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The nucleus accumbens (NAc) serves as a key neural substrate that
controls acute and adaptive behavioral responses to cocaine
administration. In this circuit, inputs from the NAc are transmitted
through two parallel pathways, named the direct and indirect
pathways, and converge at the substantia nigra pars reticulata
(SNr). Our previous study using reversible neurotransmission
blocking (RNB) of each pathway revealed that the dual stimulation
of the SNr by both pathways is necessary for the acute response,
but that the direct pathway predominantly controls the adaptive
response to repeated cocaine administration. This study aimed at
exploring the pathway-specific mechanism of cocaine actions at
the convergent SNr. We examined a genome-wide expression
profile of the SNr of three types of experimental mice: the direct
pathway-blocked D-RNB mice, the indirect pathway-blocked I-RNB
mice, and wild-type mice. We identified the up-regulation of
ephrinA5, EphA4, and EphA5 specific to D-RNB mice during both
acute and adaptive responses to cocaine administration. The
activation by EphA4 and EphA5 in the SNr of wild-type mice by
use of the immunoadhesin technique suppressed the adaptive
response to repeated cocaine administration. Furthermore, cocaine
exposure stimulated the phosphorylation of Erk1/2 in ephrinA5-
expressing SNr cells in a direct pathway-dependent manner. The
results have demonstrated that the ephrinA5-EphA4/EphA5 system
plays an important role in the direct pathway-dependent regula-
tion of the SNr in both acute and adaptive cocaine responses and
would provide valuable therapeutic targets of cocaine addiction.
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The basal ganglia are the key neural substrates that control
motor balance and reward-based and aversive learning (1, 2).

Dysfunction of the basal ganglia leads to devastating neurologi-
cal disorders, such as Parkinson disease and drug addiction (3–
5). The projection neurons in the striatum and the nucleus
accumbens (NAc), the ventral part of the striatum, are GABA-
containing medium-sized spiny neurons, which are divided into
two subpopulations: striatonigral neurons in the direct pathway
and striatopallidal neurons in the indirect pathway (1, 3, 6). The
inputs of these two pathways converge at the substantia nigra
pars reticulata (SNr) and control the dynamic balance of the
basal ganglia-thalamocortical circuitry (1, 7). Cocaine and other
psychostimulants massively increase dopamine levels in the NAc
and the striatum and induce abnormal behavioral responses both
acutely and chronically (8). We previously developed a gene-
manipulating technique that allows separate and reversible
neurotransmission blocking (RNB) of the direct pathway (D-
RNB mice) and the indirect pathway (I-RNB mice) in vivo (9).
The use of this technique revealed the distinct regulatory func-
tion of the two pathways in acute and chronic responses to co-
caine exposure (9). Blockade of the direct pathway abrogates the
acute response and then markedly attenuates the chronic re-

sponse to cocaine administration. In contrast, blockade of the
indirect pathway abolishes the acute response as well; but the
ability to induce normal levels of the chronic response after re-
peated cocaine administration is retained. The two pathways are
thus necessary for the acute cocaine response but the direct
pathway plays a predominant role in the adaptive response to
repeated cocaine administration (9). However, the molecular
and signaling mechanisms that underlie these different adaptive
reactions by the two pathways remain to be clarified.
The SNr is composed mostly of GABAergic projection neu-

rons and serves as a main target nucleus that receives
GABAergic inputs from the direct pathway and both GABAergic
and glutamatergic inputs from the indirect pathway (1, 7). In this
study, we investigated what signaling molecules are involved in
the pathway-dependent regulation of the SNr after cocaine ad-
ministration. To address this question, we examined a genome-
wide expression profile of the SNr of the D-RNB, I-RNB, and
WT mice by using microarray and quantitative RT-PCR techni-
ques. We identified the specific up-regulation of ephrinA5,
EphA4, and EphA5 in the D-RNB mice after cocaine adminis-
tration. We also revealed the inhibitory role and downstream
signaling of the ephrinA5-EphA4/EphA5 system in cocaine-
induced behaviors. This study has thus disclosed an important
mechanism of the pathway-specific regulation of cocaine actions
in the basal ganglia circuitry and would provide valuable thera-
peutic targets of drug addiction.

