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Interactions between the basal ganglia and the cerebral cortex
are critical for normal goal-directed behavior. In the present
study, we used immediate-early genes (c-fos, zif 268) as func-
tional markers to investigated how basal ganglia output altered
by stimulation/blockade of D1 dopamine receptors in the stri-
atum affects cortical function. Systemic administration of the
mixed D1/D2 receptor agonist apomorphine (3 mg/kg) in-
creased immediate-early gene expression in the striatum and
throughout most of the cortex. Unilateral intrastriatal infusion of
the selective D1 receptor antagonist SCH-23390 (0.5–10 mg)
blocked this response bilaterally in striatum and cortex in a
dose-dependent manner. Even apparently regionally restricted
blockade of striatal D1 receptors attenuated gene expression
throughout striatum and cortex in both hemispheres. Intrastri-

atal administration of the D1 antagonist inhibited apomorphine-
induced sniffing/whisking, whereas other motor behaviors were
unaffected. To determine whether such changes in cortical gene
expression could reflect altered cortical function, we examined
the effects of blocking striatal D1 receptors on whisker stimulation-
evoked immediate-early gene expression in the sensorimotor
cortex. Apomorphine increased sensory stimulation-evoked gene
expression in the barrel cortex, and intrastriatal infusion of
SCH-23390 attenuated this effect. These results suggest that
stimulation of D1 dopamine receptors in the striatum exerts a
widespread facilitatory effect on cortical function.
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Abnormal interactions between the basal ganglia and the cerebral
cortex have been implicated in various brain disorders, including
Parkinson’s disease, schizophrenia, and drug addiction (Albin et
al., 1989; Carlsson and Carlsson, 1990; DeLong, 1990; Graybiel,
1997; Sarter and Bruno, 1999). Moreover, deficient dopamine
function in the striatum is perceived at the core of several of these
disorders (Wise and Bozarth, 1987; Albin et al., 1989; DeLong,
1990; Hyman and Nestler, 1996; Pierce and Kalivas, 1997). The
striatum (caudate putamen and nucleus accumbens) receives af-
ferents from all parts of the cortex and projects, via basal ganglia
output nuclei and thalamus, back to the cortex (Alexander et al.,
1990; Gerfen, 1992; Parent and Hazrati, 1995; Gerfen and Wil-
son, 1996; Smith et al., 1998). Striatal output is conveyed by two
pathways, the so-called “indirect” pathway, which projects via
globus pallidus (external pallidum in primates) and subthalamic
nucleus to the output nuclei (substantia nigra and entopeduncular
nucleus/internal pallidum), and the “direct” or “striatonigral”
pathway, which sends axons directly to substantia nigra and/or
entopeduncular nucleus. Both of these pathways are regulated by
dopamine.

Cellular responses used to study the effects of dopamine re-
ceptor stimulation in striatal projection neurons and resulting
changes in target areas include the expression of immediate-early
genes, such as c-fos and zif 268 (for review, see Steiner and
Gerfen, 1998). For example, it has been shown that mixed D1/D2

or indirect dopamine receptor agonists, such as apomorphine or
cocaine, induce immediate-early genes in striatonigral neurons
(Cenci et al., 1992; Johansson et al., 1994; Kosofsky et al., 1995),
a response that is mediated by D1 receptors (Graybiel et al., 1990;
Steiner and Gerfen, 1995; Drago et al., 1996). Such results have
been taken to indicate that stimulation of striatal D1 receptors
facilitates activity in the direct, striatonigral pathway, which
would enhance GABA release in target nuclei (You et al., 1994),
inhibit basal ganglia output, and thus disinhibit thalamocortical
activity (Albin et al., 1989; Chevalier and Deniau, 1990). Consis-
tent with this notion, several studies showed that dopamine ago-
nists produce increased immediate-early gene expression in the
cortex (Dilts et al., 1993; Steiner and Gerfen, 1994; Wang and
McGinty, 1995; LaHoste et al., 1996; Berke et al., 1998). How-
ever, the exact role of striatal dopamine receptors remains un-
certain. First, the above studies used systemic dopamine agonist
treatments, precluding conclusions regarding the location of the
involved receptors. There is evidence, for example, that dopa-
mine receptors in the substantia nigra contribute to the regulation
of basal ganglia output (Waszcak and Walters, 1983; Abercrombie
and DeBoer, 1997). Second, electrophysiological evidence for D1
receptor-mediated facilitation of striatonigral activity is equivocal
(Cepeda and Levine, 1998; Kiyatkin and Rebec, 1999).

To investigate the effects of dopamine action in the striatum on
cortical function, we have assessed immediate-early gene expres-
sion in the cortex after intrastriatal drug administration. In the
present study, we examined the role of striatal D1 receptors in
apomorphine-induced gene expression in different cortical areas.
To determine whether such changes in gene expression could
reflect alterations in cortical function, we also assessed the effects
of striatal D1 receptor stimulation on sensory-evoked gene ex-
pression in the sensorimotor cortex.
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MATERIALS AND METHODS
Subjects. Male Sprague Dawley rats (Sasco, St. Louis, MO), 170–230 gm
at the beginning of the experiments, were housed in groups of three to
four under standard laboratory conditions. The animals had access to
food and water ad libitum and were maintained under a 12 hr light /dark
cycle. All experiments were performed between 1:00 P.M. and 5:00 P.M.

