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ABSTRACT The basal ganglia, a brain structure critical
for sensorimotor and motivational aspects of behavior, con-
tain very high levels of CB1 cannabinoid receptors. These
receptors are activated by endogenous lipophilic ligands, and
they are thought to mediate behavioral effects of cannabinoid
drugs. To evaluate the role of the endogenous cannabinoid
system in the regulation of basal ganglia pathways, we have
investigated the effects of targeted deletion of CB1 receptors
on gene expression of various neuropeptides and transmitter-
related enzymes in basal ganglia neurons. Mice without CB1
receptors are extremely hypoactive in a test for exploratory
behavior (open-field test), showing markedly reduced loco-
motion and rearing. These CB1 mutants display significantly
increased levels of substance P, dynorphin, enkephalin, and
GAD 67 mRNAs in neurons of the two output pathways of the
striatum that project to the substantia nigra and the globus
pallidus. Our findings demonstrate that elimination of CB1
receptors results in behavioral abnormalities and functional
reorganization of the basal ganglia.

Cannabinoid drugs have various cognitive and behavioral
effects, including euphoria, memory impairment, ataxia, and
sedation, but they also seem to be useful as therapeutic agents,
for example, in the treatment of nausea, glaucoma, chronic
pain, and epilepsy (1). These pharmacological effects are
thought to be mediated by the CB1 cannabinoid receptor
subtype (2–4). However, the normal role of the CB1 receptor
and its endogenous ligands (5–8) in brain function and behav-
ior remains largely unknown. We have used targeted elimina-
tion of the CB1 receptor (34) to investigate the function of the
endogenous cannabinoid system. The basal ganglia are among
the brain structures with the highest levels of CB1 receptors
(9–13). In the present study, we examined effects of CB1
receptor deletion on basal ganglia circuits and spontaneous
motor behavior.

In the basal ganglia, CB1 receptors are expressed predom-
inantly in neurons of the striatum that give rise to the two
output pathways, one to the substantia nigra and the other to
the globus pallidus (11–13). Both pathways use g-aminobutyric
acid (GABA) as their principal neurotransmitter (14), but they
differ in neuropeptide cotransmitters. Striatonigral neurons,
the so-called ‘‘direct’’ pathway, mostly express the neuropep-
tides substance P and dynorphin, whereas striatopallidal neu-
rons, the initial segment of the ‘‘indirect’’ pathway, generally
contain enkephalin (15). To assess whether striatal projection
neurons are affected by disruption of the CB1 receptor, we
investigated the expression of these neuropeptides and the
GABA synthetic enzyme GAD 67 with quantitative in situ
hybridization histochemistry.

Dopamine neurons in the substantia nigra and ventral
tegmental area provide important afferents to the dorsal and

ventral striatum and, in turn, receive inputs from these striatal
regions. Although dopamine neurons do not appear to express
CB1 receptors (11–13), recent results showed that cannabinoid
agonists increase the firing rate of dopamine neurons (16, 17).
Moreover, perinatal cannabinoid treatment was reported to
affect the expression of the dopamine synthetic enzyme ty-
rosine hydroxylase in dopamine neurons (18). We thus also
examined tyrosine hydroxylase expression in the substantia
nigrayventral tegmental area.

MATERIALS AND METHODS

Generation of CB1 Receptor-Deficient Mice. CB1 mutants
were generated as described (34). Briefly, the coding region of
the CB1 gene was replaced between amino acids 32 and 448
with PGK-neo in embryonic stem cells. Chimeric mice derived
from these cells were bred with C57BLy6J animals. Homozy-
gous mutants (CB12y2) and wild-type (CB11y1) mice were
produced with heterozygous intermatings. In these experi-
ments, 12- to 20-week-old male and female mice were used.
Animals were housed in groups under standard laboratory
conditions (12-hr-lighty12-hr-dark cycle) with food and water
available ad libitum.

