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Intracellular calcium mobilization and signaling mechanisms trig-
gered by activation of synaptic glutamate receptors in the striatum
are important modulators of neurotransmission in striatal circuits.
However, the expression and functions of scaffolding proteins an-
choring glutamate receptors at striatal synapses have not been
addressed so far. The long-form Homer1 proteins, Homer1b�c, as-
semble group I metabotropic glutamate receptors (mGluR1�5) in large
macromolecular complexes with sources of calcium influx and release
at synapses as well as with components of the NMDA receptor
complex at the neuronal cell membrane. Homer1a, the short, activity-
dependent splice variant of Homer1b�c, lacks the ability of linking
mGluR1�5 to synaptic proteins and functions as an endogenous
negative modulator of the mGluR1�5 inositol 1,4,5-trisphosphate
receptor signaling complex. We have generated transgenic mice,
which overexpress Homer1a in striatal medium spiny neurons either
homogenously throughout the extrastriosomal matrix (Homer1a-
matrix line) or predominantly in striosomal patches (Homer1a-strio-
some line). Homer1a-expressing mice demonstrated normal develop-
ment of striatal structure and afferent–efferent connectivity.
However, motor performance in behavioral tasks and striatal re-
sponses to the psychomotor stimulant amphetamine were signifi-
cantly altered in the Homer1a-striosome line. Thus, glutamate recep-
tor scaffolding proteins of the Homer1 family critically regulate the
functions of striatal medium spiny neurons in complex motor tasks
and its modulation by psychomotor stimulant drugs.
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Group I metabotropic glutamate receptors (mGluR1�5) are
linked to the activation of phospholipase C and generally

mediate excitatory effects by eliciting a release of calcium from
intracellular stores. mGluR1�5 are important positive modulators
of synaptic function and neuronal activity and have been linked to
long-term changes in synaptic function such as long-term potenti-
ation in the hippocampal circuitry (1), long-term depression in the
cerebellum (2), drug-induced plasticity in the nucleus acumbens (3),
etc. In the striatum, mGluR1�5 are primarily expressed postsyn-
aptically in striatal projection neurons and subpopulations of in-
terneurons but can also mediate presynaptic effects on thalamos-
triatal and corticostriatal glutamatergic afferents as well as
nigrostriatal dopaminergic afferents (4). The localization and the
functions of mGluR1�5 are strongly dependent on protein–protein
interactions with the Homer (Vesl) family of synaptic scaffolding
proteins (5–8). In the nervous system, Homer1 proteins function as
molecular bridges linking both mGluR1 and mGluR5 to the inositol
1,4,5-trisphosphate receptors (IP3Rs) on the endoplasmic reticulum
(7–9) and to additional synaptic ion channels such as calcium
channels (7) and transient receptor potential channels (10) as well
as to components of the NMDA receptor signaling complex by
virtue of their ability to form multimers (11–13). An additional
short splice variant encoded by the Homer1 gene, Homer1a, is
selectively expressed as an immediate early gene after synaptic
activity (5–7). A striking functional feature of Homer1a is that it
competes with Homer1b�c for binding to mGluRs and uncouples
mGluRs from IP3Rs because of its lack of the C-terminal EVH

domain, which is required for multimerization (7, 8). Several lines
of evidence indicate that Homer1a overexpression in neurons leads
to changes in assembly of mGluR-signaling complexes and regu-
lates calcium signaling, synaptic trafficking, and clustering of glu-
tamate receptors as well as spine morphogenesis (7–9, 14, 15). It has
been proposed, therefore, that Homer1a functions as an endoge-
nous antagonist of the mGluR-IP3R receptor-signaling pathway,
which implies that Homer1a expression would modulate biological
processes involving activation of group I mGluRs (7, 14). Indeed,
manipulation of Homer1-mGluR1�5 interactions has been used a
tool to address functions of group I mGluRs in diverse regions of
the brain and is reported to have a major impact on neural processes
involving learning and memory (16), axonal path finding (17), drug
addiction (3, 18), and epileptogenesis (19). We have used overex-
pression of Homer1a in the striatum as a tool to address the
significance of group I mGluRs and their signaling mechanisms in
striatal functions in vivo. We found that mice overexpressing
Homer1a in the striatal projection neurons show multiple defects in
motor performance and coordination and demonstrate alterations
in drug-induced stereotypy, thereby suggesting a critical role for
mGluR1�5–Homer1 signaling mechanisms in the modulation of
striatal output.