Results
Profiling of Gene Expression of the SNr in the D-RNB Mice After
Cocaine Administration. In this study, we used previously de-
veloped RNB transgenic mice, in which the tetanus toxin light
chain (TN) is restrictedly expressed in cells of either the direct or
the indirect pathway (9). TN is a bacterial toxin that cleaves the
synaptic vesicle-associated membrane protein-2 and thus blocks
transmitter release from the synaptic vesicles. In RNB mice, the
expression of TN is controlled by the tetracycline-responsive
element (TRE) and thus driven by its interaction with the
tetracycline-repressive transcription factor (tTA) in a tetracy-
cline-derivative doxycycline-regulated manner. The restricted
expression of tTA in either pathway is achieved by using the
adeno-associated virus (AAV)-mediated gene-expression system,
in which the expression of tTA is directed by the substance P
promoter or the enkephalin promoter. Recombinant AAVs were
bilaterally injected into the NAc, and 2 wk after the viral in-
jection, locomotor activity was measured for 10 min immediately
after cocaine (10 mg/kg) or saline administration. Both D-RNB
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and I-RNB mice failed to show acute hyperlocomotion after
cocaine administration (9).
The SNr, which is a main target nucleus of the direct and in-

direct pathways, is rich in glutamic acid decarboxylase67 (GAD67)-
immunoreactive cells and is located adjacent to the substantia
nigra pars compacta (SNc), which is characterized by a high density
of tyrosine hydroxylase (TH) immunoreactivity (Fig. 1A) (10, 11).
The SNr and the SNc could thus be easily separated and dissected
by the characteristic architecture and cell shapes of these nuclei.
We performed quantitative RT-PCR of dissected SNrs and con-
firmed that the SNrs used exhibited a high level of the GAD67
mRNA and a minimal contamination of the TH mRNA from the
SNc (Fig. 1B). Furthermore, there was no difference in expression
levels of the GAD67 mRNA among the D-RNB, I-RNB, and WT
mice, regardless of whether the animals were treated or not with
cocaine (Fig. 1B).
After confirmation of the lack of cocaine-induced hyper-

locomotion in individual D-RNB and I-RNB mice, SNrs were
mechanically isolated fromD-RNB, I-RNB, andWTmice 1hafter
cocaine or saline administration. Total RNA was extracted from
microdissected SNrs and subjected to microarray analysis. As
criteria for the selection of candidate genes, we used hybridization
signals of>150 at least in oneof the three types of the experimental
animals and more than 1.4-fold changes between cocaine and sa-
line treatments in eitherD-RNBor I-RNBmice, but not in theWT
mice. Candidate genes thus selected were further confirmed by
quantitative RT-PCR analysis. Among a few candidate genes, we
focused on and analyzed in detail the ephrinA5, EphA4, and
EphA5mRNAs, all of which were up-regulated in the SNr of only
the D-RNB mice (Fig. 1C) (one-way ANOVA analysis for eph-
rinA5, P < 0.001–0.01; for EphA4, P < 0.01–0.05; for EphA5, P <
0.01–0.05). The up-regulation of these mRNAs was not only spe-
cific to D-RNB mice after cocaine administration but in addition,
the expression of these mRNAs was not altered in saline-treated
RNBorWTmice (Fig. 1CandD), indicating that theup-regulation

of thesemRNAs depended on both blockade of the direct pathway
and cocaine administration.
Because the previous blockade study indicated a key role of

the direct pathway in the adaptive response to repeated cocaine
administration (9), we next addressed whether the ephrinA5,
EphA4, and EphA5 mRNAs remained up-regulated in the SNr
of D-RNB mice after repeated administration of cocaine. The
SNr was isolated and microdissected after repeated cocaine ad-
ministration for 5 d. Quantitative RT-PCR showed that the
ephrinA5 and EphA5 mRNAs remained up-regulated in the SNr
of only the D-RNB mice (Fig. 1D) (one-way ANOVA analysis
for ephrinA5, P < 0.05; for EphA5, P < 0.05). The EphA4
mRNA, although not being statistically significant, tended to be
up-regulated in the D-RNB mice (Fig. 1D). These results in-
dicate that ephrin-Eph receptor signaling molecules are specifi-
cally up-regulated in the D-RNB mice not only at the acute
phase but also at the adaptive phase of cocaine administration.