Implantation of guide cannulas. Rats were anesthetized with Equithesin
(4.0 ml/kg) and placed in a David Kopf Instruments (Tujunga, CA)
stereotaxic frame. A guide cannula (26 gauge, stainless steel; Plastics
One, Roanoke, VA) was lowered into the right striatum and fixed to the
skull with acrylic cement. The coordinates used for the tip of the guide
cannula were (relative to bregma): anterior, 10.4; lateral, 3.0; ventral,
24.0 (Paxinos and Watson, 1986). The guide cannula was occluded with
a “dummy cannula” of the same length. Rats were then allowed to
recover for 1 week. One day before the infusion, the dummy cannula was
replaced with a longer dummy cannula that protruded 2.5 mm beyond the
tip of the guide cannula. This procedure reduces the probability of acute
damage by the infusion cannula (33 gauge, 1 mm longer than the guide
cannula), which can cause massive induction of immediate-early genes in
cortex and striatum.

Drugs and injection procedures. The D1 dopamine receptor antagonist
SCH-23390 [R(1)-SCH-23390 hydrochloride; Research Biochemicals,
Natick, MA] (0, 0.5, and 10 mg in 1 ml of saline; n 5 4–6 each) was
infused into the striatum in freely moving animals (Fig. 1). The infusion
was performed with a pump at a rate of 0.1 ml /min. After the infusion,
the cannula was left in place for an additional 2.5 min to allow for
diffusion of the drug. The rat was then returned to the home cage. Fifteen
minutes after beginning of the intrastriatal infusion, the animals received
a systemic injection of the D1/D2 receptor agonist apomorphine (apo-
morphine hydrochloride; Sigma, St. Louis, MO) (3 mg/kg, s.c.; in 0.02%
ascorbic acid, 1 ml/kg). Controls received an intrastriatal infusion of
vehicle or 10 mg of SCH-23390, followed by a vehicle injection.

Behavioral test (experiment 1). Drug-induced behavior was observed
during the intrastriatal infusion and subsequently in the home cage. In
addition, in experiment 1, behavioral effects were measured in a novel
open field (60 3 60 3 40 cm, with lines dividing the floor into 3 3 3
squares) during min 26–29 after apomorphine administration. The be-
havior was videotaped and assessed from the tapes by an experimenter
who was unaware of the pharmacological treatment. Behavioral analysis
started 30 sec after the animal was placed into the center of the open

Figure 1. Experimental procedures. A, Time lines for the procedures in experiments 1 and 2. In experiment 1, rats received an infusion of the D1
receptor antagonist SCH-23390 (0–10 mg in 1 ml over 10 min) into the right striatum, followed by systemic administration of the D1/D2 receptor agonist
apomorphine (3 mg/kg, s.c.). Twenty-five minutes later, their behavior was recorded for 4 min in an open-field test. In experiment 2, under light
Metofane anesthesia, the left whisker C2 was equipped with a steel filament, and the other mystacial whiskers were clipped close to the skin.
Approximately 20 min later, rats received an intrastriatal infusion of SCH-23390 (0–10 mg), followed by an injection of apomorphine (3 mg/kg). Whisker
C2 was stimulated by a pulsating magnetic field for 15 min, starting 10 min after the apomorphine administration. Brains were collected 30–35 min after
apomorphine injection. B, Schematic diagrams depicting the areas in which gene expression was measured. Results are reported for areas in coronal
sections from a rostral striatal level (at ;10.6 mm rostral to the interaural line; Paxinos and Watson, 1986) and a middle striatal level (9.2 mm) that
contained the cannula track (experiments 1 and 2), as well as for the barrel C2 in tangential sections through layer IV of the barrel cortex (experiment
2). In rostral sections, gene expression was assessed in the striatum (S), nucleus accumbens (NAC), olfactory tubercle (OT ), and in the cingulate (CCx),
motor (MCx), somatosensory (SSCx), insular (ICx), and piriform cortex (PCx). In middle sections, gene expression was measured across the total striatal
area (S) and, for animals that received 0.5 mg of SCH-23390, in the area surrounding the site of primary drug action [surrounding area S(s)], or for
the other groups and the noninfused side, in a corresponding, averaged “surrounding” area. The schematic representation of the rat somatosensory
cortex (top lef t; modified from Chapin and Lin, 1984) depicts the approximate rostrocaudal positions of the rostral and middle striatal levels and barrel
C2. N, Nose area.
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field. The following parameters were determined by counting the number
of events: line crossings with all four feet (measure for distance traveled)
and half turns (diameter, ,20 cm) to either side. In addition, the
occurrence of forelimb movements (during locomotion, rearing, turning,
or shifting; “stepping”) and of intense, repetitive whisking/sniffing were
measured by using a time sampling procedure (behavioral item present
or absent during a 5 sec interval every 10 sec).

Whisker stimulation (experiment 2). Physiological stimulation of whis-
kers in rats evokes immediate-early gene expression in the contralateral
somatosensory cortex (Mack and Mack, 1992; Melzer and Steiner, 1997).
Although present throughout the stimulated barrel column, such gene
induction is most prominent in layer IV and is restricted to some
subpopulations of neurons in that layer (Melzer and Steiner, 1997). By
analogy to stimulation-induced expression of zif 268 mRNA in the visual
cortex (Chaudhuri et al., 1995) and of BDNF mRNA in the barrel cortex
(Rocamora et al., 1996), the responsive neurons may include pyramidal
and spiny stellate cells but not GABA neurons.