Results
Generation and Characterization of Mouse Lines Expressing Homer1a
in the Striatum. To unravel the functional significance of mGluR
signaling in the forebrain, we generated mice expressing Homer1a
in the forebrain using the tetracycline transactivator (tTA) system
for conditional gene expression. Several transgenic founders were
obtained and bred with the TgCamKIItTA line to secure tTA-induced
expression of Homer1a and of EGFP. None of the transgenic lines
demonstrated stable expression of EGFP. Immunohistochemical
detection using an anti-myc antibody was used to detect the
expression of the myc–Homer1a fusion protein (referred to as
Homer1a expression henceforth).

In the double-transgenic progeny of the Homer1a and
TgCamKIItTA transgenic mice, the expression of Homer1a com-
menced perinatally and reached its peak and stable levels at �3
weeks of age (data not shown). As expected from the expression
profile of the fragment of the CamKII� promoter, which is used in
the TgCamKIItTA mice as described in ref. 20, Homer1a expression
was restricted to the forebrain in several founder lines, and the
brainstem, spinal cord, and cerebellum were entirely devoid of
expression. Two mouse lines demonstrated strong expression of
Homer1a in the striatum and were characterized in greater detail.
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In one line the expression was nearly selective for the striatum (Fig.
1B), and myc–Homer1a-expressing cells were largely concentrated
in clusters in the striatum, which were reminiscent of striosomal
patches (Fig. 1B, arrows). In the second line, the myc–Homer1a-
expressing cells were more abundant and evenly distributed
throughout the striatal matrix. These mice also showed weak
expression in the basolateral amygdala and layer V of the somato-
sensory cortex, in addition to strong expression in the striatum (Fig.
1B). In both lines, the thalamus, the hippocampus, and other
forebrain structures were devoid of Homer1a expression (data not
shown).

We then characterized the pattern of Homer1a expression in the
striatum in greater detail (see Fig. 5, which is published as sup-
porting information on the PNAS web site). In the adult rodent
striatum, �95% of the neurons are medium spiny neurons (MSNs),
which use GABA as a neurotransmitter (21). In both striatal mouse
lines, expression of Homer1a was seen in striatal GABAergic
neurons (Fig. 5A), whereas calretinin-positive (Fig. 5B), parvalbu-
min-positive (Fig. 5C), or choline acetyl transferase-positive (data
not shown) neurons were devoid of Homer1a expression. A classical
anatomical feature of the striatum is the patch–matrix distribution,
which also imparts important and characteristic functional proper-
ties to the striatum. MSNs in the striatal patches and matrix
differentially express calbindin: GABAergic neurons in the striatal
matrix are rich in calbindin expression, whereas those found in
striosomes are relatively sparse with respect to calbindin expression
(22, 23). Costaining of striatal sections with anti-myc and anti-
calbindin antibodies revealed that, in the line with the broader
expression of Homer1a (matrix line, see below), a high number of
myc-positive neurons expressed calbindin (76 � 6%), whereas, in
the striatum-specific line with a patchy distribution (striosome line,
see below), only 28 � 5% of Homer1a–myc-positive neurons
expressed calbindin (see typical examples of the extent of overlap
of calbindin and Homer1a–myc expression in Fig. 5D). To further
verify this differential predominance of myc–Homer1a-expressing
neurons in the striosomes versus extrastriosomal matrix in these two
mouse lines, we costained striatal sections for expression of myc–
Homer1a and the �-opioid receptor 1 (MOR1), which is known to
be a marker for striatal striosomal patches (24). Myc–Homer1a-
positive cells were predominantly localized in MOR1-positive
islands in the striosomal line (Fig. 2, arrowheads), whereas in the
matrix line they were neither particularly concentrated over nor
restricted to MOR1-positive striosomes (Fig. 2). Because of the
differential distribution between the striosomal and extrastriosomal
matrix, the relative abundance of Homer1a–myc-positive neurons
among striatal MSNs was also different in the two lines. In the
matrix line, 82 � 4% of striatal GABAergic neurons expressed
myc-tagged Homer1a, whereas in the striosomal line only 23 � 3%
of striatal GABAergic neurons expressed myc-tagged Homer1a.
Based on these results, we refer to the two lines hereafter as
‘‘Homer1a-striosome line’’ and ‘‘Homer1a-matrix line’’ to facilitate
clarity of description of their phenotypes. However, it is important
to emphasize that this nomenclature represents only the loci of
predominant, but not exclusive, expression of Homer1a in these two
anatomical subdomains of the striatum. In particular, the Homer1a-
matrix line encompasses expression of myc–Homer1a not only in
the matrix compartment but also in the striosomal neurons to a
lesser extent.

