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ABSTRACT Antisense c-fos oligonucleotides injected into
the neostriatum of conscious rats selectively inhibited c-fos
expression associated with compensatory increases in striatal
c-fos mRNA levels and also with increased expression of junB
and NGFI-A mRNA, probably as a result of regulatory phe-
nomena. Dual probe in vivo microdialysis was used to inves-
tigate g-aminobutyric acid (GABA) release in the substantia
nigra and the globus pallidus, which represent the terminal
sites of the dopamine D1 receptor regulated striatonigral and
the dopamine D2 receptor regulated striatopallidal GABA
pathways, respectively. Intrastriatal infusion of the c-fos an-
tisense oligonucleotide profoundly decreased dialysate GABA
levels in the ipsilateral substantia nigra within 60 min but did
not inf luence the dialysate GABA levels in the globus pallidus
compared with the sham and control oligonucleotide treated
groups. The site of action of the antisense oligonucleotides was
mainly restricted to striatal neurons as shown by the distri-
bution of locally injected f luoresceine isothiocyanate and
radiolabeled oligonucleotides. The findings demonstrate a
facilitatory role for c-fos mediated gene regulation in stria-
tonigral GABA transmission and strengthen the evidence that
the regulation of neurotransmission is different in the stria-
tonigral and striatopallidal GABA pathways.

Neuronal plasticity is mediated by alterations in gene expres-
sion patterns. The first stage of this genomic reaction to
environmental cues culminates in the selective short-term
expression of transactivating proteins that influence the tran-
scription of downstream genes involved in long-term changes
in the cellular phenotype. This stimulus–transcription coupling
in the brain is particularly well established for the c-fos gene
and other members of the fos and jun gene families (1–3).
Dopamine (DA) releasing drugs (indirect agonists) like

amphetamine and cocaine but also high doses of the DA
agonist apomorphine stimulate locomotion and induce c-fos in
the medium sized spiny striatonigral g-aminobutyric acid
(GABA) neurons (4–10). Suppression of striatal c-fos expres-
sion by antisense oligonucleotides has recently been demon-
strated to attenuate the effects of DA agonists on motor
function. We reported earlier that rats which received an
unilateral c-fos antisense infusion in the neostriatum devel-
oped a strong ipsilateral turning behavior within 15–20 min
after systemic amphetamine administration (11). Others have
found similar inhibitory effects on DA agonist stimulated
motor behavior after intrastriatal infusion of c-fos antisense
oligonucleotides (12–14). While both the induction of c-fos
expression in the neostriatum and the locomotor behavior are
mediated by the DA D1 receptors, no functional link between
them has been established earlier and the mechanisms under-

lying the c-fos antisense-induced reduction in motor function
is unclear. Since in the above-mentioned studies the behavioral
consequences occurred very rapidly after the rats had been
treated with the psychostimulants, a low level of striatal c-fos
expression regulating a number of genes has been proposed
(13) and that the antisense oligonucleotide acts on this steady
state long before the drug is given.
In the present study we investigated the effect of intrastriatal

c-fos antisense oligonucleotide injections on the activity of the
two major output pathways of the neostriatum, namely the D1
receptor-regulated striatonigral and the D2 receptor-regulated
striatopallidal pathway, which have opposing influences on the
basal ganglia output nuclei within the so-called motor circuit
(15, see Fig. 7). Toward this end, we employed dual probe in
vivo microdialysis to monitor GABA release in the substantia
nigra (SN) pars reticulata (SNr) and the globus pallidus (GP).