In experiment 2, one whisker (whisker C2 on the left side) was
stimulated. Stimulation procedures have been described in detail previ-
ously (Melzer and Steiner, 1997). In short (Fig. 1 A), 45 min before the
start of the stimulation (i.e., 20 min before the intrastriatal infusion), the
rat was lightly anesthetized by Metofane. A steel filament (length, 6 mm;
diameter, 0.3 mm) was then glued to whisker C2 with SuperGlue (center
of filament ;10 mm from the skin). The distal end of the whisker was
clipped, and all other mystacial whiskers on both sides of the face were
clipped close to the skin. The rat was then allowed to recover. Whisker
C2 was stimulated by exposing the rat to a pulsating magnetic field (Van
der Loos stimulator; Melzer et al., 1985). The magnetic field (mean
strength, 10.8 mT, rms) was produced by a copper coil linked to a solid
state relay [built by George Dold, Research Services Branch, National
Institute of Mental Health (NIMH), Bethesda, MD; based on the design
by Melzer et al., 1985]. With the longitudinal axis of the magnetic field
oriented horizontally, the field pulses mostly deflect the whiskers in
rostrocaudal direction. A pulse rate of ;8 Hz was chosen to mimic the
whisking frequency of a whisking (sniffing) rat (Welker, 1964). The
awake rat was placed into the acrylic chamber (cylinder, 15 cm in length,
14 cm in diameter) of the stimulator, stimulated for 15 min, and killed 10
min later.

Tissue preparation. Animals were killed with CO2 30 min (experiment
1) or 35 min (experiment 2) after apomorphine administration. The
brain was rapidly removed, frozen in isopentane cooled on dry ice, and
stored at 220°C until cryostat sectioning. Coronal sections (12 mm)
through the striatum (experiment 1) or tangential sections through the
somatosensory cortex followed by coronal sections through the striatum
(experiment 2) were collected. Sections were thaw-mounted onto glass
slides twice coated with gelatin, dried on a warm plate, and stored at
220°C. For further processing, the slides were first warmed to room
temperature, then fixed in 4% paraformaldehyde (in 0.9% saline) for 10
min, and incubated in a fresh solution of 0.25% acetic anhydride in 0.1 M
triethanolamine and 0.9% saline, pH 8.0, for 10 min. Then the slide-
mounted sections were dehydrated, defatted for 2 3 5 min in chloroform,
rehydrated, and air-dried. The sections were stored at 220°C until
hybridization. Every sixth tangential section was stained for cytochrome
oxidase activity to locate barrel C2 in layer IV (Melzer and Steiner,
1997). Adjacent sections were used for hybridization.

In situ hybridization histochemistry. Oligonucleotide probes (48-mers;
Life Technologies, Grand Island, NY) were labeled with [ 35S]dATP as
described previously (Steiner and Gerfen, 1993). The c-fos probe was
complementary to bases 1227–1274 (GenBank accession number
X06769) and the zif 268 probe to bases 352–399 (GenBank accession
number M18416). Labeled probe (;3 3 10 6 cpm) in 100 ml of hybrid-
ization buffer was added to each slide. The sections were coverslipped
and incubated overnight at 37°C. After incubation, the slide-mounted
sections were first rinsed in four washes of 13 saline citrate (150 mM
sodium chloride and 15 mM sodium citrate). They were then washed
three times for 20 min each in 23 saline citrate–50% formamide at 40°C,
followed by two washes for 30 min each in 13 saline citrate at room
temperature. After a brief water rinse, the sections were air-dried and
then apposed to x-ray film (X-Omat; Eastman Kodak, Rochester, NY)
for 2–3 weeks.

Analysis of autoradiograms. In both experiments, coronal sections
collected at three rostrocaudal levels through the striatum were examined
(Fig. 1 B): a rostral level (at ;10.6 mm rostral to the interaural line;
Paxinos and Watson, 1986), a caudal level (8.0 mm), and a midstriatal
level (at ;9.2 mm) that contained the cannula track. In experiment 2,

gene expression was also assessed in tangential sections through the
somatosensory cortex that were adjacent to sections containing barrel C2
(layer IV), as determined by cytochrome oxidase histochemistry.

Gene expression was measured in the following areas (Fig. 1 B): rostral
striatal level, in striatum, nucleus accumbens, olfactory tubercle, cingu-
late cortex, “motor” cortex (Fr1, Fr2, Fr3; Paxinos and Watson, 1986),
somatosensory cortex (Par1), insular cortex (including claustrum), and
piriform cortex; middle striatal level, in total striatum (“total area”) and
the cortical regions mentioned above. In addition, for the group that
received an intrastriatal infusion of 0.5 mg of SCH-23390, gene expres-
sion was measured in the striatum surrounding the site of primary drug
action (see Figs. 3, 4) (“surrounding area”). For the other groups and the
noninfused side, an area corresponding to the average surrounding area
was used. Furthermore, in experiment 2, gene expression was measured
in barrel C2 and in the four surrounding barrels (C1, C3, B2, and D2).

Levels of gene expression were determined by densitometry on film
autoradiograms, using a Macintosh-based image analysis system (NIH
Image; Wayne Rasband, NIMH). “Mean density” values presented are
background-corrected: for coronal sections, mean densitygray matter minus
mean densitywhite matter; for tangential sections, mean density in C2 minus
averaged mean density in surrounding barrels. Drug effects were deter-
mined with two-factor ANOVAs, followed by post hoc one-factor
ANOVAs and Dunnett’s tests to describe differences between individual
groups. The illustrations of film autoradiograms displayed in Figures 3, 4,
and 6 are based on computer-generated images and are contrast-
enhanced where necessary. Maximal hybridization signal is black.