Development of the Striatum in Homer1a-Expressing Mice. To deter-
mine whether Homer1a expression during early postnatal periods
influences the development of the striatum, we analyzed the
striatum of adult transgenic mice for its cytoarchitecture as well as
for the presence and density of the various diverse groups of striatal
neurons. In both transgenic lines, the macroscopic and the micro-
scopic structure of the striatum appeared normal (Fig. 6A, which is
published as supporting information on the PNAS web site).
Furthermore, immunohistochemistry for neuronal marker proteins

Fig. 1. Generation and initial characterization of transgenic mice expressing
Homer1a in the forebrain. (A) Schematic representation of the targeting
construct used to make mice expressing Homer1a and GFP in an inducible
manner (TgHomer1a-tetO7-GFP), upon crossing with mice expressing tTA under the
control of the CamKII promoter (TgCamKIItTA). pA, polyadenylation signal;
CMVmin, minimal cytomegalovirus promoter; tetO7, tetracycline-binding
operons. (B) Immunohistochemical determination of myc-tagged Homer1a
using anti-myc antibody on forebrain sections of Homer1a-striosome mice and
Homer1a-matrix mice. Arrows point to the Homer1a-positive striatal clusters
resembling striosomal islands. (C) Immunohistochemical determination of
myc–Homer1a using anti-myc antibody on striatal sections of Homer1a-
striosome mice in the naı̈ve state (without DOX) or 10 days after treatment
with doxycycline (under DOX treatment). Doxycycline-induced sequestration
of tTA leads to a loss of myc–Homer1a expression. *, striatum; D, dorsal; M,
medial; L, lateral; V, ventral. (Scale bars: 200 �m in B and C.)

Tappe and Kuner PNAS � January 17, 2006 � vol. 103 � no. 3 � 775

N
EU

RO
SC

IE
N

CE



such as calbindin, calretinin, parvalbumin, acetyl choline esterase,
and choline acetyl transferase revealed a normal distribution of
subpopulations of striatal neurons in both Homer1a-transgenic
mouse lines in comparison with wild-type mice (see Fig. 6A for
examples and Fig. 6B for quantification). Furthermore, the patch–
matrix distribution in Homer1a-transgenic mice was similar to that
in wild-type mice, as shown by immunostaining of patches with
MOR1 (Fig. 6C). The striatal expression of mGluR5 (Fig. 6C) and
mGluR1� (data not shown) also remained unchanged in both lines
of Homer1a-expressing mice in comparison with wild-type mice.

