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The neocortex is thought to exert a powerful influence over the
functions of the basal ganglia via its projection to the striatum. It is
not known, however, whether corticostriatal effects are similar
across different types of striatal projection neurons and interneu-
rons or are unique for cells having different functions within striatal
networks. To examine this question, we developed a method for
focal synchronous activation of the primary motor cortex (MI) of
freely moving rats by local release of GABAergic inhibition. With
this method, we monitored cortically evoked activation of two
immediate-early gene protein products, c-Fos and JunB, in phe-
notypically identified striatal neurons. We further studied the influ-
ence of glutamate receptor antagonists on the stimulated expres-
sion of c-Fos, JunB, FosB, and NGFI-A.

Local disinhibition of MI elicited remarkably selective induction
of c-Fos and JunB in enkephalinergic projection neurons. These
indirect pathway neurons, through their projections to the globus
pallidus, can inhibit thalamocortical motor circuits. The dynorphin-

containing projection neurons of the direct pathway, with opposite
effects on the thalamocortical circuits, showed very little induction
of c-Fos or JunB. The gene response of striatal interneurons was
also highly selective, affecting principally parvalbumin- and
NADPH diaphorase-expressing interneurons. The glutamate
NMDA receptor antagonist MK-801 strongly reduced the corti-
cally evoked striatal gene expression in all cell types for each gene
examined. Because the gene induction that we found followed
known corticostriatal somatotopy, was dose-dependent, and was
selectively sensitive to glutamate receptor antagonists, we sug-
gest that the differential activation patterns reflect functional spe-
cialization of cortical inputs to the direct and indirect pathways of
the basal ganglia and functional plasticity within these circuits.
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A broad range of experimental evidence implicates the basal ganglia
in functions related to procedural learning, context-dependent motor
control, and reward-related behavior (Apicella et al., 1992; Robbins
and Everitt, 1992; Graybiel et al., 1994; Graybiel, 1995; Hikosaka et
al., 1995; Houk et al., 1995; Schultz, 1995; Knowlton et al., 1996).
These functions share the property of requiring both rapid and
long-term plasticity of neural connections and synaptic efficacies.
Electrophysiological and biochemical findings support the view that
the glutamatergic cortico-basal ganglia pathways exhibit such plastic-
ity. Both long-term depression (LTD) and long-term potentiation
(LTP) have been demonstrated in the striatum after cortical stimu-
lation (for review, see Calabresi et al., 1996). Immediate-early genes,
considered potential indicators of neuronal activity capable of pro-
ducing long-term alterations in neuronal properties, also have been
shown to be induced in the striatum after both pharmacological
manipulation of glutamate and electrical stimulation of the cortex
(Fu and Beckstead, 1992; Wan et al., 1992; Parthasarathy et al., 1997;
for reviews, see Hughes and Dragunow, 1995; Morgan and Curran,
1995).

It is not yet clear how plasticity in the cortico-basal ganglia

system relates to the functional organization of the largest nucleus
of this system, the corpus striatum. Nearly all regions of the
neocortex project to the striatum. They are thought to activate, via
glutamatergic synapses, direct pathway projection neurons that
release the motor thalamus and brainstem and indirect pathway
projection neurons that indirectly control the release functions of
the direct pathway. In an admittedly oversimplified scheme, these
opposing pathways are believed to control motor and cognitive/
affective behaviors as a push-pull system (Albin et al., 1989;
Alexander and Crutcher, 1990). The neocortex also acts on dif-
ferent types of striatal interneurons that generate local feed
forward and feedback networks within the striatum (Kawaguchi et
al., 1995). Very little is yet known about how the cortex affects the
distinct types of neurons in the striatum to contribute to the
observed functional plasticity of the basal ganglia.

To approach this issue, we focally induced synchronized activity
in the motor cortex in freely moving rats by local epidural appli-
cation of the GABAA receptor antagonist picrotoxin. Picrotoxin
effectively suppresses the effects of cortical inhibitory GABAergic
interneurons (Connors et al., 1988), which strongly modulate
excitatory drive from the neocortex (Connors, 1984; Chagnac-
Amitai and Connors, 1989a,b; Thomson and Deuchars, 1994). We
then used this method in combination with dual-antigen immu-
nohistochemistry to study the effects of such cortical stimulation
on activation of a range of immediate-early genes in populations
of phenotypically identified striatal neurons.

Our findings demonstrate that cortical activation modulates
immediate-early gene expression in highly specific subpopulations
of striatal neurons. Furthermore, the profile of genes targeted by
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the same cortical activity is distinct for individual striatal subpopu-
lations. Finally, we have observed a spatial ordering of this specific
and differential induction that may reflect cortical influence on
plasticity within intrinsic striatal networks.

MATERIALS AND METHODS
Surgical procedure and picrotoxin application. Before surgery, rats were anes-
thetized with 50 mg/kg ketamine and 10 mg/kg xylazine and were placed in
a Kopf stereotaxic device. In three rats, the frontal cortex was exposed by
craniotomy, and the motor cortex was mapped by conventional microstimu-
lation with monopolar tungsten electrodes to determine sites for picrotoxin
application. Movements elicited with 40–200 mA current were noted for
each electrode penetration and were used for orientation in relation to
published maps of the rat’s motor cortex (Neafsey et al., 1986). In the
remaining rats (n 5 112), the composite coordinates for the motor cortex
were used to place a chronic well over the dura mater covering the motor
cortex. A 2-mm-diameter bone flap, centered at A0.5, L1.5 from bregma
(Paxinos and Watson, 1986), was first removed. Without opening the dura
mater, a small plastic well with a 150 ml capacity and an adjustable cap was
fitted around the skull opening with dental cement and filled with 0.9%
saline. The wound was sutured shut around the well. The rats were allowed
to recover for 1 d; then each rat was gently handheld while the 0.9% saline
solution was removed and 300 mM picrotoxin (or 0.9% saline in control rats)
was injected into the well, and the well was recapped.

The rats were allowed free movement in their home cages for 2 hr after
application of picrotoxin. During this drug exposure period, all animals
were observed closely, and any repetitive movements that were elicited
were noted. In early experiments, picrotoxin was applied in doses ranging
from 5 mM to 300 mM (n 5 3 for each dose) to generate a dose–response
curve relating the concentration of picrotoxin applied to the elicitation of
movements and gene induction. In some experiments, a glutamate recep-
tor antagonist (MK-801 or GYKI 52466) was injected intraperitoneally 30
min before application of picrotoxin (300 mM) or saline. At the end of the
2 hr survival time, the rats were anesthetized with an overdose of
Nembutal (150 mg/kg) and perfused transcardially with 4% paraformal-
dehyde in 0.1 M sodium cacodylate buffer, pH. 7.4.