Localization of EphrinA5, EphA4, and EphA5 in the SNr. GABAergic
neurons represent a major cell population, amounting to more
than 90% of the neurons in the SNr (12). We investigated the
cellular expression patterns of ephrinA5, EphA4, and EphA5 in
theSNr by double immunostaining for eachof thesemolecules and
either gephyrin, a postsynaptic marker of GABAergic neurons
(13), or glial fibrillary acidic protein (GFAP), a marker of astro-
cytes (14). This analysis showed that gephyrin-immunoreactive
GABAergic neurons expressed both the ephrinA5 ligand and the
EphA4 and EphA5 receptors (Fig. 2 A, C, and E). In contrast, the
GFAP-positive astrocytes expressed the EphA4 and EphA5
receptors, but not the ephrinA5 ligand (Fig. 2 B, D, and F). In
gephyrin-immunoreactive neurons, EphA4 and EphA5 were
mostly localized in the soma and proximal dendrites, whereas the
ephrinA5 localization extended from the soma to the distal den-
drites. Furthermore, double immunostaining among ephrinA5,
EphA4, and EphA5 indicated that all three molecules were ubiq-
uitously colocalized in more than 80% of the SNr neurons (Fig. 3).

Fig. 1. Direct pathway-specific regulation
of expression of ephrinA5, EphA4, and
EphA5 mRNAs in the SNr by cocaine ad-
ministration. (A) Double immunostaining
of coronal sections of the SNr and SNc of
WT mice with the GAD67 antibody and the
TH antibody. A merged view showed that
the GAD67-immunoreactive SNr (red) is lo-
cated adjacent to the TH-immunoreactive
SNc (green). (Scale bar, 100 μm.) (B) D-RNB,
I-RNB, and WT mice were prepared by bi-
lateral injection of the AAVs into the NAc.
Two weeks after the viral injection, the
animals received a single intraperitoneal
injection of either cocaine (10 mg/kg) or
saline and were killed 1 h later. The SNr
was then isolated, and the levels of the
GAD67 and TH mRNAs were quantified by
RT-PCR. mRNA levels were normalized by
referring to that level of the β-actin mRNA
as 1 (n = 6 for D-RNB and I-RNB; n = 12 for
WT). (C) The SNr was isolated as in B, and
mRNA levels were quantified by PCR (n = 6
for D-RNB and I-RNB; n = 12 for WT). (D)
Experiments were performed as in B, ex-
cept that the animals daily received a single
intraperitoneal injection of cocaine (10 mg/
kg) or saline for 5 d and the SNr was then
isolated 1 h after the last intraperitoneal
injection (n = 6 each). In C and D, levels of
each mRNA were expressed by referring to those of the corresponding mRNA in saline-injected WT mice. Columns and bars represent the mean ± SEM; *P < 0.05,
**P < 0.01, ***P < 0.001.
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Effects of EphrinA5, EphA4, and EphA5 on Cocaine Sensitization.
Because the above results indicate that the deficit of the direct-
pathway transmission selectively up-regulated the ephrin-Eph
signalingmolecules in the SNr of the cocaine-treatedmice, wenext
addressed whether the activation of this signaling could suppress
the adaptive response induced by repeated cocaine administra-
tion. To address this question, we used specific immunoadhesin
chimeras, which were the fusion proteins consisting of the Fc
domain of human IgG and the respective extracellular binding
domain of the ephrin or the Eph receptors (15, 16). These
immunoadhesins were the dimerized forms, which activate the

corresponding receptors or ligands (17, 18). The immunoadhesin
or the control Fc was attached to fluorescent microspheres to
prevent diffusion into other brain regions (19).
The immunoadhesin- or the control Fc-attached microspheres