mGluRs have been proposed to modulate development of ni-
grostriatal axons and their contacts on striatal neurons, although it
is unclear whether these effects can be attributed to mGluRs
situated postsynaptically on striatal neurons or presynaptically on
nigrostriatal terminals (24). To address whether the afferent con-
nectivity to the striatum from the substantia nigra develops nor-
mally in Homer1a-overexpressing mice, we performed a thorough
analysis of the distribution and density of dopaminergic terminals
in the dorsomedial caudate and the ventrolateral caudate (VLC) of
the striatum (see Fig. 6D). Confocal analysis of striatal tyrosine
hydroxylase immunofluorescence and its quantification using con-
focal software revealed a normal density of dopaminergic afferent
terminals in the striatum of the H1a-matrix as well as H1a-
striosome mice upon comparison with wild-type littermates (see
Fig. 6E for examples and Fig. 6F for quantification). Similarly,
immunostaining with an antibody against the neuronal glutama-
tergic transporter vesicular glutamate transporter 1 demonstrated
that the overall distribution of glutamatergic terminals was not
qualitatively changed in the striatum (Fig. 6G) or cortex (data not
shown) of Homer1a-expressing mice.

Analysis of Motor Performance in Homer1a-Expressing Mice.
Homer1a-expressing mice did not demonstrate any obvious distor-
tion of gait and posture. Footprint analysis revealed normal stride
length and base width of strides (Table 1, which is published as
supporting information on the PNAS web site). Analysis of loco-
motor activity was performed in the ‘‘open-field’’ test. Mice from
both the Homer1a-striosome line and Homer1a-matrix line dem-
onstrated significantly lesser locomotor activity than did wild-type
littermates, which was evident as decreased horizontal activity and
a significantly longer amount of time spent close to the wall of the
activity box (Fig. 3A; P � 0.05 in all cases). A large increase in the
passivity time was seen in the open-field test with the Homer1a-
striosome mice, but not with the Homer1a-matrix mice, in com-
parison with wild-type mice (Fig. 3A). Furthermore, when the mice

were challenged in the bar-cross test, passivity time was significantly
increased for the Homer1a-striosome mice as compared with
wild-type mice (Fig. 3B, P � 0.003). Although the Homer1a-matrix
mice displayed a tendency for increased passivity time, this ten-
dency did not reach statistical significance. Additional parameters
that were tested, such as frequency of falling, slipping, or turning
around and the speed of movement across the bar, were similar
across all groups (Table 1).

We then tested the mice on an accelerating rotarod, once per day,
over a period of 12 days. The H1a-striosome mice were able to stay
on the accelerating rotarod for a significantly lesser length of time
than were the H1a-matrix mice (P � 0.04) or the wild-type mice
(P � 0.02; Fig. 3C; represented as a mean of measurements
repeated over 12 days). Interestingly, whereas wild-type mice
showed an improvement in rotarod performance over 12 days,
H1a-striosome mice entirely failed to show motor learning (Fig. 3C;
P � 0.05 at all time points from 4 days onwards). Taken together,
the H1a-striosome mice, but not the H1a-matrix mice, demon-
strated clear defects in motor coordination and motor learning.

Because an increase in the amount of time spent close to wall in
the open-field test as well as the increase in passivity time in the
bar-cross test can be an indication of anxiety and fear in the
Homer1a-expressing mice, we also tested them in the light–dark
choice test. In comparison with wild-type mice, the Homer1a-
striosome mice (P � 0.017) and the Homer1a-matrix mice (P �
0.046) spent significantly more time in the dark compartment of the
box than in the illuminated compartment (Fig. 3D), thereby sug-
gesting higher levels of anxiety in Homer1a-expressing mice than in
wild-type mice.

We then asked whether doxycycline-induced loss of Homer1a
expression could rescue motor dysfunction in Homer1a-striosome
mice. Adult Homer1a-striosome mice maintained under doxycy-
cline indeed failed to differ significantly from doxycycline-treated
wild-type mice in the open-field test and light–dark choice test (Fig.
3E; P � 0.05).