A series of control experiments were performed. In five rats, saline was
applied to the motor cortex to control for the effects of surgery and
handling. In 10 rats (2 per group) the survival time was varied from 1 to
8 hr. In 12 rats, saline was applied to the motor cortex 30 min after
intraperitoneal administration of either MK-801 or GYKI 52466 to
control for the effects of these drugs on the gene induction monitored. In
groups of five rats each, the vehicle for MK-801 (saline) or GYKI 52466
(CREMOPHOR EL plus saline) was injected intraperitoneally 30 min
before picrotoxin application to control for possible effects of the vehi-
cles. In six rats, the location of the well was shifted rostrally or caudally
as a control for possible spread of picrotoxin to these neighboring regions
of the neocortex. In two rats, deoxy-D-glucose,2-[ 14C (U)] (2-DG; 25 mCi
in 0.5 ml) was injected intraperitoneally 30 min after application of
picrotoxin to monitor the spread of cortical activation by 2-DG autora-
diography (Melzer et al., 1985). To control for possible effects of diffusion
of picrotoxin into the striatum, in three rats 300 mM picrotoxin was
injected intrastriatally through an indwelling cannula. Finally, in one rat
in which the cortex immediately underlying the well suffered hemorrhagic
damage, we examined the brain for possible effects of picrotoxin acting on
cortex outside the application site.

Drugs. Picrotoxin, purchased from Sigma (St. Louis, MO), was dis-

solved in hot saline; during the experiment it was kept at 37°C. MK-801
and GYKI 52466 were purchased from RBI (Natick, MA). MK-801 (1
mg/kg), a noncompetitive NMDA receptor antagonist (Wong et al.,
1986), was dissolved in saline; GYKI 52466 (10 mg/kg), a highly selective
noncompetitive AMPA/kainate receptor antagonist (Donevan and Ro-
gawski, 1993), was dissolved in CREMOPHOR EL (Sigma) and then
diluted in saline (20% CREMOPHOR EL in the final solution).

Immunohistochemistry. Brains were removed, post-fixed for ;1 hr,
placed in a 0.1 M cacodylate-buffered solution with 20% glycerol for a
minimum of 12 hr, and cut into 15 or 30 mm coronal sections on a sliding
microtome. Free-floating sections were later processed for immunohis-
tochemistry with polyclonal antisera raised against c-Fos (Oncogene
Science Ab-2; 1:200 and 1:500), FosB (Santa Cruz Biotechnology, Santa
Cruz, CA; 1:6000), c-Jun (Oncogene Science Ab-1; 1:500), JunB (gift
from Dr. R. Bravo; 1:12000), NGFI-A (gift from Dr. R. Bravo; 1:10,000),
ChAT (Incstar, Stillwater, MN; 1:2000), parvalbumin (Sigma; 1:1000),
met-enkephalin (Incstar; 1:1000), or dynorphin (leumorphine; gift from
Dr. S. Watson; 1:20,000 K ). Sections were treated consecutively with 10%
methanol and 3% hydrogen peroxide to inhibit endogenous peroxidase,
and 5% normal goat serum, followed by overnight incubation at 4°C in
primary antiserum in 0.01 M Na 1-K 1 PBS containing 0.2% Triton X-100
(PBS-Tx). After incubation with biotinylated secondary antiserum, sec-
tions were processed with avidin–biotin kits (Vector Laboratories, Bur-
lingame, CA) and developed with nickel-enhanced diaminobenzidine
(0.02% DAB, 0.08% nickel ammonium sulfate) containing 0.002% H2O2.

Dual-antigen immunohistochemistry (Berretta et al., 1992; Hiroi and
Graybiel, 1996) was performed on 15-mm-thick free-floating sections. For
double-labeling of c-Fos or JunB and dynorphin, parvalbumin, or ChAT,
two consecutive immunostainings were performed. For each, sections
were incubated overnight in the primary antiserum, and the sections were
then incubated in biotinylated secondary serum and in streptavidin. The
first antigen was detected with nickel-enhanced DAB (purple-gray reac-
tion product) and the second with cacodylate-buffered DAB (brown
reaction product). Between the two procedures, the sections were washed
overnight in PBS-Tx followed by blocking steps in H2O2 , avidin, and
biotin. Bovine serum albumin was substituted for normal secondary
serum throughout. For double-labeling for c-Fos or JunB and enkephalin,
a different protocol was used. c-Fos or JunB were immunolabeled as a
dot-like black reaction product with an immunogold procedure, and the
enkephalin was immunostained with cacodylate-buffered DAB. Sections
were incubated overnight in primary antiserum against c-Fos or JunB,
rinsed, and incubated overnight in Jansen gold-conjugated secondary
antibody (1:50). After several rinses in 1% sodium acetate, the gold-
conjugated secondary antiserum was detected by silver intensification
(Intense-M silver intensification kit, Amersham, Arlington Heights, IL).
Standard immunohistochemistry for enkephalin, with development in
DAB-cacodylate or Vector VIP, followed. Rinses in Tris-phosphate
buffer for c-Fos or JunB labeling, and in PBS buffer for enkephalin
labeling, were performed after each step of the procedure. Triple immu-
nostaining (see Fig. 5, inset) for c-Fos, parvalbumin, and enkephalin was
obtained with three sequential immunohistochemistry procedures and
developments with silver intensification, DAB-cacodylate, and Vector
VIP, respectively.

Staining for NADPH diaphorase was performed histochemically by
an NADPH/nitroblue tetrazolium reaction (Vincent, 1983) after
immunohistochemistry.

Deoxyglucose experiments. 2-DG was acquired from DuPont NEN (Wilm-
ington, DE), centrifuged under vacuum, and reconstituted with 0.9% saline.

Table 1. Quantification of double-labeling experiments

Cellular marker n
c-Fos
(nuclei /section)

c-Fos
(% of c-Fos-positive cells
double-labeled for marker)

JunB
(nuclei /section)

JunB
(% of JunB-positive cells
double-labeled for marker)

Enkephalin 6 139.2 6 62.7 76.6 6 4.8 363.3 6 124.8 85.8 6 4.2
Dynorphin 6 13.0 6 2.2 7.2 6 2.7 23.6 6 6.0 5.1 6 1.0
Parvalbumin 8 99.6 6 17.7 22.2 6 1.8 9.8 6 2.9 0.7 6 0.1
NADPH diaphorase 8 35.6 6 3.0 3.9 6 0.02 32.0 6 4.3 1.4 6 0.1
ChAT 8 0.0 0.0

Mean 6 SEM and percentages 6 SEM of neurons expressing either c-Fos or JunB and one of the markers used to identify different types of striatal neurons. c-Fos- and
JunB-positive nuclei were expressed mainly in enkephalin-positive striatal neurons. A high percentage of c-Fos-positive but not JunB-positive nuclei also occurred in
parvalbumin-containing interneurons.