Open-Field Test. An automated open-field system was used
(box size, 27 3 27 cm; ENV-510; MED Associates, St. Albans,
VT). Mice (CB11y1, n 5 11; CB12y2, n 5 8) were placed
individually into the central area of the open field, and
behaviors were recorded and analyzed from minutes 2 to 42.
Ambulatory activity, local movements, and rearing events were
assessed by using the ACTIVITY 3.01 software.

Rotarod Test. The rotarod test was performed by using an
accelerating rotarod (4–40 rpm; Ugo Basile, Varese, Italy).
Animals (CB11y1, n 5 9; CB12y2, n 5 11) were tested in three
trials with 30-min intervals. Cut-off time was 5 min.

In Situ Hybridization Histochemistry. Mice (n 5 7, each
genotype) were killed with CO2. The brains were removed
rapidly and processed as described (19). Coronal sections (12
mm) were hybridized with 35S-labeled oligonucleotide probes
(for substance P, complementary to bases 20–67, GenBank
accession no. M68909; enkephalin, bases 304–351, M13227;
dynorphin, bases 807–854, AF026537; GAD 67, bases 465–512,
Y12257; tyrosine hydroxylase, bases 1435–1482, M69200; CB1,
bases 1081–1128, U22948). The slide-mounted sections were
apposed to x-ray film (Biomax MR; Kodak) for 3–11 days.

Measurement of Gene Expression. Hybridization signals on
film autoradiograms were measured with densitometry by
using the public domain NIH IMAGE program (developed by
Wayne Rasband at the National Institutes of Health and
available on the Internet at http:yyrsb.info.nih.govynih-
image). CB1, neuropeptide, and GAD 67 expression were
analyzed in the following 11 areas: nucleus accumbens core
and shell, at approximately 1.5 mm rostral to bregma (20);
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medial, central, and lateral striatal regions, at a rostral (1.2
mm), a middle (0.1 mm), and a caudal striatal level (20.3 mm).
For the nucleus accumbens, hybridization signals were mea-
sured in sample areas that covered the medial limb of the shell
or most of the core. These sample areas were placed with the
help of autoradiograms showing substance P expression, which
is considerably higher in the shell than in the core (see Table
1). The sample areas in the striatum were selected based on
regional variations in the levels of CB1 receptor expression in
wild-type (CB11y1) mice to facilitate a correlation analysis
between changes in gene expression and normal levels of CB1
receptors in striatal regions. Thus, medial sample areas were
always in the dorsomedial striatum, which shows minimal CB1
receptor expression (see Table 1). Following the distribution
of maximal CB1 mRNA levels in wild-type mice, the lateral
sample areas were in the dorsolateral striatum at the rostral
level and in the ventrolateral striatum at middle and caudal
levels. Central areas were in between. Examples of striatal
sample areas are shown in Fig. 2. Tyrosine hydroxylase ex-
pression was measured on seven coronal sections spaced
regularly throughout the rostrocaudal extent of substantia
nigrayventral tegmental area. All mean density values pre-
sented are background-corrected (minus mean density over
corpus callosum). Genotype effects were determined with
one-factor ANOVA. Illustrations of film autoradiograms de-
picted in Figs. 2 and 4 were generated from captured images
(NIH IMAGE).

RESULTS

Open-field behavior of CB1 receptor-deficient mice was al-
tered dramatically (Fig. 1). Compared with wild-type
(CB11y1) controls, CB12y2 mice displayed a large reduction
in measures of locomotor activity (ambulation counts, ambu-
lation time). Furthermore, although these mutants could rear,
the rearing rate was reduced drastically (Fig. 1). In addition,
CB12y2 mice were significantly less active in a ring catalepsy
test (34). Despite these pronounced effects on locomotion
and rearing, CB12y2 mice did not display gross deficits in
motor coordination, posture, or gait. Also, local movements in
the open field (e.g., grooming or shifting) were less affected
(Fig. 1).