MATERIALS AND METHODS

Oligonucleotides. All oligonucleotides were synthesized as
deoxyoligo-phosphorothioates on an Applied Biosystems
model 380B synthesizer and HPLC purified. The partial
phosphorothioate antisense (59-GAA CAT CAT GGT CGT-
39) oligonucleotide was designed to span the region around the
start codon of the rat c-fos mRNA (16). Also the correspond-
ing sense (59-ACG ACC ATG ATG TTC-39) and scrambled
(59-GTA CCA ATC GGG ATT-39) oligonucleotides were
synthesized. The modification was carried out in a way that
every second orthophosphate group was replaced by a phos-
phorothioate. As an additional control, a random sequence
(59-TCT GGG CTG GAG CTA AAG-39) was synthesized as
a completely phosphorothioate modified oligonucleotide. This
oligonucleotide would not be expected to hybridize to the
mRNA for any sequence in the European Molecular Biology
Laboratory data base. For labeling with a fluoresceine iso-
thiocyanate reporter group, c-fos antisense phosphorothioate
modified oligonucleotides were synthesized with a six carbon
spacer attached to a 39-amino group. Unincorporated fluo-
resceine isothiocyanate was removed by gel filtration followed
by HPLC. Custom synthesis of all oligodeoxynucleotides was
made by BIOTEZ (Berlin). Radioactive labeling of phospho-
rothioate modified antisense c-fos oligonucleotides was made
by end labeling with [35S]ATPgS and T4 polynucleotide kinase,
followed by PAGE for purification. Aliquots of 53 10E5 dpm
were dried under vacuum and then mixed for injection with 1
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nmol of cold oligonucleotides. All oligonucleotides were in-
fused at 1 mM concentration in Ringer solution at 1 ml/min.
Animals and Treatment.Male Sprague–Dawley rats (Alab,

Stockholm) weighing 350–400 g were maintained under a
standard light/dark cycle and allowed free access to food and
water. For surgery rats were anesthetized with halothane
(1.5% in an air f low of 1.5 liters/min) and placed in a Kopf
stereotaxic frame. In one study radioactive or fluorescence
labeled oligonucleotides were injected in the neostriatum via
a 32-gauge syringe (Hamilton). In the other studies rats were
implanted with a 23-gauge stainless steel indwelling cannula
guide in the neostriatum at the coordinates: Bregma A 10.5,
L 3.1, V 25.0 according to the atlas of Paxinos and Watson
(17). Additionally, in the microdialysis study implantation of
two microdialysis probes (CMA 12, o.d. 0.5 mm; Carnegie
Medicin, Stockholm) was made. One probe (1 mm dialyzing
membrane) was implanted into the ipsilateral SN and a second
probe (2-mm dialyzing membrane) was implanted into the
ipsilateral GP using standard stereotaxic procedures (Fig. 1).
Histological Evaluation. At the end of the experiments the

rats were killed with an overdose of pentobarbital. To verify
the placement of the cannula and probes the brains were cut
on a Leitz cryomicrotome and examined in a microscope. For
fluorescence microscopy the rats were perfused through the
left cardiac ventricle using 300 ml of a fixative containing 4%
paraformaldehyde and 0.25% (vol/vol) glutaraldehyde in 0.1M
phosphate-buffered saline (PBS). The brains were kept in the
fixative for 2 h and then transferred to 10% phosphate-
buffered sucrose for 1–2 days after which they were frozen and
sectioned (14 mm) in a cryostat. For immunohistochemistry
the animals were perfused through the left cardiac ventricle
using 200 ml of fixative [4% paraformaldehyde/0.2% (vol/vol)
picric acid/0.1 M PBS]. The brains were cut in 40-mm coronal
sections and stained for Fos-like immunoreactivity (Fos-LI)
with an anti-Fos sheep polyclonal antiserum (Affinity Re-
search Products, Nottingham, U.K.) using the avidin-biotin-
peroxidase kit (Vector Laboratories) as described (11). Ani-
mals that had received radiolabeled material were decapitated,
and the brains were removed and frozen in isopentane at
2408C. For autoradiography, cryosections (14 mm) were ex-
posed on Hyperfilm-3H (Amersham) for 2 days.
Microdialysis Procedure. In vivo microdialysis was per-

formed on the second day (48 h) after probe implantation.
During the experiment the rats were placed in a semispherical
bowl and both probes were connected to a microinfusion pump
via a two-channel swivel (CMA 120 System 4; Carnegie