Berretta et al. • Cortex Induces Differential Gene Expression in Striatum J. Neurosci., June 15, 1997, 17(12):4752–4763 4753



Thirty minutes after application of picrotoxin, 0.5 ml of 2-DG (25 mCi) was
injected intraperitoneally. The rats were perfused 45 min later (1 hr and 15
min total survival time), and their brains were removed, frozen, and cut on
a cryostat into 20-mm-thick sections. The slides were exposed to Kodak
BioMax MR film for 1 week and then developed in Kodak GBX.

Estimates of numbers of neurons expressing each transcription factor
immunoreactivity. For each transcription factor studied (c-Fos, FosB,
NGFI-A, JunB, c-Jun), representative sections from sample cases treated
with saline on the motor cortex (n 5 5), 300 mM picrotoxin (n 5 10), 300
mM picrotoxin plus 1 mg/kg MK-801 (n 5 10), 300 mM picrotoxin plus 10
mg/kg GYKI 52466 (n 5 10), 300 mM picrotoxin plus vehicle for MK-801
(n 5 5), and 300 mM plus vehicle for GYKI 52466 (n 5 5) were selected
and immunostained at the same time. For the analysis of data, a com-
puterized imaging system (Biocom, Les Ulis, France) was used. For each
protein, a section from a representative case was chosen as a reference
standard to establish threshold conditions. The contrast and luminosity
were adjusted by eye so that only darkly stained nuclei would be counted.
Then, for each brain, the two sections that showed the most intense
induction were selected, and the number of nuclei with immunostaining
above the threshold level was counted. Kruskal–Wallis testing followed by
comparisons of treatment and control conditions and ANOVA analysis
followed by Scheffé post hoc testing were performed to evaluate the
significance of differences among treatments.

Estimates of gene induction in different striatal cell types. We performed
two types of analysis: one to establish which striatal neuron subtypes were
induced to express the transcription factors c-Fos and/or JunB after
application of picrotoxin on the motor cortex, and a second to study
possible differences in the striatal subtypes affected when MK-801 or
GYKI 52466 was given before picrotoxin application.

To mark striatal projection neurons, we immunostained for enkephalin
and dynorphin, phenotypic markers of indirect and direct pathway projection
neurons, respectively (Graybiel, 1990; Gerfen, 1992). To estimate the rela-
tive levels of gene induction in these two types of neuron, we chose in each
case the doubly immunostained sections in which either c-Fos or JunB
immunoreactivity was most intense and counted neurons that expressed
c-Fos or JunB alone without enkephalin or dynorphin and neurons that
expressed one of these transcription factors and either enkephalin or dynor-
phin. In some cases neurons labeled for enkephalin or dynorphin but not
immunopositive for c-Fos or JunB were also counted.

To estimate the degree of gene induction in striatal interneurons, we
analyzed sections double-labeled with c-Fos or JunB and with one of the

following markers for striatal interneurons: choline acetyl transferase
(ChAT) to mark the cholinergic interneurons, parvalbumin to mark the
GABAergic interneurons expressing parvalbumin, and NADPH diapho-
rase to mark interneurons containing nitric oxide synthase, neuropeptide
Y, and somatostatin. For counting we chose the sections that showed the
highest induction of c-Fos or JunB and then outlined the region of the
caudoputamen that showed induction. Inside this region, for sections
immunostained for each interneuronal cell type, we counted neurons that
only showed labeling with the interneuronal marker and neurons that
were labeled both for the interneuronal marker and c-Fos or JunB. In
some cases, to obtain a comparison between the distribution of doubly
labeled nuclei and the full field of gene induction, nuclei labeled with
c-Fos or JunB only were counted as well. For comparisons among the
groups treated with 300 mM picrotoxin and those pretreated with gluta-
mate antagonists, the results were evaluated by Kruskal–Wallis testing
followed by comparisons of treatments and controls and ANOVA testing
followed by post hoc testing (Scheffé).

RESULTS
Application of picrotoxin to the motor cortex evokes
discrete movements and localized gene induction in
the neocortex and striatum
To study the effects of cortical activity on striatal immediate-early
gene expression in awake, freely moving animals, we preim-
planted wells over focal craniotomies, without disturbing the dura
mater overlying the region of interest to minimize trauma to the
cortex. To determine the optimal location for the wells, we
mapped MI with electrical stimulation in three rats (Fig. 1A,B).
On the basis of these maps and of those of Neafsey and coworkers
(1986), we chose standard coordinates estimated to correspond to
the limb region of the MI map except for a slightly medial bias
imposed to favor well stability (Fig. 1B).

Approximately 15 min after the addition of 300 mM picrotoxin
to the implanted wells, rats began to exhibit localized motor tics
involving either the forelimb or hindlimb or both and lasting
several tens of milliseconds. The tics had a frequency of ;26/min

Figure 1. Focal epidural application of pi-
crotoxin onto the MI through a chronically
implanted, well induced c-Fos expression
and increased metabolic activity in the un-
derlying cortex and in the dorsolateral cau-
doputamen. A, An example of the micro-
stimulation maps of MI on which stereotaxic
coordinates for the implanted wells were
based. The area in gray represents the size
and the position of the well. F, Foot; V,
vibrissae; E, elbow; W, wrist; T, trunk; N,
neck; H, hand; D5F, digit 5; X, no response.
Coordinates relative to bregma. B, Sche-
matic representation (anterior 5 9.7; Paxi-
nos and Watson, 1986) of the most intense
c-Fos induction observed in the cortex after
picrotoxin application ( gray) superimposed
on points at which microstimulation elicited
movements of the elbow (E) and of the
elbow and vibrissae (E/V ) at the same posi-
tion in a different experiment. C, Serial
transverse sections through the caudoputa-
men illustrating the longitudinally extended
dorsolateral induction of c-Fos in the stria-
tum after picrotoxin application to the mo-
tor cortex. Scale bar, 500 mm.
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(;2.3 sec intervals). The tics did not interfere with the spontane-
ous behavior of the animals, which in most experiments spent
periods of time sleeping, grooming, drinking, and feeding. The
motor tics continued for the entire duration of the treatment (2 hr
and 15 min). The occurrence of such discrete tics was used as the
criterion for further analysis. In five rats, the stimulation evoked
motor tics that evolved into generalized seizures. These rats were
excluded from the study. No behavioral response was seen in the
saline-treated controls or in controls with other well sites.