Responses to Amphetamine. Hyperactivity and stereotypy induced
by the psychomotor stimulant drug amphetamine have been used
as a measure for studying striatal function (23, 25, 26). To study how
expression of Homer1a in striatal MSNs affects amphetamine-
induced motor effects, we scored wild-type and Homer1a-
expressing mice for motor responses to i.p.-injected amphetamine
according to the behavioral score rating described by Mao and
Wang (25). In wild-type mice, i.p. amphetamine induced progres-
sive behavioral transition from normal level of locomotor activity
(score 3) to enhanced exploratory behaviors (score 4) in a majority
of mice within 20 min. Homer1a-matrix mice displayed magnitude
and time course of responses to amphetamine similar to those of
wild-type mice (Fig. 4 A and B). In contrast, in Homer1a-striosome
mice, the amphetamine-induced increase in motor activity was
more pronounced. In particular, enhanced exploratory behaviors
(score 4) commenced earlier in Homer1a-striosome mice and
progressed rapidly to fast, patterned, repetitive exploration with
hyperactivity (score 6; Fig. 4A). Furthermore, none of the nine
wild-type mice that were tested reached the score of 7 (stereotypy;
Fig. 4B), whereas 75% of Homer1a-striosome mice tested (six of
eight mice) demonstrated stereotypic behavior for long periods of
time (Fig. 4A; P � 0.01 for all time points from 35 min onwards).
Thus, Homer1a-striosome mice demonstrated exaggerated psy-
chomotor responses to amphetamine compared with wild-type
mice. In contrast, when Homer1a-striosome mice and wild-type
mice were treated with doxycycline, no significant differences were
observed with respect to amphetamine-induced motor responses
(Fig. 4A).

An additional approach for addressing changes in synaptic func-
tion and activity of neurons in the striatum caused by psychostimu-
lant drugs is to study the induction of early immediate genes in the
striatum after drug administration (23, 25, 27). We therefore

Fig. 2. Characterization of Homer1a expression in striatal subcompart-
ments. Dual immunofluorescence with anti-myc and anti-MOR antibodies on
striatal sections of Homer1a-striosome mice and Homer1a-matrix mice. In the
Homer1a-striosome line, the localization of myc–Homer1a-positive neurons is
largely restricted to the MOR1-positive striosomal patches, whereas in the
matrix line, it is more widespread. (Scale bar: 200 �m.)
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addressed expression of Fos, the product of the immediate early
gene c-fos, in the dorsomedial caudate and VLC (25) of wild-type
or Homer1a-expressing mice 1 h after amphetamine injection.
Consistent with previous reports (23, 25), amphetamine treatment
produced a large increase in the number of Fos-positive cells (Fig.
4C). A thorough quantitative analysis revealed that numbers of
Fos-positive cells in the VLC of Homer1a-striosome mice were
significantly higher than in wild-type mice (P � 0.032; see Fig. 4C
for typical examples and Fig. 4D for summary). Although the
Homer1a-matrix mice demonstrated a trend for an increased
number of Fos-positive cells in the VLC, this trend did not reach
statistical significance (P � 0.226; Fig. 4 C and D). Taken together,
these results show that stereotypy and expression of plasticity-
related genes induced by acute amphetamine are significantly
enhanced in Homer1a-striosome mice, but not in the Homer1a-
matrix mice, in comparison with wild-type littermates.

