.

Pontieri, F.E., Mainero, C., La Riccia, M., Passarelli, F. & Orzi, F. (1995)
Functional correlates of repeated administration of cocaine and
apomorphine in the rat. Eur. J. Pharmacol., 284, 205-209.

Robinson, T.E. (1991) Controls for lesions of the nigrostriatal dopamine
system. Science, 253, 332.

Ruskin, D.N. & Marshall, J.F. (1994) Amphetamine- and cocaine-induced fos
in the rat striatum depends on D2 dopamine receptor activation. Synapse,
18, 233-240.

Sgambato, V., Abo, V., Rogard, M., Besson, M.J. & Deniau, J.M. (1997)
Effect of electrical stimulation of the cerebral cortex on the expression of
the Fos protein in the basal ganglia. Neuroscience, 81, 93-112.

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

Steiner, H. & Gerfen, C.R. (1995) Dynorphin opioid inhibition of cocaine-
induced, D1 dopamine receptor-mediated immediate-early gene expression
in the striatum. J. Comp. Neurol., 353, 200-212.

Trugman, JM. & James, C.L. (1993) D1 dopamine agonist and antagonist
effects on regional cerebral glucose utilization in rats with intact
dopaminergic innervation. Brain Res., 607, 270-274.

Uslaner, J., Badiani, A., Day, H.E.W., Watson, S.E., Akil, H. & Robinson,
T.E. (1999) c-fos mRNA expression after acute amphetamine or cocaine:
the influence of environmental novelty. Soc. Neurosci. Abstr., 25, 310.

Wan, X.S., Liang, F., Moret, V., Wiesendanger, M. & Rouiller, E.M. (1992)
Mapping of the motor pathways in rats: c-fos induction by intracortical
microstimulation of the motor cortex correlated with efferent connectivity
of the site of cortical stimulation. Neuroscience, 49, 749-761.

Wang, J.Q., Daunais, J.B. & McGinty, J.F. (1994) NMDA receptors mediate
amphetamine-induced upregulation of zif/268 and preprodynorphin mRNA
expression in rat striatum. Synapse, 18, 343-353.

Wang, J.Q. & McGinty, J.F. (1996) Acute methamphetamine-induced zif/268,
preprodynorphin, and preproenkephalin mRNA expression in rat striatum
depends on activation of NMDA and kainate/AMPA receptors. Brain Res.
Bull., 39, 349-357.

Wirtshafter, D. & Asin, K.E. (1999) Unilateral dopamine depletion
paradoxically enhances amphetamine-induced Fos expression in basal
ganglia output structures. Brain Res., 824, 81-88.

Wolf, M.E. (1998) The role of excitatory amino acids in behavioral
sensitization to psychomotor stimulants. Prog. Neurobiol., 54, 679-720.
Yoshida, H., Ohno, M. & Watanabe, S. (1995) Roles of dopamine D1
receptors in striatal fos protein induction associated with methamphetamine

behavioral sensitization in rats. Brain Res. Bull., 38, 393-397.

Young, S.T., Porrino, L.J. & Tadarola, M.J. (1991) Cocaine induces striatal c-
fos-immunoreactive proteins via dopaminergic D1 receptors. Proc. Natl.
Acad. Sci. USA, 88, 1291-1295.

© 2001 Federation of European Neuroscience Societies, European Journal of Neuroscience, 13, 1977-1983