Because different nuclear immediate-early genes are regulated
differentially (for reviews, see Sheng and Greenberg, 1990; Hughes
and Dragunow, 1995), we studied the expression of four of them,
c-Fos, JunB, NGFI-A, and FosB, in an attempt to survey cortically
induced gene activation in the striatum. Our attempts to evoke c-Jun
expression were not successful. In every rat in which well defined
motor tics were elicited, we found localized induction of all four
transcription factor immunoreactivities in the motor cortex and the
sensorimotor sector of the ipsilateral striatum (Fig. 2A,B). Induction

in the striatum was first detectable 1 hr after picrotoxin application
and reached a maximum at 2 hr (data not shown). In the neocortex,
the epidural picrotoxin induced intense gene expression in a wedge-
shaped zone, most sharply demarcated in sections stained for c-Fos
(Figs. 1B, 2A,B) and JunB (see Fig. 4A). Outside this intense focal
zone, there was weaker induction in cortical neurons throughout the
hemisphere (Figs. 2A, 4A). This general pattern of a dense focus and
a more diffuse extended activation zone was visible also in the
neocortex of rats prepared for 2-DG autoradiography (Fig. 3A).
Similarly, in the striatum, the dorsolateral zone of immediate-early
gene activation was matched by a comparably situated region show-
ing heightened metabolic activity in the case prepared for 2-DG
autoradiography (Fig. 3B).

In the neocortex, for all four transcription factors, there was
widespread induction in the supragranular and infragranular layers,
whereas induction was weak or absent in layer 4. Details of the
distribution patterns for the protein immunoreactivities differed. This
was most obvious for JunB, which lacked the differentially strong

Figure 2. Focal epidural application of pi-
crotoxin induces c-Fos expression in a
concentration-dependent manner. A, B,
Photomicrographs of sections immuno-
stained for c-Fos from experiments in
which 75 mM (A) or 300 mM (B) picrotoxin
was applied to MI. A wedge-shaped area of
intense c-Fos induction, corresponding to
the site of picrotoxin application, is detect-
able. In both cases, c-Fos induction in the
striatum is restricted to the dorsolateral
caudoputamen. The inset (a) shows brack-
eted region at higher magnification. Mark-
ers above the overlying cortex indicate the
approximate location of the well. C, Rela-
tionship between the number of immuno-
detectable c-Fos-positive nuclei in the ipsi-
lateral caudoputamen and the concentration
of picrotoxin applied to MI (mean 6 SEM;
N 5 18; n 5 3/group). Scale bar, 1 mm.
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induction in layers 3 and 5 shown by c-Fos, FosB, and NGFI-A
immunoreactivities (Fig. 4A). We found little or no induction of any
of the four protein classes in the contralateral neocortex.

No gene induction was seen in the saline-treated controls. Fur-
thermore, in Nissl stains, we found no evidence of obvious cellular
damage in the neocortex or in the underlying striatum after picro-
toxin application (also see Collins and Olney, 1982). In control rats in
which picrotoxin was applied over cortical regions other than the
motor cortex, the induction of Fos–Jun proteins occurred in the

absence of evoked movement with different distributions and inten-
sities. The possibility that the striatal gene induction was produced by
leakage of picrotoxin from the cortex to the striatum was excluded by
the facts that the gene induction in the striatum was not directly
underneath the site of application and that intrastriatal injections of
picrotoxin (n 5 3) did not lead to local expression of the genes.
Finally, the one rat with a localized hemorrhage directly under the
well did not show induction of the proteins in the striatum.

Induction of c-Fos expression in the sensorimotor
striatum by MI picrotoxin application
is dose-dependent
In 18 rats (3 rats /group), we performed a dose–effect study by
applying concentrations of picrotoxin varying from 0 to 300 mM to MI
and subsequently counting the numbers of c-Fos-positive neurons in
representative sections through the caudoputamen (Fig. 2C). We
found an orderly dose–effect relationship with a threshold for induc-
tion at picrotoxin concentrations between 50 mM (9.3 nuclei per
section 6 16.2 SEM) and 100 mM (171.0 nuclei per section 6 69.0
SEM). Strong induction (500 nuclei per section 6 184.8 SEM) was
found almost invariably at 300 mM. At this dose, which was used for
all subsequent experiments, there was a consistent, somatotopically
localized behavioral response to the picrotoxin and a consistent core
of intense c-Fos induction in the sensorimotor zone accompanied by
a margin of weaker induction.

Stimulation of the motor cortex induces immediate-
early genes in a topographically ordered pattern in the
striatum
Each of the four transcription factors showed a main zone of induc-
tion in the dorsolateral caudoputamen (Figs. 2A, 4B) in the region

Figure 3. Autoradiograms of two parasagittal sections demonstrating the
effects of picrotoxin application to MI on the uptake of [ 14C] 2-DG. In A,
the arrowhead indicates a wedge-shaped region of high uptake approxi-
mating the site of picrotoxin application (lateral 5 2.4; Paxinos and
Watson, 1986). In B, the arrowhead indicates the corresponding region of
heightened labeling in the dorsolateral caudoputamen (lateral 5 4.6;
Paxinos and Watson, 1986). Scale bar, 1 mm.

Figure 4. Picrotoxin-induced excitation of MI elicits different patterns of
c-Fos, JunB, FosB, and NGFI-A induction in the cerebral cortex (A) and
striatum ( B). Immediate-early gene induction in the striatum of saline-
treated controls ( C) was found only along the medial edge of the caudo-
putamen. Scale bar, 500 mm.
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corresponding to the sensorimotor sector, which receives direct input
from MI (McGeorge and Faull, 1989). Within the principal zone of
induction, the activation of gene expression was ordered in a roughly
topographic manner, judging from the movement elicited during
stimulation. In rats with hindlimb motor tics, the fields of induction
were generally dorsomedial to those in rats with forelimb motor tics.
In cases in which the location of the well was shifted rostrally or
caudally with respect to the standard site (n 5 6), gene induction in
the striatum occurred with different distributions.

The results for two forelimb cases are shown in Figures 1C and 4B.
The zones of induction were elongated anteroposteriorly (Fig. 1C).
At some levels, especially posteriorly, immunopositive nuclei tended
to form clusters. Anteriorly, the distribution of labeled nuclei was
more diffuse. Immunostaining for c-Fos, JunB, FosB, and NGFI-A
showed roughly comparable major zones of induction (Fig. 4B), but
the levels of induction in the sensorimotor striatum in any given
animal were generally stronger for JunB and NGFI-A than for c-Fos,
and they were least for FosB (Fig. 3B). FosB was also exceptional in
showing considerable induction in the ventral foot of the caudopu-
tamen and adjoining nucleus accumbens (Fig. 4B). As judged by
comparisons with expression levels in saline-treated controls (Fig.
4C), picrotoxin induced only weak striatal expression of the other
protein species outside the dorsolateral zone.

We consistently found weak induction of c-Fos and JunB in the
sensorimotor sector of the contralateral caudoputamen in a
roughly mirror-image position to the main ipsilateral field. Be-
cause of the higher levels of basal expression of NGFI-A and
FosB, such low levels of induction, if present, would have been
virtually impossible to detect.