RESULTS
Experiment 1
Behavioral effects
In the open-field test, intrastriatal infusion of the D1 receptor
antagonist SCH-23390 alone significantly reduced the distance

Figure 2. Open-field behavior after dopamine agonist /antagonist treat-
ments. The behavior was videotaped for 4 min, starting 25 min after
apomorphine administration. Assessed from the tapes were repetitive
whisking/sniffing (A), stepping (B), turning (C), and distance traveled (D).
Whisking/sniffing and stepping (foreleg movements during locomotion,
rearing, turning, or shifting) were judged as present or absent during a 5
sec period every 10 sec, and the present counts are shown (mean 6 SEM).
Turning is presented as net half turns toward the side of infusion (ipsi).
Distance traveled was assessed by counting the number of lines crossed
with all four feet. Rats received an intrastriatal infusion of SCH-23390 [0
(S0), 0.5 mg (S0.5), or 10 mg (S10); n 5 4–6 each), followed by an injection
of apomorphine (3 mg/kg, s.c.) or vehicle. *p , 0.05, **p , 0.01 versus S0.
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traveled and the amount of foreleg movements (stepping), as
these rats showed very little activity (Fig. 2). Apomorphine pro-
duced intense, repetitive sniffing or whisking that was character-
ized by continuous snout contact with floor and walls as described
previously (Szechtman et al., 1982). The higher (10 mg), but not
the lower (0.5 mg), dose of the D1 antagonist almost completely
blocked apomorphine-induced sniffing/whisking (Fig. 2). In con-
trast, neither the amount of stepping nor the distance traveled
were significantly reduced by D1 antagonist plus apomorphine
treatments. Rats that received an intrastriatal infusion of 0.5 mg
of SCH-23390, but not those that received 10 mg, before apomor-

phine showed turning behavior toward the side of the infusion
during the open-field test (Fig. 2).

Gene expression in the striatum, nucleus accumbens, and
olfactory tubercle
Figures 3 and 4 depict the effects of apomorphine and SCH-23390
on immediate-early gene expression at the rostral and middle
striatal levels. Similar results were obtained for the caudal stria-
tum (data not shown). Systemic administration of apomorphine
produced a robust increase in c-fos and zif 268 expression in the
striatum, nucleus accumbens, and olfactory tubercle (Figs. 3, 4).

Figure 3. Expression of c-fos mRNA in the striatum, nucleus accumbens, olfactory tubercle, and cortex after dopamine agonist /antagonist treatments.
A, I llustrations of film autoradiograms show c-fos expression in coronal sections from rostral (top) and middle (bottom) striatal levels in rats that received
an infusion of vehicle (S0), 0.5 mg (S0.5), or 10 mg of SCH-23390 (S10) into the right striatum before an injection of vehicle (VEH ) or apomorphine (3
mg/kg, s.c.; APO). B, Mean density values (mean 6 SEM, arbitrary units) measured in the striatum, nucleus accumbens, and olfactory tubercle on the
infused (top) and noninfused (bottom) sides, at middle or rostral striatal levels, are shown for the above treatment groups (n 5 4–6 each). For areas,
see Figure 1. *p , 0.05, **p , 0.01.
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Infusion of SCH-23390 into the middle striatum significantly
reduced basal levels and blocked the apomorphine-induced in-
crease in expression of c-fos and zif 268 mRNAs in a dose-
dependent manner. This inhibition of gene expression was uni-
form throughout the striatum and was also present in the nucleus
accumbens and olfactory tubercle. Moreover, although adminis-
tered unilaterally, the D1 antagonist produced bilateral inhibi-
tion. Densitometrical analysis confirmed that the higher dose of
SCH-23390 (10 mg) completely prevented the immediate-early
gene response to the subsequent apomorphine administration;
c-fos and zif 268 mRNA levels were comparable with those in

controls that received SCH-23390 only. The lower dose of SCH-
23390 (0.5 mg) blocked gene induction in a distinct region around
the track created by the dummy cannula (Figs. 3, 4). This region
covered approximately one-third to one-half of the cross-
sectional area of the striatum but was irregular in shape, similar
to the spread of drug effects seen in previous studies using
intrastriatal drug administration (Steiner and Gerfen, 1995,
1999). However, the inhibition of gene expression produced by
the lower dose was not restricted to this primary area of drug
action but was also observed in the surrounding striatal tissue at
the midstriatal level and in the rostral and caudal striatum distant

Figure 4. Expression of zif 268 mRNA in the striatum, nucleus accumbens, olfactory tubercle, and cortex after dopamine agonist /antagonist treatments.
A, I llustrations of film autoradiograms show zif 268 expression in coronal sections from rostral (top) and middle (bottom) striatal levels in rats that
received an infusion of vehicle (S0), 0.5 mg (S0.5), or 10 mg (S10) of SCH-23390 into the right striatum before an injection of vehicle (VEH ) or
apomorphine (3 mg/kg, s.c.; APO). B, Mean density values (mean 6 SEM) measured in the striatum, nucleus accumbens, and olfactory tubercle on the
infused (top) and noninfused (bottom) sides, at middle or rostral striatal levels, are depicted for the above treatment groups (n 5 4–6 each). For areas,
see Figure 1. *p , 0.05, **p , 0.01.
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from the infusion site. Moreover, this effect was equally robust in
the nucleus accumbens but was reduced in the adjacent olfactory
tubercle (Figs. 3, 4). Such inhibition of apomorphine-induced
gene expression by the lower dose of SCH-23390 was also present
in the noninfused hemisphere.