Discussion
The striatum plays a critical role in regulating the activity flow in
circuits involving the cortex, the basal ganglia, and the thalamus.
Deficient striatal function is implicated not only in disorders of
neurological functions governing movement and posture but also in
psychiatric disorders and psychostimulant addiction (23, 26–28).
The components of the group I metabotropic receptor-signaling
complex, such as mGluR1, mGluR5, IP3Rs receptors, and synaptic
scaffolding proteins linking them together, namely Homer1�c

proteins, are highly expressed in the striatum (4, 9, 29). Although
mGluR1�5 have been implicated to be critical modulators of
glutamatergic as well as nonglutamatergic synaptic transmission in
the striatum, their contributions to the complex tasks mediated by
the striatum during the execution of voluntary movements, main-
tenance of body posture, and complex motor tasks such as coor-
dination, motor learning, and responses to psychostimulants are not
well understood. So far, analyses of knockout mice have failed to
deliver insights into functions of mGluR1 or mGluR5 in the
striatum mice because of the redundancy of expression and func-
tions of mGluR1 and mGluR5 and the lack of studies on conditional
deletion of both mGluR1 and mGluR5 in the basal ganglia in
general and the striatum in particular.

Here we show that striatal overexpression of Homer1a, an
activity-dependent negative modulator of the mGluR1�5–
Homer1b�c–IP3R signaling complex, alters complex motor tasks,
including motor learning, suggesting thereby that the mGluR1�5-
signaling complex is important in the endogenous regulation of
striatal function. Moreover, we show that doxycycline-mediated
sequestration of tTA led to a complete loss of Homer1a expression
in adult Homer1a-expressing mice and to a rescue of the motor
phenotype. This finding shows that Homer1a overexpression, and
not other factors such as genetic background, are responsible for
alterations in motor function and drug-induced stereotypy in these
transgenic mouse lines. Interestingly, gait patterns and basic body
posture were normal in Homer1a-expressing mice. Rather, the mice

Fig. 3. Behavioral analysis of motor tasks in Homer transgenic mice. Behavioral analysis of motor tasks in wild-type mice (open bars), Homer1a-striosome mice
(shaded bars), and Homer1a-matrix mice (filled bars) in the open-field test (A), bar-cross test (B), rotarod test (C) and light–dark choice test (D). E represents
phenotypic changes in Homer1a-striosome mice (expressed as percentage difference over wild-type mice) in the open-field test and light–dark choice test in the
naı̈ve state (�DOX, light gray bars) and upon treatment with doxycycline (�DOX, hatched bars). For the latter, both wild-type and Homer1a-striosome mice were
treated with doxycycline. *, P � 0.05 upon comparison with wild-type mice (n � 7–8 mice per group in each test).
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showed defects in complex movements such as locomotion on a
rotating rod or an elevated bar as well as in motor learning in the
rotarod test over a period of 12 days, consistent with the notion that
slow, metabotropic glutamatergic signaling plays more of a mod-
ulatory role rather than mediating basic functions. In contrast to a
previous in vitro study based on pharmacological blockade of
mGluR1�5 in substantia nigra–striatum cocultures (24), we did not
find obvious defects in nigrostriatal connectivity in Homer1a-
expressing mice in vivo. This discrepancy can be explained on the
basis of differences in specificity of the loci of manipulations as well
as the late embryonic-to-perinatal onset of CamKII� promoter-
driven expression of Homer1a. In any case, the observation that
Homer1a-expressing mice develop a normal striatal structure and
afferent connectivity enabled us to analyze complex motor behav-
ioral phenotypes in the adult stage, independent of potential
artifacts that could have arisen from developmental abnormalities.