Medicin) and were perfused (2 ml/min) with Ringer solution
(Karolinska Apoteket; Stockholm) containing 148 mM Na1, 4
mMK1, 2.4 mMCa21, and 156 mMCl2 (pH 6.0). After 60 min
of stabilization, sample collection commenced and 60 ml
perfusate were collected every 30 min over a 300-min period.
The oligonucleotides were injected locally via a guided cannula
into the striatum following the measurement of three stable
basal levels. Each perfusate sample from the SNr was divided
into 10 ml used for assay of DA and 20 ml for assay of GABA,
while only GABA (20 ml) was assayed from the GP. The
samples were placed in a separate automatic microsampler
injector (CMA 200/240; Carnegie Medicin) and automatically
injected into HPLC columns.
Neurotransmitter Analysis. Reverse-phase HPLC coupled

with electrochemical detection was used to assay DA and
GABA as described (refs. 18 and 19, respectively). The limits
of sensitivity for DA and GABA were 2 fmol/sample and 20
fmol/sample, respectively.
The results are expressed as mean 6 SEM of percent

changes from the respective basal values. To study the overall
effect of each treatment on basal GABA levels, the values
obtained before and after intrastriatal injections were analyzed
by paired Student’s t test. To compare the different treatments
a two-way ANOVA followed by Newman–Keuls test for mul-
tiple comparisons was used.
RNA Isolation and Protection Analysis. For detection of

basal c-fos expression, four rats were taken out from their
normal environment and immediately killed by guillotine.
Oligonucleotide-treated animals were decapitated 90 min af-
ter the infusion. Striatal tissue was obtained by gross dissection
and total RNA was extracted using the Ultraspec RNA
isolation kit (Biotecx Laboratories, Houston). The cDNA
fragments used as antisense riboprobes were all cloned in
Bluescript KS II1 (Stratagene). The c-fos antisense riboprobe
was a 557-nt BglII/StuI fragment from rat c-fos cDNA (16),
kindly provided by J. Morgan (St. Jude Children’s Research
Hospital, Memphis). The junB antisense riboprobe was a
474-bp BamHI/SacI fragment from mouse junB cDNA (20),
kindly provided by M. Yanif (Institut Pasteur, Paris). A single
band at 360 nt was obtained with rat RNA. The NGFI-A
antisense probe contains a 467-bp SphI/AvrII fragment from a
NGFI-A cDNA clone (21), kindly provided by N. H. Neff
(Ohio State University). The plasmid pSKrbac (22) containing
150 nt of the rat b-actin cDNA sequence was obtained fromM.
Bader (Max-Delbrück Centrum, Berlin). The probes were
labeled using the MAXIscript in vitro transcription kit (Am-

FIG. 1. Experimental design of the
dual probe in vivo microdialysis ap-
proach. The location of the cannula in
the striatumwas BregmaA10.5, L 3.1,
V 25 and of the two microdialysis
probes, one in the globus pallidus (2
mm probe) and the other in the SN (1
mm probe), were Bregma A 21.3, L
3.1, V28.0 and A25.5, L 2.2, V29.5,
respectively. The coordinates used are
based on the atlas of Paxinos and
Watson (17).
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bion, Austin, TX) according to the manufacturer’s protocol
with 5 ml of [32P]UTP (800 Ci/mmol; 1 Ci 5 37 GBq) except
for the b-actin probe which was generated with 2 ml of
[32P]UTP in the presence of 0.5 mM cold UTP. All probes
were purified on a 8 M urea/5% acrylamide gel and eluted
overnight at 378C. Approximately 1.5 3 105 cpm for the c-fos,
junB, and NGFI-A probes and 9 3 104 cpm for the b-actin
probe were used per protection reaction (RPA II; Ambion).
The samples were loaded on a 8 M urea/5% acrylamide gel,
detected by autoradiography at 2808C for 72 h, and quanti-
tated with a phosphoimager (BAS-1500; Fuji).
The results are reported as a percentage of the mean value

of the Ringer group. The data are calculated as means6 SEM
of the ratio between the c-fos, junB, and NGFI-A signal to the
rat b-actin standard. The statistical analysis was performed by
one-way ANOVA followed by Fisher’s probable least-squares
difference test.