Gene expression in the cortex
Effects of apomorphine and SCH-23390 treatments on
immediate-early gene expression in the cortex at the rostral and
middle striatal level can be seen in Figures 3–5. Numerical data
for the middle level were similar to those for the rostral level (Fig.
5) and are thus not shown. As was the case in the striatum,
principally similar effects were found for c-fos and zif 268 mRNAs
in the cortex, but those for c-fos were more robust because of the
greater dynamic range for this immediate-early gene (lower basal
expression).

Generally, the effects of these drugs on gene expression in the
cortex paralleled those on gene expression in the striatum, except
for the cingulate cortex. Thus, apomorphine administration con-
siderably increased the expression of c-fos and zif 268 mRNAs in

the motor, somatosensory, insular, and piriform cortices. Intra-
striatal infusion of SCH-23390 attenuated this response in a
dose-dependent manner. This D1 antagonist-mediated inhibition
of cortical gene expression was again present in both hemispheres
but tended to be more robust on the side of the infusion, espe-
cially for the lower dose of SCH-23390 (Figs. 3–5). Interestingly,
the cingulate cortex, which showed the highest basal levels of
immediate-early gene expression besides layer 2 of the piriform
cortex, displayed little or no effects of dopamine agonist /antago-
nist treatments, consistent with earlier findings (LaHoste et al.,
1996).

SCH-23390 has also some affinity for serotonin receptor sub-
types (Bischoff et al., 1988; Alburges et al., 1992), and blockade of
such receptors may thus have contributed to the effects of the
higher dose (10 mg). Therefore, it is important to note that the
lower dose of SCH-23390 (0.5 mg), which is at the lower end of
dose ranges generally used to block D1 receptors (Caine et al.,
1995; Neisewander et al., 1995; Baker et al., 1998; Epping-Jordan
et al., 1998; Mayorga et al., 1999), was sufficient to significantly

Figure 5. Expression of c-fos (A) and zif 268 mRNAs (B) in the cortex after dopamine agonist /antagonist treatments. Mean values (mean 6 SEM)
measured in the cingulate, motor, somatosensory, insular, and piriform cortical areas, and in the total cortex (all areas pooled), on the infused (top) and
noninfused (bottom) sides, at the rostral striatal level are depicted for rats that received an intrastriatal infusion of vehicle (S0), 0.5 mg (S0.5), or 10 mg
(S10) of SCH-23390 before an injection of vehicle (VEH ) or apomorphine (3 mg/kg, s.c.; APO) (n 5 4–6 each). For areas, see Figure 1. *p , 0.05,
**p , 0.01.
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inhibit apomorphine-induced gene expression in striatum and
cortex, indicating a primary role of D1 (or D1-like) receptors (see
also Waddington, 1986).

Experiment 2
Behavioral observations
After apomorphine administration, rats displayed the typical
intense, repetitive sniffing, as well as some licking. Within minutes
of infusion of either dose of SCH-23390, a tendency for ipsiver-
sive turning appeared. In animals that received 0.5 mg, ipsiversive
turning behavior remained present or became more pronounced
after the subsequent apomorphine injection. In contrast, rats
receiving the higher dose of SCH-23390 (10 mg) soon became
almost completely inactive for the rest of their survival period.

Normal rats tolerate whisker stimulation well. They usually
settle down in the relatively small stimulation chamber within
a few minutes, often in a position more or less parallel to the
longitudinal axis of the cylindrical chamber (and the magnetic
field), which enables unimpeded deflection of the stimulated
whisker in approximately rostrocaudal direction. In contrast,
after apomorphine administration, stimulation of the left whis-
ker C2 induced attempts to turn toward the stimulated (left)
side. Although varying in intensity between animals, in ex-
treme cases, this response was so strong that the rat rolled over
to the left, partly as a result of the confinement of the chamber.
Still, these rats did not try to remove the filament. Such turning
could be switched on or off by switching the magnetic field on
or off. Some turning was also seen in animals that had received
an intrastriatal infusion of 0.5 mg of SCH-23390 but never in
rats with 10 mg, which usually sat still for most of the time. As
a consequence of this turning response, rats treated with only
apomorphine most likely received less constant or unrestricted
stimulation of whisker C2 than vehicle controls or rats with the
higher SCH-23390 dose.

Gene expression in the striatum, nucleus accumbens, and
olfactory tubercle
The effects of apomorphine and intrastriatal SCH-23390 treat-
ments on immediate-early gene expression in the middle and
rostral striatum, nucleus accumbens, and olfactory tubercle are
presented in Table 1. As was seen in the first experiment, apo-
morphine administration increased c-fos and zif 268 expression in
these areas, and a preceding intrastriatal infusion of SCH-23390
inhibited this response in a dose-dependent manner in both hemi-
spheres. Again, the lower dose of SCH-23390 (0.5 mg) reduced
apomorphine-induced immediate-early gene expression through-
out the striatum and nucleus accumbens, in addition to blocking
this response in a distinct area around the infusion track.

Gene expression in the cortex
Figure 6 depicts the effects of dopamine agonist and antagonist
treatments on whisker stimulation-evoked c-fos and zif 268 ex-
pression in layer IV of the barrel cortex. Stimulation of whisker
C2 evoked immediate-early gene expression in contralateral bar-
rel C2 in a discontinuous, punctuate manner, as described previ-
ously (Melzer and Steiner, 1997). Such gene expression was not
entirely restricted to barrel C2 (“principal” barrel). Labeling
spread to some degree into the septa between C2 and adjacent
barrels, mostly along the C row (Fig. 6).