Both the matrix line and the striosome line showed significant
deviations in motor behaviors in some tests (such as the open-field
test) and behaviors such as grooming duration, suggesting that
mGluR1�5 signaling regulates the output of striatal neurons in both
compartments. However, in contrast to the Homer1a-striosome
mice, Homer1a-matrix mice either failed to show changes or
demonstrated only statistically insignificant trends in behavioral
deviations in other tests assessing motor functions more rigorously,
such as the bar-cross test or the rotarod test. This observation that
the Homer1a-striosome mice displayed a stronger motor behavioral
phenotype than did Homer1a-matrix mice suggests that Homer1a-
induced modulation of mGluR1�5-signaling in striosomes has a
greater impact on function than in the matrix. Consistent with this
notion, critical signaling effectors of group 1 mGluRs such as IP3Rs,
phospholipase C �, and phospholipase C � have been reported to
be enriched in MOR1-positive striosomal compartments, although
neither mGluR1�5 themselves nor endogenous Homer1b�c appear
to display selectivity of expression over the patch–matrix subdomain
of the striatum (9, 29). Furthermore, several studies have revealed
that the matrix and striosomes demonstrate a high degree of
functional specificity in terms of afferent–efferent connectivity as
well as processing of inputs (30, 31). Whereas the matrix neurons
chiefly receive inputs from the sensorimotor neocortex and are
functionally associated with the course of continuous, normal
locomotor behavior in response to sensory inputs, the striosomal
neurons are engaged in reentrant loops with limbic structures and
are functionally associated with motivational behavior, learning,
and goal-directed actions (26, 32, 33). This finding supports our
observation that Homer1a-striosome mice demonstrate stronger
deficits in complex motor tasks, including motor learning, than do
Homer1a-matrix mice.

Limbic structures, such as the anterior cingulate cortex and the
amygdala, which are important in the manifestation of fear and
anxiety, have been reported to project to striatal striosomes (34).
Consistent with the above, we observed increased fear-associated
behavior in Homer1a-matrix mice as well as Homer1a-striosome
mice, suggesting that modulating mGluR1�5-signaling complex in
limbic structures (as in the Homer1a-matrix line) and in their target
regions in the striatum, namely the striosomes (as in the Homer1a-
striosome line), may be associated with the manifestation of fear
and anxiety.

One of the most interesting aspects of this study is the observa-
tion that Homer1a expression in striosomal MSNs modulates motor

examples (D) of Fos immunoreactivity in the VLC or dorsomedial caudate
(DMC) at 60 min after i.p. administration of saline or amphetamine in the same
set of mice tested for behavioral scores shown in A and B. Boxed areas are
magnified in the corresponding panels beneath them. Examples of specifically
labeled, punctuate, Fos-immunoreactive cells and unspecifically labeled
brown fiber bundles are indicated by arrowheads and arrows, respectively.
(Scale bar: 200 �m.) *, P � 0.05 (n � 7–8 mice per group in each test).

Fig. 4. Analysis of motor behavior (A and B) and expression of Fos (C and D)
induced by acute i.p. administration of amphetamine or saline (control) in
Homer1a-matrix mice or wild-type or Homer1a-striosome mice in the naı̈ve
state or after treatment with doxycycline. Please see the text for a detailed
description of the behavioral rating scheme. A shows the behavioral score as
a function of time after administration of amphetamine or saline. B represents
the same data set, showing the average amount of time spent in each
behavioral stage by the mice in each group as a percentage of the total
observation time of 60 min. (C and D) Quantitative summary (C) and typical
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hyperactivity as well as induction of plasticity-related genes in the
striatum produced by acute administration of the psychostimulant
amphetamine. Amphetamine elicits dose-dependent, progressive
hyperlocomotion and stereotypic activity by enhancing dopaminer-
gic neurotransmission in the nucleus acumbens and the caudate
putamen (23). Furthermore, plasticity-related immediate early
gene products such as Fos, zif268, Fra, and Jun get induced rapidly
in the striatum by amphetamine (23, 25, 26). As with the behavioral
tasks described above, amphetamine-induced stereotypy and Fos
expression were selectively modulated in the Homer1a-striosome
line, consistent with a concept recently proposed by Canales and
Graybiel (23) that suggests that a direct link exists between motor
stereotypy induced by psychomotor stimulants and the degree by
which the activation of striosomes exceeds the activation of matrix.