RESULTS

Detection of Basal c-fos Expression in the Striatum by
RNase Protection Analysis. A c-fos-specific riboprobe corre-
sponding to the sequence of exon 2, 3, and a part of exon 4 of
the rat c-fos gene (16) was used in the RNase protection assays.
A representative experiment is shown in Fig. 2. The riboprobe
is clearly protected by 2 mg of total RNA isolated from rat
striatum.
Effects of Striatal c-fos Antisense Oligonucleotide Injection

on Striatal c-fos, junB, and NGFI-A mRNA levels. RNase
protection analysis demonstrated that after the antisense
injection striatal c-fos, junB, and NGFI-A mRNA levels in-
creased significantly (P , 0.05) compared with the sense,
scrambled, and sham-treated groups (Table 1). A rat b-actin
probe was used as a standard in all reactions. The levels of
b-actin were not affected by the injections.
Effect of Striatal c-fos Antisense Oligonucleotide Injection

on Amphetamine Induced Fos-LI in the Neostriatum. The
results of the in vivo experiments to test the performance of
partially phosphorothioate modified c-fos antisense oligonu-
cleotides are illustrated in Fig. 3. Levels of amphetamine
induced striatal Fos-LI were strongly reduced in the antisense-
infused striatum (2 nmol oligonucleotide) 1 h after D-
amphetamine was administered (5 mg/kg, i.p.). In the sense,
random, and sham-infused control animals the amphetamine
induced Fos-LI was unaffected.
Uptake and Diffusion of Labeled Oligonucleotides After

Intrastriatal Injection. To estimate the distribution of oligo-
nucleotides after a single intrastriatal injection, a small amount
of radioactively labeled phosphorothioate modified oligonu-
cleotide was added to 1 nmol of cold oligonucleotide. Fig. 4
demonstrates that the oligonucleotides diffuse throughout the
dorsal part of the striatum within 20 min after the injection and

that the entire striatum is labeled within 4 h. After the injection
of 1 nmol of fluorescence-labeled oligonucleotides in the same
location these compounds appear to be taken up mostly by
cells with a neuronal morphology or with a perivascular
location (pericytes) throughout the injected area. Within 30
min of the injection a strong cytoplasmatic and nuclear stain-
ing of nerve cell bodies and their dendrites was observed (Fig.
5A). In addition, a large amount of labeling was also observed
in the extracellular space seen as a diffuse staining. Six hours
following the injection the pattern of the neuronal intracellular
staining had become more punctate in appearance and the
extracellular fluorescence had largely disappeared (Fig. 5B).

FIG. 2. RNase protection analysis of the c-fos gene expression in
the striatum of normal awake rats. Different amounts of total RNA
from rat striatum were analyzed by using 32P-labeled antisense rat c-fos
riboprobe (lanes 1–4: 1, 2, 5, and 10 mg, respectively). The 557-nt
protected fragment is clearly visible with 2 mg of total RNA after
autoradiography at2808C for 72 h. The yeast RNA lane (Y) serves as
a negative control.

FIG. 3. Photomicrographs illustrating the effectiveness of the
partially phosphorothioate modified c-fos antisense oligonucleotides
on amphetamine-induced neostriatal c-fos expression. The rats were
unilaterally infused with 2 nmol oligonucleotide into the neostriatum,
4 h later injected with D-amphetamine (5 mg/kg, i.p.), and sacrificed
for immunohistochemistry after an additional 1 h. The sections were
cut in the coronal plane and stained with the anti-Fos antiserum (see
text). Intense Fos-LI nuclear neuronal profiles are present on the
untreated side of the striatal section (Lower). Staining is strongly
reduced in the antisense infused neostriatum (Left), whereas in the
neostriatum infused with the sense oligonucleotide Fos-LI is not
affected (Right). Bregma level 10.5, according to the atlas of Paxinos
and Watson (17).