Stimulation of the motor cortex with picrotoxin
selectively activates subclasses of striatal projection
neurons and interneurons
To identify the phenotypes of sriatal neurons activated by the
cortical stimulation to express immediate-early genes, we used
dual-antiserum immunohistochemistry with standard neurochem-
ical markers for different classes of striatal neurons. The two main
classes of striatal projection neurons coexpress different neu-
ropeptides along with GABA. Most direct pathway neurons (and
most neurons of striosomes, which project to the substantia nigra)
express dynorphin. Most indirect pathway neurons express en-
kephalin (Graybiel, 1990; Gerfen, 1992). We therefore were able
to identify these neurons as distinct classes. We also identified
three classes of striatal interneurons with antiserum against par-
valbumin to label the fast-spiking GABAergic interneurons, anti-
serum against ChAT to label the large aspiny cholinergic striatal
interneurons, and enzyme histochemistry for NADPH diaphorase
to detect the striatal interneurons that express this enzyme (pu-
tatively identified as nitric oxide synthase) along with neuropep-
tide Y and somatostatin (Kawaguchi et al., 1995; Figueredo-
Cardenas et al., 1996). We restricted the analysis to double-
labeling for c-Fos and JunB because of their relatively low levels
of constitutive expression in the striatum.

We found remarkable selectivity in the patterns of gene induction
in both the projection neurons and the interneurons (Figs. 5, 6; Table
1). Projection neurons make up .90–95% of all neurons in the rat
striatum and are equally divided into dynorphin-containing (direct
pathway) and enkephalin-containing (indirect pathway) types. After
the MI stimulation, fully 70–80% of all the striatal neurons express-
ing c-Fos were enkephalin-containing neurons (Fig. 5B, Table 1).
Within the region of most intense induction, 35–40% of enkephalin-
positive neurons expressed c-Fos. Only 7% of c-Fos-positive neurons

expressed dynorphin (Figs. 5A, 6A; Table 1). Thus nearly all of the
striatal projection neurons activated by cortical stimulation to express
c-Fos-like protein were neurons of the indirect pathway. These
double-labeled projection neurons were concentrated in the region
of densest c-Fos induction, and the small numbers of dynorphin-
containing neurons excited to express c-Fos-like protein were always
found near the center of this region (Fig. 6A).

Nearly all the remaining c-Fos-positive neurons were
parvalbumin-containing interneurons (Figs. 5C, 6A; Table 1). Up
to 22% of c-Fos-positive nuclei were in parvalbumin-positive
neurons, a remarkably high percentage given that the
parvalbumin-containing neurons are thought to make up only
3–5% of all neurons in the rat’s caudoputamen (Kawaguchi et al.,
1995). The activated parvalbumin-positive neurons were distrib-
uted both within the dense core of the field of induction and in its
periphery (Fig. 6A). To estimate how fully this interneuronal
population was activated to express c-Fos immunoreactivity, we
counted all the neurons immunostained for parvalbumin and all
of those that in addition were c-Fos-positive. In the region of
densest induction, the percentage of all parvalbumin-positive neu-
rons that were c-Fos-labeled was 88 6 2.3 SEM. The percentage
of parvalbumin-positive neurons that were c-Fos-positive was as
high as 78 6 4.6 SEM when the surrounding zone of less intense
induction was also included.

Of the remaining c-Fos-positive neurons, 3–4% expressed
NADPH diaphorase and thus corresponded mainly to the
somatostatin-containing neurons of the striatum (Figueredo-
Cardenas et al., 1996) (Fig. 6A, Table 1). They had a clearly pat-
terned distribution that was different from those of any other of the
c-Fos-labeled neurons (Fig. 6A), and they were least well repre-
sented in the central field of induction, increased in number in the
more weakly labeled marginal zone around this field, and extended
into a broad zone including much of the lateral part of the striatum
unoccupied by other c-Fos-labeled cells. Within this entire region,
the percentage of NADPH diaphorase-positive neurons that ex-
pressed c-Fos was 44 6 2.8 SEM. In the central region, this percent-
age dropped to 32 6 5.1 SEM. We found no ChAT-positive neurons
double-labeled for c-Fos. We did not stain for calretinin, a marker for
another class of striatal interneurons, but the labeling we did find
must collectively have accounted for most striatal interneurons.

The induction of JunB-like protein by stimulation of MI was even
more selective for enkephalin-containing projection neurons than
that for c-Fos (Fig. 6B). Of all JunB-positive neurons, 85–90% were
immunoreactive for enkephalin (Figs. 5E, 6B; Table 1). Approxi-
mately 50% of the enkephalinergic neurons within the region of most
intense induction were activated to express JunB. Only 4–6% of the
JunB-positive neurons expressed dynorphin (Figs. 5D, 6B; Table 1).
These few dynorphin-positive, JunB-positive neurons were distrib-
uted within the core of the field of induction. In contrast to c-Fos,
JunB was not detectably activated in large numbers of striatal inter-
neurons (Figs. 5F, 6B; Table 1). Only 0.7% of JunB-positive nuclei
were in parvalbumin-containing interneurons. These made up only
17 6 9% SEM of the parvalbumin-positive neurons within the total
region of induction that expressed JunB. They were located mainly
within the central field of induction. Approximately 1–2% of the
entire JunB-positive population expressed NADPH diaphorase (Ta-
ble 1). These neurons accounted for ;29% of all NADPH
diaphorase-containing cells and were widely scattered within the
striatum (Fig. 6B). We found no ChAT-immunoreactive neurons
that expressed JunB.

Taken together, these results suggest marked selectivity in the
pattern of gene expression induced in the striatum in response to
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stimulation of the motor cortex, including coordinate and selec-
tive induction of c-Fos and JunB in enkephalinergic indirect
pathway projection neurons and, for interneurons, selective in-
duction of c-Fos in parvalbumin-containing and NADPH
diaphorase-containing neurons.

Cortically evoked expression of c-Fos and Jun
expression in the striatum requires glutamate NMDA
receptors and is modulated by glutamate
AMPA/kainate receptors

Corticostriatal fibers release glutamate or a closely related excita-
tory amino acid as neurotransmitter (Fonnum et al., 1981), and both
NMDA and non-NMDA glutamate receptors are strongly expressed
in the caudoputamen (Albin et al., 1992; Petralia and Wenthold,
1992; Tallaksen-Greene and Albin, 1994; Testa et al., 1994; Land-
wehrmeyer et al., 1995). To test for the relative requirements of these
glutamate receptor subtypes in mediating the effects of cortical
excitation on striatal gene induction, we combined the local epidural
picrotoxin treatment with pretreatment with either a noncompetitive
antagonist of the NMDA receptor, MK-801, or an AMPA/kainate
receptor antagonist, GYKI 52466.