Consistent with earlier findings (Steiner and Gerfen, 1994),
apomorphine had no effect on gene expression in the surround-
ing, sensory-deprived barrels (Fig. 6). In contrast, in barrel C2,
apomorphine administration increased stimulation-evoked
immediate-early gene expression. Infusion of SCH-23390 into the
ipsilateral striatum attenuated this increase in a dose-dependent
manner (Fig. 6). This result was obtained for both c-fos and zif 268
expression but was less variable for c-fos.

DISCUSSION
Our most important findings include the following. (1) Intrastri-
atal administration of the D1 receptor antagonist SCH-23390

Table 1. Expression of c-fos and zif 268 mRNAs in the striatum, nucleus accumbens, and olfactory tubercle after apomorphine/SCH-23390
treatments (experiment 2)

Infused side Noninfused side

S0 V S0 A S0.5 A S10 A S0 V S0 A S0.5 A S10 A

c-fos expression
Middle striatum

Total area 2.5 6 0.6 26.3 6 2.7## 12.6 6 0.7** 1.8 6 0.9** 2.5 6 0.5 25.3 6 3.5## 17.8 6 0.7* 2.3 6 1.3**
Surrounding area 2.8 6 0.5 25.5 6 3.1## 17.0 6 0.7* 1.3 6 0.9** 1.5 6 0.5 24.5 6 4.2## 16.2 6 0.6 1.8 6 1.6**

Rostral striatum
Striatum 2.8 6 0.8 20.0 6 1.5## 16.0 6 1.1 2.0 6 0.4** 2.8 6 0.5 20.8 6 1.0## 17.4 6 0.7* 2.8 6 0.9**
Nucleus accumbens 4.8 6 0.6 29.3 6 4.2## 17.0 6 1.4** 4.3 6 0.5** 5.0 6 1.6 26.5 6 4.3## 18.8 6 1.2 5.8 6 0.9**
Olfactory tubercle 8.5 6 2.1 35.3 6 1.8## 29.2 6 3.3 8.5 6 1.0** 7.5 6 1.3 36.5 6 4.5## 31.6 6 1.9 8.8 6 1.6**

zif 268 expression
Middle striatum

Total area 24.8 6 1.5 56.8 6 2.5## 36.2 6 1.2** 24.5 6 2.2** 28.8 6 1.7 55.3 6 3.3## 44.6 6 1.0** 28.3 6 1.4**
Surrounding area 24.8 6 1.3 56.0 6 3.9## 42.6 6 1.8** 24.3 6 2.1** 26.3 6 1.9 55.0 6 3.6## 42.8 6 1.0** 27.5 6 1.7**

Rostral striatum
Striatum 30.5 6 2.4 51.8 6 3.7## 39.8 6 1.3** 29.0 6 1.7** 35.5 6 1.7 51.8 6 3.1## 41.4 6 1.2* 30.0 6 2.1**
Nucleus accumbens 36.0 6 4.4 69.0 6 4.3## 52.2 6 2.1** 31.5 6 1.2** 39.0 6 5.2 60.5 6 6.6## 52.6 6 4.2 34.0 6 2.9**
Olfactory tubercle 32.0 6 3.8 52.3 6 0.8## 52.6 6 3.2 29.3 6 2.3** 33.0 6 3.8 56.5 6 4.1## 55.2 6 2.0 31.5 6 2.1**

Mean density values (mean 6 SEM) measured on the infused (lef t) and noninfused sides (right), at middle or rostral striatal levels, are given for animals that received an
infusion of vehicle (S0), 0.5 mg (S0.5), or 10 mg (S10) of SCH-23390 into the right striatum before an injection of vehicle (V) or apomorphine (3 mg/kg, s.c.; A) (n 5 4–5 each).
For areas, see Figure 1. ##p , 0.01 versus S0 V; *p , 0.05, **p , 0.01 versus S0 A.
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inhibited immediate-early gene induction by the mixed D1/D2
receptor agonist apomorphine throughout the cortex in a rela-
tively uniform manner. (2) Even apparently regionally restricted
blockade of striatal D1 receptors had widespread effects in the
cortex and throughout the striatum. (3) Intrastriatal administra-
tion of SCH-23390 attenuated apomorphine-induced increases in
whisker stimulation-evoked immediate-early gene expression in
the sensorimotor cortex. (4) This D1 antagonist treatment also
inhibited apomorphine-induced sniffing/whisking and turning to-
ward whisker stimulation but not other behaviors. Together, our
results suggest that D1 receptors in the striatum exert a powerful
facilitatory influence on cortical function and sensorimotor
responsiveness.

Role of striatal D1 receptors in gene regulation in
the cortex
Unilateral intrastriatal infusion of both doses of SCH-23390 re-
sulted in rather uniform inhibition of c-fos and zif 268 expression
in both hemispheres. This widespread effect raises the question as
to the site of action of the intrastriatally administered drug, a
question that is critical for the interpretation of our findings.

Several findings argue for the involvement of striatal D1 recep-
tors and against a major contribution of antagonist leakage to
extrastriatal sites. For example, it is unlikely that extensive dis-
tribution of the antagonist by blood transport or diffusion into the
ventricle contributed to the widespread inhibition of gene expres-
sion. Recent studies used receptor autoradiography to examine

the spread of SCH-23390 binding in striatal tissue after infusion
of up to 3 mg into the nucleus accumbens/rostral striatum (Neise-
wander et al., 1995; Baker et al., 1998). These studies showed
relatively confined distribution of SCH-23390 binding around the
infusion site. Similarly, in our study, 0.5 mg of SCH-23390 blocked
striatal gene induction in a distinct area around the cannula track,
and in none of the animals that received this dose did this area
reach the lateral ventricle or extrastriatal regions. Yet, these
animals showed significantly attenuated gene expression bilater-
ally in the cortex and in striatal areas remote from the infusion
site (e.g., in the nucleus accumbens).