Table 1. RNase protection analysis of striatal c-fos, jun B, an
dNGFI-A mRNA levels after treatment with c-fos antisense,
sense, and scrambled oligonucleotides

Treatment n c-fos junB NGFI-A

Ringer 3 100 6 9.4 100 6 10.5 100 6 17.9
Antisense 6 202 6 16.8* 247 6 41.2* 214 6 30.8*
Sense 4 139 6 6.5 152 6 12.9 124 6 13.0
Scrambled 4 145 6 19.9 152 6 14.3 123 6 7.4

Oligonucleotides (2 nmol) were intrastriatally injected into con-
scious rats and striatal tissue was prepared 90 min later. Values
represent the mean (6SEM) ratio of the signal obtained with a
32P-labeled c-fos-, junB-, or NGFI-A- specific riboprobe in relation to
the rat b-actin standard and are expressed as percentage of the Ringer
solution group. The ratios of signals for c-fos, junV, and NGFI-A to
b-actin in the Ringer solution group were 0.56 6 0.053, 0.20 6 0.022,
and 1.86 6 0.34, respectively.
*P , 0.05 using one-way ANOVA and Fisher’s partial least-squares
difference post-hoc test for significance.
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No signs of lesions could be detected except for the mechanical
injury made by the cannula.
Effects of Striatal c-fos Antisense Oligonucleotide Injection

on Nigral and Pallidal GABA Release. Basal dialysate GABA
levels in the SNr and the GP measured in 30-min perfusate
fraction were 7.96 0.2 nM (22 rats) and 9.66 0.7 nM (19 rats),
respectively. As shown in Fig. 6, intrastriatal injection of 2 nmol
c-fos antisense oligonucleotide (partially phosphorothioate
modified) decreased GABA release in the ipsilateral SNr
significantly and markedly compared with sense and sham-
treated groups. Themaximal effect was observed 120 min after
the onset of the oligonucleotide injection. In contrast GABA
release in the ipsilateral GP was left unaffected (Table 2).
Intrastriatal injection of a random sequence oligonucleotide
that was completely phosphorothioate modified did not affect
GABA release in the SNr (Fig. 6) or in the GP (data not
shown), clearly demonstrating absence of unspecific actions.
Basal DA levels in the SN were 1.56 0.3 nM (19 rats) in the

same group of animals. Basal levels of the nigral DA metab-
olites 3,4-dihydroxyphenylacetic acid (DOPAC) and homova-
nilic acid (HVA) were 47.6 6 3.3 nM and 34.2 6 2.2 nM,
respectively. The extracellular levels of DA and its metabolites,

DOPAC and HVA, in the SN were not affected by the
intrastriatal injections (data not shown).
All rats receiving c-fos antisense oligonucleotides showed a

clear asymmetric posture characterized by the turning of the
body toward the injected side (i.e., an ipsilateral akinesia) from
about 1 h after the injection and still present at the end of the
sampling period. This time course coincided with the detected
reduction in GABA release in the SNr. Behavioral asymmetry
was not observed in either the sham-injected or sense and
random oligonucleotide injected control groups.

DISCUSSION

The suppression of GABA transmission in the striatonigral but
not the striatopallidal projection neurons is reported using an
antisense c-fos oligonucleotide injected into the striatum of
conscious rats. In this study, we first tested the ability of the
partially modified phosphorothioate c-fos antisense oligonu-
cleotide to inhibit the in vivo translation of c-fos mRNA. Since
under resting conditions basal c-fos protein levels in the
neostriatum are only barely detectable with immunohisto-
chemical methodology (4, 5, 23), amphetamine induced stri-
atal Fos-LI was used to demonstrate a blockade of the in vivo
translation by the c-fos antisense oligonucleotide and its ab-

FIG. 4. Autoradiographs showing the diffusion of [35S]ATPgS labeled c-fos antisense phosphorothioate oligonucleotides 20 min and 4 h after
a single injection (1 ml) into the striatum, all taken from coronal sections of the striatal region. The border of the striatum is outlined on the
autoradiograms (hatched line). The injection cannula was placed at the coordinates: Bregma A10.5, L 3.1, V25.0 according to the atlas of Paxinos
and Watson (17).