Injections of MK-801 (1 mg/kg, i.p; n 5 6) and GYKI 52466 (10
mg/kg, i.p.; n 5 6) by themselves did not induce the expression of
any of the transcription factor immunoreactivities we monitored
nor did the vehicles for MK-801 (saline; n 5 5) or GYKI 52446
(CREMOPHOR EL plus saline; n 5 5) affect the levels of
picrotoxin-induced gene expression when given as control pre-
treatments before the standard application of 300 mM picrotoxin
to the cortex (data not shown). Pretreatment with each antagonist,
however, did affect the cortically induced gene expression ob-
served in striatal neurons (Fig. 7).

Systemic injection of MK-801 reduced expression of each of the
four protein classes in the striatum (Fig. 7A). The nonparametric
Kruskal–Wallis test, followed by comparisons of treatment and con-
trol conditions, showed that MK-801 significantly ( p # 0.025) de-
creased cortically driven induction of c-Fos, JunB, NGFI-A, and
FosB in the striatum. Testing with ANOVA followed by Scheffé post
hoc test showed significance only for c-Fos ( p , 0.0001), probably
because of the large variability within the groups.

In the cerebral cortex, the MK-801 completely abolished the
induction of c-Fos in regions not directly under the picrotoxin
well, so that only the activated wedge of induction remained (data
not shown). The induction of JunB and NGFI-A in the cortex was
also reduced but not completely abolished. Analysis of the phe-
notypes of the striatal neurons that still expressed c-Fos after
MK-801 pretreatment showed that there was a comparable de-

crease in each of the neuronal subclasses: no phenotype was
particularly affected.

In contrast to MK-801, GYKI 52446 did not change the corti-
cally driven striatal induction of c-Fos, NGFI-A, and FosB, and it
increased the induction of JunB in the caudoputamen (ANOVA
followed by Scheffé post hoc test, p 5 0.009; Kruskal–Wallis
followed by comparisons of treatments vs control, p # 0.025) (Fig.
7B). As observed for MK-801, all striatal phenotypes showed a
comparable response to the treatment with picrotoxin and GYKI
52466. Neither antagonist had a detectable effect on the motor tics
evoked by the picrotoxin treatment.

Picrotoxin-induced excitation of motor cortex induces
gene expression in other subcortical sites
We did a partial screening of cortically evoked gene induction in
other subcortical regions of the forebrain, including other sites in
basal ganglia circuitry and in the midbrain (Table 2).

For the thalamus, the results were surprising. There was little,
if any, induction in the nucleus ventralis anterior–nucleus ventralis
lateralis (VA–VL) complex, the main thalamic region intercon-
nected with MI. By contrast, there was consistent induction of
Fos–Jun proteins in neurons of the nucleus reticularis of the
thalamus. In the center median (but not in the nucleus parafas-
cicularis), there was activation of c-Fos but little activation of the
other protein classes. This nucleus-specific pattern of activation is
interesting given that each of these thalamic regions receives a
direct projection from the stimulated MI.

In other nuclei of the basal ganglia circuit, the subthalamic
nucleus, which receives a direct input from the MI, showed
consistent induction of c-Fos and NGFI-A, as did the entopedun-
cular nucleus (internal pallidum) and the substantia nigra pars
reticulata. There was more modest induction in the globus palli-
dus (external pallidum).

Of other regions analyzed, the amygdaloid complex (central and
basolateral amygdaloid nuclei) showed marked activation, especially
of c-Fos. The cortical stimulation also induced c-Fos, but not the
other proteins, at immunodetectable levels in the pontine nuclei,
which receive direct MI input. Altogether, c-Fos and NGFI-A
showed the greatest responsivity across the structures analyzed.

DISCUSSION
Most theories of basal ganglia function maintain that the basal
ganglia act mainly to process cortical inputs, subjecting them in
the striatum to modulatory inputs from the midbrain and the
thalamus and then forwarding the processed information to basal
ganglia output targets via the antagonistic direct pathway–indirect

4

Figure 5. Top. Stimulation of MI with picrotoxin elicits selective gene expression in striatal projection neurons and interneurons. Cortically driven c-Fos
induction in the striatum was found very rarely in dynorphin-positive projection neurons ( A) but was intense in projection neurons expressing enkephalin
(B) and in parvalbumin-containing interneurons (C). JunB was found even more rarely in dynorphin-expressing projection neurons (D) but was strongly
expressed in many enkephalin-positive projection neurons ( E). JunB was almost never induced in parvalbumin-containing interneurons ( F). Arrows
indicate examples of doubly labeled neurons; arrowheads indicate examples of singly labeled nuclei. Double-immunolabeling for c-Fos or JunB (black)
and dynorphin or parvalbumin (brown) was obtained by combining two different chromogens. In B and E, c-Fos or JunB was labeled with a
gold-conjugated antibody followed by silver intensification; enkephalin was labeled with DAB (brown) in B and with Vector VIP ( purple) in E. The inset
shows an example of triple immunolabeling for c-Fos nuclei (black dot-like staining) expressed in enkephalin-positive neurons ( purple) and in a
parvalbumin-positive neuron (brown). Arrows indicate examples of double-labeling. Scale bar (shown in C): 10 mm for all panels.

Figure 6. Bottom. Distribution of striatal neuron types expressing c-Fos and JunB and proportions of different types of striatal neuron expressing c-Fos
and JunB. A, Most c-Fos-positive nuclei were expressed in enkephalinergic neurons and were clustered in a dorsolateral region of intense induction in
the caudoputamen. Intermingled with them were small numbers of c-Fos-positive neurons that expressed dynorphin. Most of the remaining c-Fos-positive
nuclei were contained in parvalbumin-positive neurons. These neurons were distributed within the region of most intense induction and also in a halo
around it. NADPH diaphorase-positive neurons expressing c-Fos had an even wider field of distribution. B, A majority of JunB-positive nuclei were
expressed in enkephalin-containing neurons concentrated in the dorsolateral caudoputamen. A few dynorphin-, parvalbumin-, and NADPH diaphorase-
containing neurons expressing JunB were present in the same region. Scale bar, 500 mm.
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pathway control system. In these experiments, we studied the
effects of repetitive cortical activity on the expression of transcrip-
tion factors that are thought to be involved in neuronal plasticity
in the basal ganglia. Our findings demonstrate sharp differences in
the effects of cortical activation on different populations of striatal
neurons. In particular, of the two classes of striatal projection
neurons, it is neurons giving rise to the indirect pathway that
express c-Fos and JunB in response to localized pharmacological
excitation of MI. Dynorphin-containing direct pathway projection
neurons are rarely affected. Moreover, parvalbumin-containing
GABAergic interneurons respond to cortical excitation with in-
creased expression of c-Fos but not JunB, and they do so in a
wider striatal territory that is inclusive of the projection neurons.

Finally, in this paradigm, there is a widespread induction of c-Fos
and JunB in NADPH diaphorase-containing, putatively GABAer-
gic interneurons, peripheral to the somatotopically defined focus
of gene induction in the dorsolateral striatum. These differential
corticostriatal activation patterns could reflect functional special-
izations in cortical control over the major output pathways of the
basal ganglia and the interneuronal networks that modulate them.