There are also D1 receptors in the rat sensorimotor cortex
[although orders of magnitude less than in the striatum (Fremeau
et al., 1991; Mansour et al., 1992; Gaspar et al., 1995)], and we
cannot exclude the possibility of D1 antagonist leakage along the
guide cannula into the overlying cortex. However, a principal role
of cortical D1 receptors in the widespread, rather uniform effects
on gene expression appears unlikely. For one, in our study, both
low and high doses of SCH-23390 had qualitatively similar inhibi-
tory effects on gene expression in the cortex, with very little within-
group variability, which seems incompatible with effects of long-
distance diffusion. Second, recent studies that investigated
immediate-early gene expression after extensive unilateral electri-
cal or chemical stimulation of the motor cortex at sites that partly
overlapped with our cannula placement reported principally dif-
ferent patterns of gene induction in cortex and striatum than seen
in our study. These studies showed focal induction in the contralat-

Figure 6. Expression of c-fos and zif 268
mRNAs in the barrel cortex after dopamine ag-
onist /antagonist treatments followed by whisker
stimulation. A, I llustrations of film autoradio-
grams depict c-fos expression in barrel C2 in
tangential sections through layer IV of the right
barrel cortex (top). Barrels were located by cyto-
chrome oxidase activity in adjacent sections (bot-
tom). Rats received an ipsilateral intrastriatal
infusion of vehicle or SCH-23390 [10 mg; SCH 10
mg (i.s.)], followed by vehicle or apomorphine (3
mg/kg, s.c.; APO) administration and had con-
tralateral whisker C2 stimulated for 15 min with
a pulsating magnetic field or were placed in the
stimulation chamber without the magnetic field
switched on (no stimulation). All other mystacial
whiskers were clipped close to the skin. Note also
that apomorphine did not increase c-fos expres-
sion in neighboring (sensory-deprived) barrels
(Steiner and Gerfen, 1994). B, Mean density val-
ues (mean 6 SEM) for c-fos and zif 268 mRNA
expression in barrel C2 are shown for animals
that received an intrastriatal infusion of vehicle
(S0), 0.5 mg (S0.5), or 10 mg (S10) of SCH-23390,
followed by apomorphine (3 mg/kg, s.c.) and had
contralateral whisker C2 stimulated for 15 min
(n 5 4–5 each). Controls received intrastriatal
and systemic vehicle, followed by C2 stimulation
(only) (n 5 2) or were not stimulated (n 5 2).
Values presented are the difference between the
C2 value and averaged values measured for the
surrounding barrels (background correction).
*p , 0.05; **p , 0.01.
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eral cortex and in the lateral striatum ipsilateral and contralateral
to the stimulation (Berretta et al., 1997; Sgambato et al., 1999),
consistent with the topographical organization of crossed and un-
crossed corticostriatal and crossed corticocortical projections.

In contrast, our finding of widespread inhibition of apomorphine-
induced immediate-early gene expression by intrastriatal SCH-
23390 is similar to effects observed after stimulation of striatal
k-opioid receptors (Steiner and Gerfen, 1995). Thus, unilateral
intrastriatal infusion of the k agonist spiradoline attenuated
cocaine-induced immediate-early gene expression bilaterally in
cortex and striatum in a dose-dependent manner (Steiner and
Gerfen, 1995). Because cocaine-induced immediate-early gene
expression in the striatum is also mediated by D1 receptors
(Graybiel et al., 1990; Steiner and Gerfen, 1995; Drago et al.,
1996), the results of both of our studies suggest that blockade of
D1 receptor responses in the striatum has widespread inhibitory
effects on cortical function.

Contribution of sensorimotor feedback to cortical
gene expression
It is possible that altered sensory input, as a consequence of
altered behavior, contributed to changes in gene regulation in the
cortex after these drug treatments. For example, increased
immediate-early gene expression in the barrel cortex after apo-
morphine treatment is dependent on whisker input (Steiner and
Gerfen, 1994). Thus, apomorphine-induced sniffing/whisking
likely enhanced the signal seen in this area. However, the appar-
ent dissociation between behavioral activation and gene expres-
sion in the cortex (and striatum) observed in animals that re-
ceived the lower dose of SCH-23390 suggests that such gene
expression does not simply reflect behavioral activity. Thus, gene
induction in the cortex (and striatum) was significantly reduced in
these animals, yet they did not show a clear reduction in any of the
behavioral measures (and even displayed more turning). These
results indicate that alterations in sensory input could contribute
to some, but cannot fully account for all, of the changes in gene
regulation in the cortex seen after these drug treatments.

Regulation of gene expression in cortex and striatum
by basal ganglia–cortico–basal ganglia circuits
Our results indicate that decreased stimulation of D1 receptors in
the striatum results in widespread inhibition of gene expression in
the cortex and that this reflects reduced cortical activity. In the
striatum, D1 receptors are predominantly expressed by striatoni-
gral neurons (Gerfen et al., 1990; Le Moine et al., 1991; Le Moine
and Bloch, 1995). Consistently, colocalization studies showed that
treatments with selective D1 (Robertson et al., 1990; Robertson
et al., 1992; Gerfen et al., 1995), mixed D1/D2 (Cenci et al.,
1992), or indirect agonists such as cocaine or amphetamine
(Cenci et al., 1992; Johansson et al., 1994; Kosofsky et al., 1995)
induce immediate-early genes principally in striatonigral neurons.
In contrast, immediate-early genes in striatopallidal neurons are
induced by blockade of D2 receptors (Robertson and Fibiger,
1992; Robertson et al., 1992). Thus, dopamine/agonist-induced
immediate-early gene expression is a response to D1 receptor
stimulation in striatonigral neurons. Based on findings on the
trans-synaptic regulation of such genes (Sagar et al., 1988; Dra-
gunow and Faull, 1989; Chaudhuri et al., 1995) and transmitter
release (You et al., 1994), such gene induction presumably reflects
facilitation of neuronal activity in striatonigral neurons.