To further evaluate motor coordination, we tested these
mice in the rotarod apparatus, in which they have to balance
on a rotating beam. We found no significant difference
between the two genotypes in the latency to fall, even under
relatively demanding test conditions, in which the speed of the
beam was accelerated from 4 to 40 rpm over 5 min (Fig. 1).
Importantly, both genotypes improved in their performance
during subsequent trials (motor learning).

In the striatum, neuropeptide gene expression was increased
significantly in CB12y2 mice (Table 1). However, neuropep-
tides in striatonigral and striatopallidal neurons were differ-
entially affected, and changes in gene expression showed
distinct regional variations. Increases in dynorphin and sub-
stance P mRNA levels (in striatonigral neurons) were maximal
in the lateral striatum and minimal in the medial striatum
(Table 1 and Fig. 2). In contrast, enkephalin expression (in
striatopallidal neurons) was increased in lateral striatal regions
and, in the rostral and middle striatum, also in medial regions
(Table 1 and Fig. 2). For all neuropeptides, increases in gene
expression were strongest at the midstriatal level and weaker
at rostral and caudal levels (Table 1). With the exception of a
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FIG. 1. Behavioral effects of CB1 receptor mutation. (A) Open-
field behavior in CB12y2 mice. Animals (CB11y1, n 5 11; CB12y2,
n 5 8) were tested for 40 min in an automated open field. Ambulation
counts (mean 6 SEM), ambulation time, vertical counts (rearing), and
local counts (e.g., grooming, shifting) are presented (Upper). Illustra-
tions of the path of ambulation during such a test are shown for a
CB11y1 (Lower Left) and a CB12y2 (Lower Right) animal. (B)
Rotarod performance in CB12y2 mice. The average latency to fall
(mean 6 SEM) for three 5-min trials (Left) and the fall latencies for
each of these three trials (Right) are shown for CB11y1 (n 5 9) and
CB12y2 mice (n 5 11). An accelerating-beam procedure (4–40 rpm
over 5 min) was used. pp, P , 0.01; p, P , 0.05.

Table 1. CB1 receptor, neuropeptide, and GAD 67 mRNA expression in striatum and nucleus accumbens of CB11y1 and CB1 2y2 mice

CB1 Dynorphin Substance P Enkephalin GAD 67

1y1 1y1 2y2 1y1 2y2 1y1 2y2 1y1 2y2

NAC Shell 1.9 6 0.6 61.8 6 2.7 64.9 6 2.6 104.8 6 2.1 94.6 6 1.0*** 64.9 6 2.2 57.3 6 3.2 69.6 6 1.2 71.1 6 1.1
Core 2.7 6 0.4 53.7 6 1.4 54.3 6 2.9 49.7 6 3.0 42.7 6 2.0 70.2 6 4.4 63.4 6 3.8 51.1 6 1.7 53.2 6 1.2

S, rostral Medial 7.0 6 0.4 22.9 6 1.4 25.7 6 1.4 53.7 6 1.1 55.0 6 1.3 58.1 6 1.7 63.6 6 1.8* 48.8 6 1.2 54.6 6 0.8**
Central 23.1 6 1.7 10.9 6 1.0 18.0 6 1.7** 50.5 6 1.6 53.8 6 1.0 64.3 6 1.9 65.6 6 1.2 55.1 6 1.3 57.6 6 0.5
Lateral 50.4 6 2.3 12.6 6 1.3 18.8 6 1.3** 57.3 6 2.6 62.3 6 2.0 69.9 6 1.4 72.7 6 1.5 59.8 6 1.2 64.4 6 0.7**

S, middle Medial 12.0 6 0.4 21.5 6 1.8 23.8 6 1.8 43.5 6 1.3 48.1 6 1.7 58.6 6 1.5 65.6 6 1.0** 44.3 6 0.9 50.0 6 0.8***
Central 40.5 6 1.4 4.5 6 0.3 8.3 6 0.7*** 37.1 6 0.8 44.9 6 1.0*** 64.4 6 2.4 71.4 6 1.3* 48.8 6 1.1 53.9 6 0.9**
Lateral 74.1 6 1.2 5.9 6 0.3 13.4 6 1.3*** 50.7 6 1.4 61.3 6 1.9*** 68.7 6 2.3 76.4 6 0.8** 61.5 6 1.2 71.7 6 1.6***