were bilaterally injected into the SNr of WT mice, and restricted
injection into the SNr was confirmed by visualization of the mi-
crosphere fluorescence in brain slices of individual mice killed
after behavioral analysis. Four days after injection of the immu-
noadhesins, cocaine (10 mg/kg) was daily administered for 4 d
and locomotor activity was measured immediately after each
cocaine administration. Repeated cocaine administration induced
a progressive increase in locomotor activity, called locomotor
sensitization (9). Both EphA4-Fc and EphA5-Fc significantly
suppressed cocaine-induced locomotor sensitization compared
with that of the control Fc-injected mice (Fig. 4 B and C) (ana-
lyzed by repeated-measure ANOVA: between EphA4-Fc (n =
10) and control Fc (n = 6), for immunoadhesin, P < 0.005; for
day, P < 0.005; for interaction immunoadhesin × day, P < 0.01;
between EphA5-Fc (n = 8) and control Fc(n = 6), for immu-
noadhesin, P < 0.005; for day, P < 0.005; for interaction immu-
noadhesin × day, P < 0.05). EphrinA5-Fc showed no statistically
significant suppression of cocaine-induced hyperlocomotion, as
analyzed by repeated-measure ANOVA but tended to reduce
locomotor sensitization on days 3 and 4 (Fig. 4A). These results
indicate that the EphA4 and EphA5 receptors in the SNr play an
important role in controlling adaptive responses to repeated ad-
ministration of cocaine.

Erk Phosphorylation in EphrinA5-Positive Cells Specific to the Cocaine-
Treated D-RNB Mice. Both EphA4 and EphA5 bind to ephrinA5,
and this binding reversely stimulates the phosphorylation of the
MAP kinases, Erk1 and Erk2, in ephrinA5-bearing cells (20).
Therefore, we addressed whether cocaine could enhance phos-
phorylation of Erk1/2 in ephrinA5-bearing neurons specific to the
SNr of D-RNB mice. The SNr of D-RNB, I-RNB, or WT mice
was analyzed by double immunostaining with antibodies against
ephrinA5 and phospho-Erk1/2 (pErk1/2) after acute or chronic
cocaine administration (Fig. 5 A–I). The numbers of cells posi-
tive for ephrinA5 or pErk1/2 were counted, and the ratio of
pErk1/2-ephrinA5 double-positive cells to ephrinA5-positive
cells was calculated. This ratio markedly increased in D-RNB
mice in the acute phase of cocaine administration (D-RNB, 69.0
± 3.8%; I-RNB, 37.0 ± 1.4%; WT, 33.2 ± 2.3%; P < 0.001, D-
RNB vs. I-RNB or WT) (Fig. 5J). Similarly, this ratio signifi-
cantly increased in D-RNB mice at the chronic phase of cocaine

Fig. 2. Immunohistological analysis of
ephrinA5, EphA4, and EphA5 in the SNr
cells. Coronal sections of the SNr of WT
mice were double-immunostained with the
following antibodies and visualized by
confocal microscopic analysis: (A and B)
green, ephrinA5; (C and D) green, EphA4;
(E and F) green, EphA5; (A, C, and E) red,
gephyrin; (B, D, and F) red, GFAP. (Scale
bar, 10 μm.)

Fig. 3. Coexistence of ephrinA5, EphA4, and EphA5 in the SNr neurons.
Coronal sections of the SNr were double-immunostained with the following
antibodies and visualized by light microscopic analysis: (A) ephrinA5 (green)
and EphA4 (red); (B) ephrinA5 (green) and EphA5 (red); (C) EphA4 (green)
and EphA5 (red). (Scale bar, 50 μm.)
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administration (D-RNB, 70.4 ± 7.8%; I-RNB, 37.8 ± 2.9%; WT,
31.8 ± 7.8%; P < 0.001–0.01, D-RNB vs. I-RNB or WT) (Fig.
5K). Importantly, there was no difference in the relative ratio of
two types of cells in three groups of saline-treated mice (Fig. 5 J

and K). Upon double immunostaining for NeuN, a marker of
mature neurons (21), ephrinA5-immunoreactive cells amounted
to 94% to 98% of the NeuN-positive cells in all three groups of
mice, regardless of treatment or not with cocaine. Thus, there