There are various possible anatomical routes by which in-

creased activity in the striatonigral pathway could affect the
cortex. For example, nigrothalamocortical pathways provide
widespread cortical afferents. In the rat, nigrothalamic neurons
project predominantly to the ventromedial (“motor”) nucleus and
to intralaminar and midline (“nonspecific”) nuclei (Faull and
Mehler, 1978; Beckstead et al., 1979; Gerfen et al., 1982; Sakai et
al., 1998). These connections are to some degree bilateral (Ger-
fen et al., 1982). Both types of thalamic nuclei provide widespread
projections to the cortex (Herkenham, 1979, 1980; Arbuthnott et
al., 1990; Groenewegen and Berendse, 1994) and thus seem good
candidates for transmitting basal ganglia output “globally” to the
cortex.

Altered cortical activities were likely conveyed back to the
striatum (Berretta et al., 1997; Sgambato et al., 1999) by the
prominent uncrossed and crossed corticostriatal pathways (Web-
ster, 1961; Donoghue and Kitai, 1981; Donoghue and Herken-
ham, 1986; Wilson, 1987; McGeorge and Faull, 1989; Berendse et
al., 1992). Moreover, it has been shown that removal of cortical
input or glutamate receptor blockade inhibits dopamine receptor-
mediated changes in gene expression in the striatum (Cenci and
Björklund, 1993; Wang et al., 1994a,b; Vargo and Marshall, 1995;
Konradi et al., 1996). Therefore, inhibition of apomorphine-
induced immediate-early gene expression in striatal regions dis-
tant from the site of primary D1 antagonist action (e.g., in the
nucleus accumbens) probably reflects reduced excitatory inputs to
those areas as a consequence of reduced cortical (or thalamic)
activity. Our results thus suggest that regionally restricted func-
tional changes in the striatum indirectly affect large portions of
the striatum by a feedforward mechanism involving basal gan-
glia–cortico–basal ganglia circuits. Moreover, this feedforward
mechanism seems to enable interactions between striatal subre-
gions generally thought to be part of functionally distinct circuits,
such as the dorsolateral (“sensorimotor”) striatum and the (“lim-
bic”) nucleus accumbens. It remains to be seen what the func-
tional significance of such interactions is (e.g., synchronization of
activity levels) and whether specific cortical inputs to the striatum
are involved.

D1 receptors regulate sensorimotor responsiveness
Acute dopamine depletion produces behavioral deficits, including
akinesia and a deficit in sensorimotor responsiveness (for review,
see Schwarting and Huston, 1996). For example, rats with unilat-
eral dopamine depletion display a loss of responsiveness (“inat-
tention”) to stimulation of the body surface contralateral to the
lesion and turning away from that side. Such animals show de-
creased “basal” and whisker stimulation-evoked expression of
immediate-early genes mostly in the cortex ipsilateral to dopa-
mine depletion (H. Steiner and S. T. Kitai, unpublished
observations).

On the other hand, dopamine agonist treatments produce re-
petitive sniffing/whisking and exaggerated responsiveness to sen-
sory input. Thus, under such drugs, unilateral tactile stimulation
of the perioral area triggers responding (biting) (Huston et al.,
1980) or turning (Steiner and Huston, 1992) toward the stimulus,
whereas unilateral removal of whisker input elicits turning or
preferential responding toward the opposite, sensory-intact side
(Szechtman, 1983; Steiner et al., 1986; Milani et al., 1990). In the
present study, under apomorphine, stimulation of a single whisker
induced turning toward the stimulated side. Such sensorimotor
responding may represent “compulsive orienting” to sensory in-
put as a consequence of abnormally strong dopamine receptor
stimulation (Redgrave et al., 1999).
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Our present findings indicate a critical role for striatal D1
receptors (and the direct output pathway) in such dopamine
agonist-induced sensorimotor responsiveness. Intrastriatal infu-
sion of the lower dose of the D1 antagonist produced an asym-
metrical blockade of D1 receptor responses (more pronounced
inhibition of apomorphine-induced gene expression in the stria-
tum and cortex on the infused side) and caused turning away from
the more affected, contralateral periphery (toward the infused
side). The higher dose of SCH-23390 blocked striatal and cortical
gene induction bilaterally, presumably mediated by basal ganglia–
cortical circuits, and almost completely inhibited apomorphine-
induced whisking/sniffing and responding (turning) toward whis-
ker stimulation. In contrast, no comparable inhibition was seen
for locomotion (distance, stepping) after SCH-23390 plus apo-
morphine treatment. Therefore, stimulation of D2 (or D2-like)
receptors seems to be sufficient to maintain such motor activities.
These results suggest that D1 receptors in the striatum preferen-
tially regulate responding to sensory input, perhaps by affecting
attentional or motivational processes, whereas D2 receptors may
be more important for other motor functions.

Conclusions
Our results suggest that local stimulation of striatal D1 receptors
facilitates activity in large parts of the cortex (and striatum)
through basal ganglia–cortical circuits. Moreover, such facilita-
tion seems to be necessary for normal function of the cortex and
for responding to sensory input.
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