S, caudal Medial 4.7 6 1.1 29.4 6 2.5 32.8 6 1.1 42.9 6 1.4 43.9 6 1.6 54.2 6 1.4 58.8 6 2.0 41.6 6 1.2 45.4 6 1.6
Central 26.6 6 3.7 8.0 6 1.6 15.3 6 1.2** 38.0 6 1.8 42.9 6 1.4 57.8 6 2.6 61.7 6 1.3 41.8 6 1.4 48.6 6 1.2**
Lateral 49.2 6 3.7 11.2 6 1.7 18.7 6 1.2** 46.7 6 1.4 52.9 6 1.3** 67.5 6 2.0 74.8 6 1.4* 44.7 6 0.8 52.4 6 1.7**

Data presented are mean density values (mean 6 SEM) measured in CB11y1 (n 5 7) and CB12y2 mice (n 5 7). NAC, nucleus accumbens;
S, striatum. ppp, P , 0.001; pp, P , 0.01; p, P , 0.05.
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decrease in substance P mRNA levels in the shell subdivision,
no significant changes in neuropeptide expression were found
in the nucleus accumbens (Table 1), which displays minimal
expression of CB1 receptors (10–13, 21) (Table 1).

We also analyzed the expression of GAD 67 mRNA that is
contained in both types of striatal projection neurons. These
results confirmed the regionally distinct changes in gene
regulation observed for the neuropeptides (Table 1 and Fig. 2).
Thus, CB12y2 mice also showed significantly increased GAD
67 mRNA levels, and the regional patterns for these changes
subsumed those seen for the neuropeptides.

CB1 receptors display a distinct medial-to-lateral and ros-
tral-to-caudal distribution in the rodent striatum (10–13, 21),
with maximal levels in the lateral part of the middle striatum
and decreasing levels toward the medial striatum and also in
rostral and caudal directions (Table 1 and Fig. 2). This unique
distribution allowed us to examine whether the magnitudes of
changes in gene regulation were directly related to the normal
levels of CB1 receptor expression, and, thus, to the degree of
CB1 deficiency in CB12y2 mutants, in different regions of the
striatum. Thus, we correlated the changes in gene expression
in the 11 striatal regions with wild-type CB1 mRNA levels in
these regions. The results of this analysis confirmed differen-
tial effects for gene regulation in striatonigral versus striato-
pallidal neurons (Fig. 3). Changes in dynorphin (r 5 0.87, P ,
0.01) and substance P mRNA expression (r 5 0.78, P , 0.05)
(striatonigral neurons) showed a significant positive correla-
tion with CB1 mRNA levels in normal mice. In contrast,
changes in enkephalin mRNA expression (r 5 0.50) (striato-
pallidal neurons) and those for GAD 67 (r 5 0.57) (both
neuronal types) were uncorrelated with CB1 receptor expres-
sion.

Fig. 4 depicts tyrosine hydroxylase expression in the two
genotypes. Gene expression was determined in sections from
seven rostrocaudal levels across the substantia nigrayventral

tegmental area. In contrast to the effects on gene regulation in
the striatum, we did not detect changes in tyrosine hydroxylase
expression, neither for mRNA levels nor distribution, in
CB12y2 mice (Fig. 4).

