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SUMMARY

The ephrin/Eph system plays a central role in
neuronal circuit formation; however, its down-
stream effectors are poorly understood. Here
we show that «-chimerin Rac GTPase-activat-
ing protein mediates ephrinB3/EphA4 forward
signaling. We discovered a spontaneous mouse
mutation, miffy (mfy), which results in a rabbit-
like hopping gait, impaired corticospinal axon
guidance, and abnomal spinal céntral pattern
generators. Using positional cloning, transgene
rescue, and gene targeting, we demonstrated
that loss of «-chimerin leads to mfy phenotypes
similar to those of EphA4~/~ and ephrinB3~'~
mice. a-chimerin interacts with EphA4 and, in
response to ephrinB3/EphA4 signaling, inacti-
vates Rac, which is a positive regulator of
process outgrowth. Moreover, downregulation
of a-chimerin suppresses ephrinB3-induced
growth cone collapse in cultured neurons. Our
findings indicate that ephrinB3/EphA4 signaling
prevents growth cone extension in motor circuit
formation via a-chimerin-induced inactivation
of Rac. They also highlight the role of a Rho fam-
ily GTPase-activating protein as a key mediator
of ephrin/Eph signaling.

INTRODUCTION

Ephrins are cell-surface-bound ligands for Eph receptors,
which comprise the largest family of receptor tyrosine
kinases (Eph Nomenclature Committee, 1997). The
ephrin/Eph interaction induces bidirectional signaling:
ephrin — Eph forward and Eph — ephrin reverse (Noren
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and Pasquale, 2004; Palmer and Klein, 2003). Ephrin/Eph
signaling, which functions in short-range cell-to-cell
communication primarily through repulsive effects, is
central 'to neuronal circuit development (Flanagan and
Vanderhaeghen, 1998; Palmer and Kiein, 2003; Pasquale,
2005).

Downstream signaling has been studied mostly through
in vitro cell culture experiments. Particularly important
players in both forward and reverse signaling are the
Rho-family GTPases (Rho-GTPases), such as RhoA,
Rac, and Cdc42, which are the key regulators of actin dy-

- namics (Etienne-Manneville and Hall, 2002; Luo, 2000;

Noren and Pasquale, 2004; Wahl et al., 2000). Rho-
GTPases are directly activated by Rho-guanine nucleo-
tide-exchange factors (Rho-GEFs) and are inactivated
by Rho-GTPase-activating proteins (Rho-GAPs). Accu-
mulating evidence suggests that ephrin/Eph regulates
Rho-GTPases through Rho-GEFs (Cowan et al., 2005;
Irie and Yamaguchi, 2002; Murai and Pasquale, 2005;
Ogita et al., 2003; Penzes et al,, 2003; Shamah et al.,
2001; Tanaka et al., 2004).

Among the numerous Rho-GEFs involved in ephrin/Eph
signaling, ephexin1 is the best characterized. EphA recep-
tors are thought to regulate growth cone dynamics
through ephexin1 in axon guidance (Sahin et al., 2005;
Shamah et al., 2001). Activation of RhoA induces growth
cone retraction and/or collapse, while activated Rac and
Cdc42 promote its extension (Etienne-Manneville and
Hall, 2002; Luo, 2000). The engagement of Ephs by ephrin
leads to activation of the GEF activity of ephexin1 toward
RhoA, thereby causing growth cone collapse in vitro (Sha-
mah et al., 2001). However, as ephexin1-knockout (KO)
mice are apparently normal (Sahin et al., 2005), the role
of ephexin1 remains largely unknown. It is also noteworthy
that, compared with the considerable attention given to
Rho-GEFs, the possible contribution of Rho-GAPs in actin
dynamics controlled by ephrin/Eph signaling has largely
been neglected.



The roles of ephrin/Eph signaling in vivo have been
studied using mouse reverse genetics. An extremely
well-characterized case is ephrinB3 — EphA4 forward
signaling. EphrinB3~'~ and EphA4~'~ mice both display
several neural phenotypes, including a rabbit-like hopping
gait and impairment of two major motor circuits: the corti-
cospinal tract (CST) and the spinal neuronal circuit con-
trolling locomotion, which is also known as the central
pattern generator (CPG). Similar phenotypes are also
displayed by EphA4'P’*C and EphA4™™*T mice, both of
which have impaired kinase activity of EphA4, but not by
mice expressing a truncated form of ephrinB3 lacking its
cytoplasmic domain {Dottori et al., 1998; Kullander et al.,
2003, 2001a, 2001b; Yokoyama et al., 2001). Thus, itis ap-
parent that ephrinB3 — EphA4 forward signaling, but not
EphA4 — ephrinB3 reverse signaling, is essential for the
formation of these motor circuits.