Fig. 4. Suppression of cocaine-induced hyperlocomotion by EphA4 and EphA5 in the SNr. Fluorescent microspheres with attached ephrinA5-Fc (A), EphA4-Fc
(B), EphA5-Fc (C), or control Fc (A–C) were bilaterally injected into the SNr of WT mice. One day after immunoadhesin injection, animals received in-
traperitoneal saline once a day and were habituated for 3 d. Cocaine (10 mg/kg) was then intraperitoneally injected once a day from day 1 to day 4; and
immediately after each cocaine injection, locomotor activity was counted for a 10-min period. Symbols and bars represent the mean ± SEM (ephrinA5-Fc, n =
14; EphA4-Fc, n = 10; EphA5-Fc, n = 8; control Fc, n = 6). Statistical significance was analyzed by repeated-measure ANOVA; **P < 0.01, ***P < 0.001 (EphA4-Fc
or EphA5-Fc vs. control Fc).

Fig. 5. Activation of Erk1/2 in ephrinA5-expressing SNr neurons specific to D-RNB mice. For Cocaine Acute (A, D, and G) and Saline (C, F, and I), D-RNB, I-RNB,
and WT mice received a single intraperitoneal injection of cocaine (10 mg/kg) and saline, respectively, and the SNr was isolated 6 h after cocaine or saline
injection. For Cocaine Chronic (B, E, and H), three groups of mice daily received a single intraperitoneal injection of cocaine (10 mg/kg) for 5 d and the SNr was
isolated 1 h after cocaine injection. Coronal sections were double-immunostained with antibodies against ephrinA5 (green) and pErk1/2 (red) and visualized
by light microscopic analysis. Arrows and arrowheads indicate the pErk1/2-positive and pErk1/2-negative cells, respectively, that were also immunopositive for
ephrinA5. (Scale bar, 50 μm.) (J and K) The numbers of Erk1/2-immunopositive and Erk1/2-immunonegative cells among the ephrinA5-immunoreactive cells
were counted, and the ratios of pErk1/2-ephrinA5 double-immunopositive cells to ephrinA5-immunoreactive cells are indicated in J and K. Columns and error
bars represent the mean ± SEM (n = 4 each). The statistical significance was analyzed by one-way ANOVA. **P < 0.01, ***P < 0.001.
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was a good correlation in the pathway specificity between the
regulation of the EphA4/EphA5-ephrinA5 system and phos-
phorylation of Erk1/2 in the SNr neurons. This correlation sug-
gests that the Erk1/2 signaling downstream of ephrin actions in the
SNr is important for the cocaine-induced behavioral responses.

Discussion
The principal striatal neurons receive inputs from the cerebral
cortex and thalamus and send their inputs to the SNr through two
parallel pathways (1, 7). In the basal ganglia circuit, cocaine
inhibits the dopamine transporter and massively increases dopa-
mine levels in the striatum and the NAc (8). This rapid increase in
dopamine activates both the low-affinity D1 receptor in the direct
pathway and the high-affinity D2 receptor in the indirect pathway
(22). The chronic cocaine exposure then persistently activates the
D1 and D2 receptors and differentially induces long-term poten-
tiation at striatonigral neurons of the direct pathway and long-term
depression at striatopallidal neurons of the indirect pathway (23).
The long-term potentiation of the direct pathway is thought to be
critical for inducing the adaptive response to chronic cocaine ex-
posure (9, 23). However, the pathway-specific regulatory mecha-
nisms of cocaine actions at the convergent SNr remained to be
clarified. This investigation has revealed an importantmechanism,
in which the ephrinA5 ligand-EphA4/EphA5 receptors are regu-
lated in the SNr via a direct pathway-specific mechanism in both
the acute and chronic phases of cocaine responses. These ephrin-
Ephmolecules were up-regulated specifically by blocking inputs of
the direct pathway after cocaine administration. Conversely, the
EphA4 and EphA5 receptors in the SNr suppressed adaptive re-
sponse to repeated cocaine administration. Furthermore, cocaine
exposure activated the Erk1/2 signaling cascade in ephrinA5-
expressing SNr cells in a direct pathway-dependentmanner. These
results indicate that the ephrinA5-EphA4/EphA5 signaling mol-
ecules are specifically regulated by inputs of the direct pathway and
play an important role in the acute and adaptive responses to
cocaine exposure.
The ephrin-Eph system consists of the large family of both