FIG. 5. Uptake of fluorescence labeled phosphorothioate oligo-
nucleotides is shown 30 min (A) and 6 h (B) after a single injection (1
ml) into the striatum. The diffuse staining of cytoplasm, nuclei of nerve
cell bodies, and their dendrites early after the injection changes to a
granular appearance of the fluorescence at the 6-h time point. For
Bregma level, see Fig. 4.

FIG. 6. Effects of intrastriatally injected c-fos antisense (m, n5 10),
sense (ç, n 5 5), and random (å, n 5 2) oligonucleotides (2 nmol) on
GABA release in the SN of awake, freely moving rats. The sham group
(E, n 5 5) was infused with Ringer solution alone. The vertical arrow
indicates the onset of the intrastriatal injection with the oligonucleo-
tide. The results are expressed as a percentage of three basal values
measured prior to the oligonucleotide injection. Basal nigral GABA
levels measured in 30 min perfusate fractions were 7.9 6 0.2 nM.
Student’s paired t test, comparing the overall mean of pre- and the
postinjection periods, showed that only the intrastriatally injected c-fos
antisense oligonucleotide induced a significant decrease in nigral basal
GABA levels (P , 0.001). Two-way ANOVA followed by Newman–
Keuls test for multiple comparisons showed a significant difference
between treatments (P , 0.001), with the antisense group being
significantly different from all the other groups.
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sence with the control oligonucleotides. This result establishes
the effectiveness of the c-fos antisense oligonucleotide and
confirm earlier observations by other groups using c-fos anti-
sense oligonucleotides (12, 13, 24–28). Data on c-fos mRNA
levels after treatment with c-fos antisense oligonucleotides are
rare. Robertson et al. (28), using in situ hybridization, observed
a reduction of haloperidol-induced striatal c-fos expression
after intrastriatal antisense oligonucleotide administration.
On the other hand, Liu et al. (27) could not find any effect on
c-fos mRNA after intraventricular antisense oligonucleotide
treatment. Using immunohistochemistry no effects of the c-fos
antisense oligonucleotides on the expression of fos B, c-jun,
junB, andNGFI-A could be found in several studies (13, 24, 26,
28). However, Dragunow et al. (12, 25) reported inhibitory
effects on NGFI-A and junB expression of intrastriatal c-fos
antisense treatment after stimulation with apomorphine or
amphetamine, respectively. Under the present experimental
conditions with normal, unstimulated rats we noticed a weak
but significant increase in mRNA levels for c-fos, junB, and
NGFI-A by RNase protection analysis 90 min after the injec-
tion of the c-fos antisense oligonucleotides. In case of the c-fos
gene, these findings were not unexpected considering the
strong transcriptional autoregulation of the c-fos gene via the
c-fos containing transcription factor complex AP-1 (29). Since
the NGFI-A and the junB gene also contain AP-1 binding sites
(30, 31) and are similar in their expression kinetics to c-fos, the
present data give evidence that in the striatal neurons under
physiological conditions all three immediate early genes are
negatively regulated by AP-1. The discrepancy with the pre-
ceding findings on the expression of c-fos, junB and NGFI-A
after c-fos antisense treatment may reflect complex regulatory
interactions between c-fos and other immediate early genes,
which might strongly depend on the time course and the
conditions of the experiment.
In view of the rapid onset of the effect of the intrastriatal