Effects of MI picrotoxin application on striatal neurons
Because medium spiny striatal neurons receive numerous but only
weakly effective synaptic inputs and are dominated by an inward
rectifier that shunts depolarization, coherent cortical excitation is
required to induce their firing (Wilson, 1995). We attempted to
produce locally coherent activation by releasing a small region of
MI from the inhibitory network of GABAergic interneurons that
controls the spread of cortical excitation (Chagnac-Amitai and
Connors, 1989a; Jacobs and Donoghue, 1991; Thomson and Deu-
chars, 1994). By using picrotoxin to lift cortical inhibition locally,
rather than electrical stimulation to excite local regions, we
avoided choosing an arbitrary pattern of cortical activity. We also
avoided the activation of fibers of passage within the cortical
region of interest. The observed well localized motor tics evoked
by picrotoxin treatment and the subsequent clearly demarcated
local regions of intense gene induction and 2-DG activation at the
site of picrotoxin application and in the sensorimotor sector of the
striatum are consistent with effects evoked from a discrete region
of the motor cortex. We cannot directly relate, however, the gene
induction patterns to specific patterns of neuronal firing in the
striatum. Indeed, our results show that the selectivity of the gene
induction for different classes of striatal neurons differs for dif-
ferent genes, as does the sensitivity of the induction to pretreat-
ment with glutamate antagonists.

NMDA receptor antagonists reduce, but AMPA/kainate
receptor antagonists enhance, cortically evoked gene
expression in the striatum
Membrane depolarization of striatal neurons is known to be medi-
ated by both NMDA and non-NMDA glutamate receptors (Kita,
1996, and references therein). Our experiments with MK-801 clearly
implicate glutamate NMDA receptors in the cortically driven
immediate-early gene induction in striatal neurons. Thus activation
of NMDA receptors by corticostriatal fibers may have increased
intracellular Ca21 in the responsive striatal neurons, triggering the

Table 2. Estimated intensity of induction of c-Fos, JunB, NGFI-A, and
FosB proteins after picrotoxin-induced activation of the motor cortex

Structures c-Fos JunB NGFI-A FosB

Caudoputamen 111 111 1111 1111

Neocortex 1111 111 1111 111

Nucleus accumbens 1 1 2 11

Globus pallidus 1 1 1 2

Entopeduncular nucleus 11 2 11 2

Substantia nigra 11 2 11 2

Subthalamic nucleus 111 2 11 2

Thalamus
VA–VL 2 2 2 2

Reticular nucleus 111 1 111 11

Amygdala 11 11 1 1

In the thalamus, consistent activation occurred in the nucleus reticularis but not in
the nucleus ventralis anterior–nucleus ventralis lateralis (VA–VL). c-Fos and
NFGI-A, but not JunB and FosB, were induced in the entopeduncular nucleus
(internal pallidum), substantia nigra, and subthalamic nucleus.

Figure 7. Effects of glutamate receptor antagonists on cortically driven gene
expression in the striatum. A, The glutamate NMDA receptor antagonist
MK-801 injected systemically before picrotoxin application (n 5 10) signifi-
cantly reduced picrotoxin-stimulated c-Fos, JunB, NGFI-A, and FosB induc-
tion in the caudoputamen relative to the levels of induction found in control
rats that received vehicle injection before picrotoxin application (n 5 10; p #
0.025). B, The glutamate AMPA receptor antagonist GYKI 52466 increased
JunB induction in the caudoputamen but did not have detectable effects on
c-Fos, NGFI-A, or FosB induction relative to control levels in rats treated
with vehicle before picrotoxin (n 5 10; p # 0.025). Asterisks indicate values
significant by Kruskal–Wallis testing followed by comparisons of treatments
versus control; circled asterisks indicate differences by ANOVA testing fol-
lowed by Scheffé’s post hoc test.
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activation of intracellular cascades with the final result of gene
induction (Bito et al., 1996; Liu and Graybiel, 1996; Xia et al., 1996).
MK-801 also reduced gene induction in the neocortex, and it could
have acted intracortically to limit excitation of corticostriatal neu-
rons, even though it did not eliminate motor tics.

Surprisingly, blockade of AMPA receptors with GYKI 52466 did
not block the cortically evoked gene induction in the striatum. The
GYKI 52466 pretreatment actually increased the induction of JunB.
Kita (1996) has demonstrated AMPA/kainate responses in
GABAergic interneurons, which in turn elicit a GABA response in
nearby projection neurons. AMPA blockade could thus increase the
response of projection neurons to cortical stimulation. We were
unable to test for the effects of kainate receptor blockade because of
the lack of selective antagonists for use in vivo (Lerma et al., 1997),
and this was true also for metabotropic glutamate receptors.

Non-NMDA receptors have been implicated in cortically in-
duced LTD, and NMDA receptors have been implicated in LTP
in the striatum (Calabresi et al., 1992). Under conditions of
subthreshold depolarization, the glutamate responses of striatal
projection neurons show NMDA components, which are larger
and slower than the AMPA/kainate responses of these cells,
favoring summation of excitatory responses (Kita, 1996). We do
not claim strict parallels between these electrical events and
immediate-early gene induction, but note that the differences
between NMDA and non-NMDA responses in the corticostriatal
system are reflected also in long-lasting events involving gene
induction and protein synthesis.

Differential control of the direct and indirect pathways
by motor cortex
The most striking finding in our experiments is that activation of
MI differentially affects gene expression in the direct and indirect
projection neurons of the striatum. Stimulation of MI activated
c-Fos and JunB expression overwhelmingly (with 300 mM picro-
toxin) or exclusively (with 75 mM picrotoxin) in enkephalin-
containing indirect pathway neurons. By contrast, very few
dynorphin-containing direct pathway neurons showed a gene re-
sponse to motor cortex excitation (Fig. 8). In the squirrel monkey,
electrical stimulation of motor or somatosensory cortex also pre-
dominantly induces c-Fos in the enkephalinergic projection neu-
rons of the putamen (Parthasarathy and Graybiel, 1997). Our
results, in a reproducible paradigm devoid of anesthesia, corrob-
orate and substantially extend the results obtained in the primate.

The most extreme interpretation of our findings would be that MI
projects almost exclusively to indirect pathway neurons rather than to
direct pathway neurons. From the available anatomical evidence, we

Figure 8. Top. Model of MI activation of the sensorimotor striatum.
Local application of picrotoxin to MI relieves projection neurons of
inhibitory control by intrinsic GABAergic interneurons. Corticostriatal
neurons (Ctx; red) become activated as a consequence and in turn stimu-
late a restricted population of striatal neurons (CPu; red) to express the
immediate-early gene products c-Fos and JunB. Most of the activated
striatal neurons are enkephalinergic (e) and thus are part of the indirect
basal ganglia pathway projecting to the external pallidal segment (GPe).
Dynorphin-positive projection neurons (d), part of the direct pathway
projecting to the internal pallidum (EN/SN ), show very little cortically
driven induction of c-Fos and JunB after MI stimulation. Differential
cortical effects on these two striatal projection neuron subtypes potentially
amplify the specificity with which MI controls the indirect and direct
pathways of the basal ganglia. GPe, External pallidum; EN, entopeduncu-
lar nucleus; SN, substantia nigra; CPu, caudoputamen; Ctx, motor cortex.