ephrins and Eph receptors and controls a large variety of cellular
responses, including contact-mediated attraction or repulsion,
synapse formation, spinemorphogenesis, and neural plasticity (24,
25). One of the characteristic features of the ephrin-Eph system is
its bidirectional signaling cascade, in which the interaction of
ephrin with the Eph receptor induces a forward signaling in the
Eph-bearing cells and simultaneously elicits a reverse signaling in
the ephrin-bearing cells (20, 26). Although ephrinA5, EphA4, and
EphA5 were all up-regulated by blocking the direct pathway at
least at the acute phase of cocaine administration, activation by
EphA4 and EphA5 was more effective than activation by eph-
rinA5 in suppressing the cocaine sensitization. This reverse sig-
naling could thus play a predominant role in the transmission
regulation of the direct pathway in the SNr. This regulation may
occur by interaction of the presynaptic EphA4/EphA5 of striatal
cells (27, 28) and the postsynaptic ephrinA5 of the SNr neurons.
Astrocytes also highly express EphA4 and EphA5, which may
stimulate ephrinA5 in neurons (26). Recently, the ephrin-Eph cis
interaction within the same cellular membrane has been shown to
transduce a key signaling in the ephrin-Eph system (26, 29, 30).
Because both ephrinA5 and EphA4/EphA5 are commonly dis-
tributed in most of the SNr neurons, the cis interaction of this
system could be involved in the direct pathway-specific regulation
of cocaine responses. Whatever the mechanisms of the ephrinA5-
EphA4/EphA5 system in the SNr, our finding that the Erk1/2 sig-
naling is pathway-specifically regulated in ephrinA5-expressing cells
strongly suggests that the ephrinA5-EphA4/EphA5–expressing SNr
neurons play an important role in cocaine-induced input trans-
mission of the direct pathway.
No alteration of the ephrinA5-EphA4/EphA5 system was

observed in saline-treated D-RNB mice, indicating that the ob-

served changes in this ephrin-Eph system were linked to the
action of cocaine and not a consequence of impaired trans-
mission per se of the direct pathway. Our previous study using
the RNB technique revealed that blockade of either the direct or
the indirect pathway abolished the acute cocaine response (9).
The dual stimulation of the two pathways is thus necessary for
the rapid response to cocaine administration (9). In the chronic
response to repeated cocaine administration, blockade of the
direct pathway—but not that of the indirect pathway—severely
impaired cocaine-induced adaptive responses, indicating that the
direct pathway plays a predominant role in input transmission for
the adaptive response to cocaine (9). However, despite the de-
fectiveness of the acute response by blockade of either of the two
pathways (9), up-regulation of the ephrinA5-EphA4/EphA5
system as well as activation of Erk1/2 was observed in a direct
pathway-selective manner at both acute and chronic phases of
cocaine administration. The ephrinA5-EphA4/EphA5 system is
thus most likely to contribute to triggering the acute response
and then inducing the adaptive response to cocaine actions. The
cellular response to ephrin-Eph engagement is often repulsive
between the two cells, although a repulsive or attractive response
depends on the cellular context (26). This ephrin-Eph system is
also important for cell-cell communication by controlling spine
morphogenesis and neural plasticity (18, 24, 26, 31). Present
findings of the pathway-selective ephrin-Eph engagement in
cocaine-induced responses thus shed light on the action of co-
caine and would provide valuable therapeutic targets for the
treatment of drug addiction.

Materials and Methods
Animals and Behavioral Analysis. All animal handling procedures were per-
formed according to the guidelines of the Osaka Bioscience Institute. The RNB
mice, in which transmission of either the direct or the indirect pathway was
selectively blocked, was generated as described previously (9). Briefly, the
expression of TN was driven in the TN mice by the TRE and induced by in-
teraction with the tTA (32). The expression of tTA was restricted to the direct
or indirect pathway by injecting one of two types of the recombinant AAVs
into the NAc, in which tTA was exclusively expressed in either the direct or
the indirect pathway under the control of the substance P promoter or the
enkephalin promoter, respectively (9). The recombinant AAV was bilaterally
injected into four sites of the NAc by stereotaxic techniques (9). The RNB
mice and their WT littermates were used for all experiments.