antisense oligonucleotide injection we investigated the fate of
locally injected radiolabeled and fluoresceine isothiocyanate
phosphorothioate oligonucleotides under the time course of
the experiment by monitoring their local distribution and
uptake. The results demonstrate that 20 min after the intra-
striatal injection the labeled oligonucleotides are spread
throughout the dorsal part of the striatum. Fluoresceine
isothiocyanate-labeled oligonucleotides are taken up and ac-
cumulated within 30 min by the majority of medium-sized
neurons in the injected striatum mainly representing the
striatonigral and striatopallidal projection neurons (32). After
6 h the internalized oligonucleotides give rise to a granular
appearance probably reflecting an entrapment of the com-
pound in endosomal compartments in the neurons (33). The
astroglia do not show any uptake of the fluoresceine isothio-
cyanate labeled oligonucleotides over the first hours after the
injection (W.S. and C. Xia, unpublished data).
In this study we combined the antisense approach with in

vivo microdialysis technology to further investigate the role of
c-fos in the regulation of striatal GABA efferent neurons
forming the two main striatofugal projections, the direct
striatonigral pathway, and the indirect striatopallidal pathway,

which are involved in the control of basal ganglia related motor
functions (Fig. 7A). The major finding of the present study is
that the intrastriatal injection of c-fos antisense oligonucleo-
tides selectively decreased GABA release in the ipsilateral SNr
without affecting DA release in this region or GABA release
in the ipsilateral GP in the same animal. The striking blockade
in striatonigral GABA transmission may result in a reduced
excitatory thalamo-cortical drive for the initiation and main-
tenance of cortically induced movements probably reflected by
the asymmetric posture observed in the antisense treated
animals (Fig. 7B). The present data give clear evidence that in
conscious rats neuronal transmission in the striatonigral D1
receptor regulated GABA neurons is tonically regulated by
basal c-fos expression. To prove this hypothesis we applied
RNase protection analysis. Low levels of c-fosmRNA could be

FIG. 7. Simplified schematic representation of the basal ganglia–
thalamocortical neuronal circuitry indicating the possible functional
relationships underlying intrastriatal c-fos antisense induced akinesia-
like symptoms. Inhibitory neurons (GABAergic) are shown as solid
symbols, and excitatory neurons (glutamatergic) are shown as open
symbols. ,, The degree of excitatory or inhibitory influence on the
inhibitory nigrothalamic GABA pathway. (A) Untreated control. Two
parallel and opposing GABAergic striatonigral (direct) and striato-
pallidal (indirect) pathways project from the striatum to the basal
ganglia output nuclei and differentially regulate the inhibitory nigral
projection to the thalamus. Striatal DA exerts contrasting effects on
both of these pathways. DA has a net excitatory effect on striatal
neurons that send GABA projections to the SN (the direct pathway)
mediated by activation of D1 receptors, and a net inhibitory effect on
those that send GABA projections to the GP (the indirect pathway)
mediated by activation of D2 receptors (15, 34). Under normal
conditions (A), activation of the striatonigral pathway facilitates
movement by providing a positive feedback to the movement related
neurons in the motor cortex through a reduced inhibitory GABA
nigrothalamic influence, while activation of the opposing striatopal-
lidal GABA pathway inhibits movements by providing negative feed-
back to the precentral motor fields by increasing the inhibitory GABA
nigrothalamic influence. (B) Mechanism for the akinesia-like symp-
toms following acute intrastriatal injections of c-fos antisense oligo-
nucleotide. The rapid decrease in nigral GABA release observed after
the c-fos antisense oligonucleotide injection probably reflects reduc-
tion of impulse flow in the striatonigral GABAergic neurons (dashed
line) leading to an increase in the inhibitory drive of the nigrothalamic
GABA projections (thick black line) with a subsequent decrease in
thalamocortical (motor cortex) glutamate transmission (dashed ar-
row). STN, subthalamic nucleus; Thal, thalamus.