DISCUSSION

Projection neurons of the striatum contain CB1 receptors. To
investigate the effects of CB1 receptor deletion on these
neurons, we used neuropeptide markers that are expressed
relatively selectively by the two subtypes of projection neurons.
Our results demonstrate that the expression of neuropeptide
genes in the striatum is increased in CB1 mutants. However,
the two subtypes of projection neurons are differentially
affected. Thus, increases in gene expression in striatonigral
neurons (dynorphin, substance P) are directly related to the
normal levels of CB1 receptors in different striatal regions,
whereas increases in striatopallidal neurons (enkephalin) are
not. These changes in gene regulation in CB12y2 mutants
suggest that CB1 receptors tonically inhibit neurons of both
striatal output pathways, yet in a region- and pathway-specific
manner. Altered gene expression in striatal output pathways in
CB1 receptor-deficient mice was accompanied by severely
reduced locomotor activity and rearing behavior in an open-
field test. In contrast, motor coordination (rotarod perfor-
mance) hardly was impaired. Together, these findings indicate
that initiation rather than coordination and maintenance of
movement is affected by the CB1 disruption.

Effects of CB1 receptor stimulation include inhibition of
adenylate cyclase, inhibition of voltage-dependent calcium
channels, and activation of inwardly rectifying potassium chan-
nels (3, 4, 22). CB1 disruption thus may result in ‘‘disinhibi-
tion’’ of neurons that normally express CB1 receptors. Our
findings, showing that increases in substance P and dynorphin
gene expression in CB12y2 mice are positively correlated with

FIG. 2. Gene expression in the striatum in CB12y2 mutants. Film autoradiograms depict CB1, dynorphin, substance P, enkephalin, and GAD
67 mRNA expression in coronal sections from the midstriatal level in CB11y1 (Upper) and CB12y2 mice (Lower). Maximal hybridization signal
is black. In wild-type (1y1) animals, CB1 receptor expression is maximal in the lateral striatum (arrows) and minimal in the medial striatum. In
CB12y2 mice, increases in dynorphin and substance P mRNA expression (both in striatonigral neurons) are also maximal in the lateral striatum
(arrows) and minimal in the medial striatum (for quantitative results, see Table 1). In contrast, increases in enkephalin mRNA expression (in
striatopallidal neurons) are similar or even greater in some medial than lateral regions in CB12y2 mutants. GAD 67 mRNA expression (in both
types of projection neurons) subsumes the changes seen for the neuropeptides, with an increase in most striatal regions that is somewhat stronger
laterally. (Lower Left) The absence of CB1 mRNA in CB12y2 mutants and the sample areas in the middle striatum in which gene expression was
measured are shown.
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the amount of CB1 receptors lost in different striatal regions,
are consistent with a local CB1 inhibition for striatonigral
neurons. However, striatopallidal neurons seem to be differ-
entially regulated by CB1 receptors, at least in medial striatal
regions. These regions contain low amounts of CB1 receptors
in normal rodents (refs. 10–13, 21; Table 1), and increases in
enkephalin (and GAD 67) mRNA expression were unrelated
to these levels. Thus, these changes in gene regulation in
striatopallidal neurons are likely the result of more complex
alterations in these mutants. It is possible that they reflect
network-level alterations in CB12y2 mice. For example, CB1
receptors also are found in the cerebral cortex (2, 10, 12),
especially in the medial frontal cortex, which projects mostly
to medial striatal regions. Input from the cortex also affects
gene expression in striatal neurons (23), and a recent study
indicates that cortical activation may preferentially increase
gene expression in striatopallidal neurons (24). Therefore, it is
conceivable that altered inputs from the cortex, or other brain
areas, contribute to changes in gene expression in the striatum
in CB12y2 mutants.

Behavioral effects of the CB1 deletion were investigated in
a novel open field. The open-field test assesses various aspects
of motivated behavior and is a sensitive assay for basal ganglia
function. For example, changes in spontaneous open-field
behavior have been reported for several dopamine receptor
knockouts in which basal ganglia circuits are affected (25–28).
CB1 mutants showed dramatically reduced ambulation and
rearing during the open-field test, behaviors that reflect mostly
exploratory activities in such a situation. In contrast, nonex-
ploratory behaviors such as grooming and shifting were less

reduced. These behavioral effects suggest that CB1 receptors
are involved in mechanisms that regulate initiation of goal-
directed behavior.