Locomotor activity was measured with an infrared activity monitor (MED
Associates). For measurement of cocaine-induced hyperlocomotion, animals
received intraperitoneal saline once a day and were habituated to a novel
chamber for 3 d. Cocaine (10 mg/kg) or saline was then intraperitoneally
injected once a day from day 1 to day 4, and immediately thereafter the
locomotor activity was counted for a 10-min period.

Microdissection of the SNr. One hour after cocaine or saline administration,
mice were killed, and frozen coronal sections (40 μm) were obtained from the
brain embedded in OCT compound. Microdissection was performed by using
a Micro Dissector PPMD (Eppendorf), consisting of a 1-mm diameter stain-
less-steel needle (Eppendorf) set at a 45° angle to the surface of the mi-
croscope table. A micropipette was mounted on a 3-axis–controlled,
motorized micromanipulator (Eppendorf) attached to the microscope. After
cryosections were covered with a pool of 15 μL of xylene for visualization,
the SNr was dissected as an ultrasonically oscillating needle was moved
along a selected tissue area.

Microarray Analysis. Total RNA of dissected SNrs was extracted with the
reagents of an RNeasy Mini Kit (Qiagen) after evaporation of xylene in a
vacuum concentrator. Approximately 5 ng of total RNA was labeled by using
GeneChip Two-Cycle Target Labeling and Control Reagents (Affymetrix).
Hybridization signals were calculated by analyzing raw data with Microarray
Suite 5.0 (Affymetrix) and further analyzed with GeneSpring GX 11.0 soft-
ware (Agilent Technologies) and Ingenuity Pathway Analysis 6.0 software
(Ingenuity Systems). The data were normalized to the 75th percentile for per-
chip normalization.
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Quantitative RT-PCR. Reverse transcription was carried out by using the Su-
perScript First-Strand Synthesis System (Affymetrix) with the T7-oligo(dT)
primer. cDNAs thus synthesized were amplified by a cycle of T7 amplification
by using the MEGAscript High Yield Transcription Kit (Applied Biosystems).
Specific primers were designed to generate 60- to 150-bp PCR products
corresponding to the 3′ region of each mRNA. All reactions were performed
in duplicate, and β-actin mRNA was used as an internal control for mRNA
quantification.

Immunohistological Analysis. Immunohistochemistry of frozen coronal sec-
tions (20 μm) of the adult mouse brain was performed as described by
Schneider Gasser et al. (33) by using the primary antibodies against ephrinA5
(Abcam), EphA4, EphA5 (for both, Abcam or Santa Cruz), pErk1/2 (Santa
Cruz), GAD67, TH (Millipore), gephyrin (Synaptic Systems), and GFAP (Sigma
Aldrich). The secondary antibodies used were Alexa488- or Alexa594-con-
jugated goat IgG (Molecular Probes), and specific immunoreactivity was
confirmed by performing immunohistochemical analysis without addition of
the primary antibody.

Immunoadhesin Analysis. Three different immunoadhesins were used; that is,
fusion proteins consisting of the binding domain of either ephrinA5, EphA4,
or EphA5 attached to the Fc domain of human IgG (R&D Systems). To prevent
diffusion of immunoadhesins into other brain regions, we attached fluo-

rescent microspheres (Lumafluor) to each immunoadhesin, as described by
Riddle et al. (19). Immunoadhesin was injected stereotaxically at four sites in
the SNr of WT mice (3.4-mm and 3.6-mm posterior to the bregma, ± 1.5-mm
lateral from the midline, 4.0-mm depth from the dura). Four days after
immunoadhesin injection, locomotor activity was measured immediately
after daily administration of cocaine (10 mg/kg). After the behavioral
analysis, injection sites of immunoadhesins were confirmed by visualization
of immunoadhesin-attached fluorescent microspheres in the SNr of brain-
slice preparations.

Statistical Analysis. Statistical analysis was conducted by using Graph Pad
PRISM 5.0 (GraphPad Software). Data were analyzed by one-way ANOVA or
repeated-measure ANOVA and were presented as the mean ± SEM.
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