Table 2. Effect of intrastriatal infusion with c-fos antisense and sense oligonucleotides on pallidal extracellular GABA levels in the awake
freely moving rat

Treatment,
nmol

Baseline,
nM n

2 Time, min

260 230 0 30 60 90 120 150 180 210

Ringer 9.5 6 0.7 5 96 6 2 98 6 3 118 6 13 95 6 5 92 6 11 88 6 11 90 6 13 100 6 17 108 6 16 109 6 17
Antisense 9.8 6 1 7 95 6 7 98 6 3 87 6 3 103 6 5 101 6 7 107 6 8 102 6 6 102 6 8 91 6 5 101 6 10
Sense 9.6 6 0.2 5 110 6 12 85 6 7 102 6 5 100 6 7 99 6 8 113 6 9 114 6 9 112 6 8 106 6 7 102 6 7

Rats were injected with c-fos antisense or sense oligonucleotides. The sham group was injected with Ringer solution alone. The vertical arrow
indicates the injection time. The results are expressed as a percentage of three basal values measured prior to the oligonucleotide infusion. Statistical
analysis was performed by Student’s paired t test and two-way ANOVA followed by Newman–Keuls test for multiple comparisons.
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demonstrated in the striatum of normal, unstressed rats.
Earlier, Hooper et al. (13) had proposed a low level of striatal
c-fos expression to explain the rapid onset of ipsilateral turning
observed in rats following systemic amphetamine treatment
(within 15 to 20 min), when the animals had been pretreated
with an unilateral intrastriatal c-fos antisense injection (11–
13). According to the present findings, these rotations are
possibly caused by an inhibition of striatonigral GABA trans-
mission.
The reduction in nigral extracellular GABA levels most

probably reflects a reduced impulse flow in the striatonigral
neurons, since the time course (onset about 30–60 min after
the antisense oligonucleotide injection) and the distance from
the site of the antisense action (5–6 mm) rules out a c-fos-
regulated mechanism in the terminals of the SN at this time
interval. Thus, the target of the tonic c-fos regulation appears
to be a short-lived protein located in the cytoplasm and/or
membrane of the nerve cell body and its dendrites where it may
participate in the integration of input signals or in the control
of initiation and maintenance of impulse flow.
The direct, striatonigral and indirect, striatopallidal GABA

pathways arise from separate populations of striatal neurons
containing primarily D1 and D2 receptors (7, 35–37). These
two receptors activate and inhibit their respective neurons in
response to DA release. The receptor-mediated transduction
mechanism within the striatonigral and striatopallidal neurons
is thought to be different and the present results strengthen the
evidence for this concept. They provide direct in vivo evidence
for a specific action of c-fos antisense oligonucleotides on
striatonigral GABA neurons, since the striatopallidal pathway
is unaffected by the c-fos antisense oligonucleotide. Recent
microdialysis studies provided a positive control for this effect
by demonstrating that pallidal GABA release decreases after
intrastriatal perfusion with the DA D2 receptor agonist per-
golide (34, 38).
Three hours after the antisense injection the decreased SN

GABA levels began to return to pretreatment levels possibly
reflecting a rapid degradation of the partially phosphorothio-
ate-modified oligonucleotide. A partial modification was em-
ployed to reduce non-sequence-specific or toxic effects of fully
phosphorothioate modified oligonucleotides but is known also
to confer reduced nuclease resistance to the oligonucleotide
(13, 39). However, no effect on GABA release was observed
following the injection of a fully phosphorothioate modified
random oligonucleotide suggesting absence of unspecific ef-
fects. Alternatively, compensatory or adaptive mechanisms to
the antisense treatment might be involved in the reversal of the
antisense effect.
In summary, the method of the antisense oligonucleotide

treatment aimed to ‘‘knock down’’ the expression of the c-fos
gene has proven to be useful in the study of basal ganglia
function. The present results give in vivo evidence for a low
level striatal c-fos expression in freely moving rats regulating
a gene which in the striatonigral neurons plays a facilitatory
role in the control of GABA transmission. These findings add
a new element into the puzzle of understanding immediate
early gene expression as a regulatory mechanism in brain
function and point to a role of regulatory loops between
membrane and nucleus in the control of neuronal transmis-
sion.
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