Recently, Ledent et al. (29) also generated a mouse strain
with a deletion in the CB1 gene. They also found reduced
rearing, but ambulatory activity was increased in these mu-
tants. It remains to be determined whether this difference is
due to factors such as experimental procedures or genetic
background. However, our most recent tests, after further
backcrossing (F3) into the C57BLy6J genetic background,
indicate that the behavioral deficits in our mouse strain are
stable, including the reduction in locomotor activity (data not
shown).

In light of pharmacological results, reduced open-field
behavior in CB12y2 mutants may seem paradoxical, because
acute treatments with cannabinoid agonists, including the
endogenous ligand, anandamide, produce behavioral inhibi-
tion such as immobility and catalepsy (30–32, 34). Interest-
ingly, we also observed paradoxical hypoalgesia in CB1 knock-
out mice (34). It is possible that these ‘‘paradoxical’’ effects in
CB12y2 mice do not reflect direct effects of CB1 receptor
elimination, but rather are related to adaptive neuronal alter-
ations in these mutant mice. For example, there is evidence
that increased expression of neuropeptides in neurons of
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FIG. 3. Relationship between increases in neuropeptide mRNA
expression in the striatum of CB12y2 mutants and CB1 receptor
expression in wild-type mice (CB11y1). Dynorphin (A), substance P
(B), enkephalin (C), and GAD 67 mRNA levels (D) were measured
in 11 striatal regions of CB12y2 mice (n 5 7) and expressed as
percentage of levels in CB11y1 mice (n 5 7). These data were
correlated with CB1 mRNA levels in CB11y1 animals. Significant
positive correlations were found for increases in dynorphin and
substance P expression (both in striatonigral neurons), but not for
enkephalin (in striatopallidal neurons) or GAD 67 expression (in both
neuronal types). pp, P , 0.01; p, P , 0.05.

FIG. 4. Expression of tyrosine hydroxylase mRNA in the ventral
midbrain of CB11y1 and CB12y2 animals. (A) Film autoradiograms
depict CB1 (Left) and tyrosine hydroxylase expression (Right) in
coronal brain sections containing the substantia nigra and ventral
tegmental area for the two genotypes. Note the absence of CB1 mRNA
expression in the area of tyrosine hydroxylase labeling (dopamine
neurons) in wild-type (1y1) animals. The substantia nigra pars
reticulata (SNr) was outlined by using Nissl-stained and GAD 67-
labeled adjacent sections. HC, hippocampus; IP, interpeduncular
nucleus; SNc, substantia nigra pars compacta; VTA, ventral tegmental
area. (B) Mean density (mean 6 SEM) (Left) and area (number of
pixels with density values above background) (Right) for tyrosine
hydroxylase expression in the substantia nigrayventral tegmental area
are given for CB11y1 (n 5 7) and CB12y2 mice (n 5 7). Gene
expression was measured in sections from seven rostrocaudal levels,
and average values are presented.
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striatal output pathways represents such neuroadaptations.
Previous work indicates that increased enkephalin and dynor-
phin functions in these striatal projection neurons are neuro-
adaptations that act to dampen activation of these pathways
(33), an effect that likely alters the dynamics of basal ganglia
circuits. Such neuronal changes can be expected to contribute
to the behavioral changes seen in CB12y2 mutants.

In summary, our results show severe behavioral abnormal-
ities and changes in gene expression in striatal output pathways
in mice without CB1 cannabinoid receptors. Thus, these
findings demonstrate that the endogenous cannabinoid system
is critical for normal basal ganglia function and behavior.

We thank Sebastian Zimmer for help with behavioral experiments
and Jennifer Hall for assistance. This work was supported in part by
National Institute of Mental Health and U.S. Public Health Service
Grants DA11261 (H.S.), NS20702, and NS26473 (S.T.K).
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