4

Figure 9. Bottom. Model of intrastriatal network activity resulting from MI
stimulation. Parvalbumin-positive interneurons ( p) expressing c-Fos were
found both inside the region of most intense induction, in which activated
projection neurons were located, and in a region around this central zone. A
and B show two different mechanisms that might account for the activation of
parvalbumin-containing neurons outside the region of most intense induction.
A, Indirect activation, possibly through the gap junction network that these
striatal interneurons have been shown to form (Kita, 1990). B, Direct activa-
tion by corticostriatal fibers resulting from the high sensitivity of parvalbumin-
positive neurons to cortical activation (Kita, 1990), allowing them to respond
to the firing of sparsely distributed corticostriatal fibers coming from the
borders of the stimulated region of MI. C, By either mechanism, GABAergic
parvalbumin-containing interneurons activated by the cortex could induce a
region of surround inhibition that could restrict and shape the central zone of
most intense induction.
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do not think that complete segregation of inputs is likely (Dubé et al.,
1988; Hersch et al., 1995; Kincaid and Wilson, 1996); however,
differences in the innervation densities or placement of cortical
inputs to the two cell types could account for the results, as could
different levels of expression of glutamate receptor subtypes, Ca21

channels, or kinase or phosphatase cascades controlling nuclear
events (Malenka and Nicoll, 1993; Tallaksen-Greene and Albin,
1994; Ghosh and Greenberg, 1995; Landwehrmeyer et al., 1995; Bito
et al., 1996; Liu and Graybiel, 1996; Wilson and Kawaguchi, 1996).
Specialization in the intrinsic connectivity of the two cell types or in
noncortical extrinsic connections could also be critical (Dubé et al.,
1988; Lapper and Bolam, 1992; Kawaguchi et al., 1990; Sidibé and
Smith, 1996). Particularly interesting is the report by Sidibé and
Smith (1996) that thalamostriatal afferents preferentially innervate
direct pathway neurons. This suggests that a cortico-thalamo-striatal
activation pathway is not likely to account for the gene activation we
found in enkephalinergic neurons, although differences in thalamic
or other connectivity might contribute to the difference in direct and
indirect neuron responsivity that we found. We emphasize that in any
given experiment, on the order of 35% (c-Fos) to 50% (JunB) of the
enkephalin-immunoreactive neurons in the field of induction showed
immunodetectable levels of immediate-early gene induction. Con-
ceivably, this could reflect the presence of subtypes of enkephalin-
ergic neurons.

Such differential control by the motor cortex over indirect pathway
striatal neurons is of great potential clinical interest, because many
therapeutic approaches to basal ganglia disorders involve selective
manipulation of the direct and indirect pathways (Chesselet and
Delfs, 1996; Graybiel, 1996, and references therein). Our results and
those of Parthasarathy and Graybiel (1997) provide the first evidence
for a functional difference in cortical control of the direct and indirect
pathways. It will be of great interest to learn whether the distributions
we show here hold for inputs from other areas of cortex and for other
transcriptional events.

We looked for, but did not find, different levels of immediate-
early gene induction in the two segments of the globus pallidus. In
the primate, however, our group has found that electrical stimu-
lation of the primary somatosensory and motor cortex induces
transneuronal c-Fos expression exclusively in the external seg-
ment of the globus pallidus, the target of indirect pathway neurons
(Parthasarathy and Graybiel, 1997). Our different findings in the
rat may reflect the greater arborization in the basal ganglia path-
ways of the rodent (Chang et al., 1981; Kawaguchi et al., 1990).

Differential cortical control of striatal interneurons
Interneurons constitute a minority of all striatal cells but can
critically modulate basal ganglia function (Aosaki et al., 1995;
Kawaguchi et al., 1995). We found a remarkably selective induc-
tion of c-Fos in parvalbumin-containing interneurons in and
around the focus of activated projection neurons, and an even
wider field of induction of NADPH diaphorase-containing inter-
neurons, principally around rather than within the central zone of
activation. These patterns of induction, taken together, suggest
that the striatal response to a local excitation of MI includes (1) a
local focus of c-Fos and JunB induction in which as many as
80–90% of the immediate-early gene-positive nuclei are ex-
pressed in indirect pathway neurons and parvalbumin interneu-
rons and (2) a surrounding region in which almost no projection
neurons are excited to express c-Fos, but in which many parval-
bumin and somatostatin neurons are. Differences in the relative
threshold excitability of the different neuronal types and activa-

tion of the intrinsic networks formed by the interneurons may
determine these core and surround distributions (Fig. 9).

c-Fos and JunB were induced in nearly identical patterns in
enkephalin-containing neurons but not in parvalbumin-positive
neurons after cortical stimulation. We do not know the source of
the differential regulation in the parvalbumin-containing neurons,
but our findings do demonstrate that the same pattern of cortical
activity can lead to changes in gene expression that are specific for
different classes of neurons. These selective responses, in turn,
should have different consequences on protein synthesis because
of the heteromeric combinatorial control of transactivational abil-
ity (for review, see Hughes and Dragunow, 1995).

Plasticity in corticostriatal circuits
Cortical interneurons powerfully shape cortical activity (Connors
et al., 1988; Kawaguchi and Kubota, 1995), and the network
formed by inhibitory interneurons is crucial to dynamic cortical
processes and to the reorganization of cortical maps (e.g., Jacobs
and Donoghue, 1991). The application of picrotoxin in our exper-
iments could mimic, in part, such cortical remapping. Given the
strong and functionally important connections between cortex and
striatum, such stimulation could induce plastic changes in the
cortex and in turn generate medium- or long-term events in the
striatum by affecting protein synthesis. The patterns of cortically
evoked gene expression in our experiments point to such changes
as being highly differentiated according to the different neuronal
populations in the affected striatum. The regulatory machinery
governing the expression of c-Fos and JunB is highly responsive to
cortical stimulation in striatal neurons that give rise to the indirect
pathway, which decreases activation of the motor thalamus, but it
is almost unresponsive in striatal neurons that give rise to the
direct pathway, which inhibits the motor thalamus. By differen-
tially affecting gene expression and protein synthesis in indirect
pathway neurons, the motor cortex could selectively affect their
responsivity and activity patterns and therefore induce plastic
changes with repercussions on the entire circuit.
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