The view that manipulating the activity of mGluR1�5-signaling
complexes by changes in the expression of scaffolding proteins
affects behavioral sensitization evoked by addictive drugs is also
supported by studies addressing the nucleus acumbens. Recent
work by Kalivas and colleagues (3, 18, 35) has shown that a cocaine
administration leads to a reduced expression of the long-form
Homer proteins, Homer1b�c, in the nucleus acumbens (3), which
has been suggested to contribute to cocaine-induced behavioral
sensitization (18, 35). It is very interesting to note that a decrease
in the expression of Homer1b�c likely has mechanistic conse-
quences similar to overexpression of Homer1a expression, i.e.,
down-regulation in the functional assembly of the mGluR1�5
scaffolding complex. Indeed, cocaine administration is also known
to induce expression of Homer1a expression in the nucleus acum-
bens (5). In support of a role for striatal Homer proteins in
regulating drug-induced behavior as suggested by our results, the
expression of Homer1a was very recently shown to be rapidly
induced in the striatum by acute administration of the psychostimu-
lant methylphenindate (Ritalin) (36).

Our observations leave open several questions as to why and how
changes in functional assembly of the anchoring and signaling
apparatus of type 1 mGluRs on striosomal neurons leads to altered
striatal output in complex motor tasks. However, this study has
addressed one factor that has long hampered further delineating the
roles of the striosomal- and matrix-based striatal systems in gov-
erning motor function and drug addiction, namely, the inability to
selectively target one compartment or the other with pharmaco-
logical agents. Here, a genetic approach, which permitted selective
molecular manipulations in the striosomal compartments in vivo,
demonstrates that a selective change in the glutamate receptor-
anchoring proteins in striosomes significantly affects motor perfor-

mance, including reinforcing behavior induced by a habit-forming
drug.

Materials and Methods
Generation and Maintenance of Transgenic Mice. The Homer1a-
specific sequence was amplified by using AgeI- and NheI-anchored
primers from a plasmid containing rat Homer1a cDNA, in which
the N terminus was myc-tagged and the last 15 aa of the C terminus
were deleted (kindly provided by P. Worley, Johns Hopkins Uni-
versity, Baltimore) and cloned into the pBI-3.tri.GFP plasmid
(kindly provided by R. Sprengel, Max–Planck Institute for Medical
Research, Heidelberg), which contained a TetO7 element, flanked
by two bidirectional cytomegalovirus minimal promoters. The
resulting myc–Homer1a–EGFP construct was used to generate
transgenic mice (see detailed description in Supporting Methods,
which is published as supporting information on the PNAS web
site). To enable tTA-dependent expression of Homer1a, Homer1a
founders were bred with the TgCaMKIItTA mouse line (20). All
mouse lines generated from diverse founders were backcrossed to
the C57BL�6 wild-type strain and analyzed in the fifth or sixth
backcross. Littermates or age-matched wild-type mice of the same
genetic background were used in all experiments. In some exper-
iments, adult wild-type and transgenic mice were treated with
doxycycline (2 g�liter of drinking water with 30% sucrose; Sigma)
for 10 days. Animals were maintained and analyzed according to
protocols that were approved by the local governing committee.
Only adult male mice (18–27 g) were used for behavioral experi-
ments. Mice were kept in individual cages on a 12-h light–dark cycle
with constant room temperature. Behavioral tests were always
conducted between 1100 hours and 1600 hours by a person who was
blinded to the genotype of the mice.

Motor Function Analysis and Immunohistochemistry. For details, see
Supporting Methods.

Data Analysis. All data are represented as mean � SEM. Data were
statistically analyzed by performing an ANOVA using random
measures followed by Fischer’s post hoc test.

We are very grateful to P. W. Worley and Rolf Sprengel for help and
advice in the generation of Homer1a-transgenic mice and for sharing
DNA constructs and to Peter Lepczynski, Lidija Andonovic, and Hans-
Joseph Wrede for expert technical assistance. This work was supported
by an Emmy Noether Program grant from the Deutsche Forschungsge-
meinschaft (to R.K.).
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