CST axons controlling voluntary movements arise in the
motor cortex, cross into the contralateral side of the me-
dulla, and enter the spinal cord (Gianino et al., 1999; Liang
et al., 1991). In wild-type (WT) mice, they rarely cross back
to the other side in the spinal cord because ephrinB3 is an-
chored at the midline and generates repulsive signals
through EphA4 receptors expressed on the surface of
the CST axon membranes. In ephninB3 or EphA4 mutant
mice, due to a lack of repulsive ephrinB3/EphA4 forward
signaling, many CST axons fail to stop at the midline and
recross it (Kullander et al., 2001a; Yokoyama et al,
2001). Spinal CPGs are thought to generate the repetitive
sequential stepping of limbs during walking (Grillner and
Wallen, 1985). Locomotor-like rhythmic activity, altemat-
ing between the left and right sides, can be evoked in
the isolated spinal cords of WT mice (Nishimaru and
Kudo, 2000), whereas the activity of the two sides is syn-
chronous in the spinal cords of ephrinB3™'~ or EphA4™'~
mice (Kullander et al., 2003). Aberrant midline crossing
of axons from EphA4-expressing CPG intemeurons is
thought to be responsible for the CPG abnormality in
ephrinB3~/~ and EphA4~'~ mice (Kiehn and Kullander,
2004; Kullander et al., 2003).

The current study provides both in vive and in vitro
evidence that the Rac-specific GAP a-chimerin plays
a critical role in the formation of CST and CPGs as an
essential downstream component of ephrinB3/EphA4
forward signaling.

RESULTS

A Novel Spontaneous Autosomal Recessive
Mutation leading to a Rabbit-like Hopping Gait

We unexpectedly discovered mutant mice with a rabbit-
like gait while generating mice homozygous for a ChAT-
Cre#23 construct (Inoue et al., 2003). This mutation, which
we designated as miffy (mfy), was autosomal recessive.
We initially assumed that mfy was caused by gene disrup-
tion during transgene integration. However, this was not
the case because the mfy locus segregated from the
transgense, suggesting that the mutation arose spontane-

ously. mfy/mfy mice appeared in crosses at the expected
Mendelian frequency and were healthy and fertile. Their -
bodies were slightly smaller than their littermate controls
during the postnatal developmental period. For instance,
on postnatal day 10 (P10), the average body weights
standard error of the mean (SEM) were 4.68 + 0.17 g,
5.68 + 0.17 g, and 5.80 x 0.15 g for the mfy/mfy (n = 10),
mfy/+ (n = 12), and +/+ (n = 5) pups, respectively. How-
ever, these differences were not evident in aduithood.

WT and mfy/+ mice moved with a normal altemate step
gait. By contrast, all of the mfy/mfy mice (n > 100) tended
to move their left and right hind limbs synchronously, re-
sulting in a rabbit-like hopping gait (Figure 1A). The
mean + SEM proportion of left-right synchronized gaits
among 40 randomly selected gaits was 0 for mfy/+
(n = 13) and 98.42% 1+ 0.61% for mfy/mfy (n = 19) mice
(p < 0.0001, unpaired t test). The gross morphology of
the mfy/mfy mouse brain was indistinguishable from that
of its littermate controls (WT and mfy/+ mice; Figures
S1A and S1B). By contrast, a morphological analysis of
cross-sections of the spinal cord of mfy/mfy mice revealed
that the white matter in the dorsal funiculus was reduced,
most prominently at the lumbar levels (Figure S1C).

Aberrant Recrossing of CST Axons at the Midline
of the Spinal Cord in mfy/mfy Mice .
The CST axons control voluntary movements through di-
rect or indirect contact with spinal motor neurons (Liang
et al., 1991). To visualize these axons, we injected antero-
grade tracer into the left motor cortex and stained the pro-
jections of the CST axons in the medulla and spinal cord.
CST axons arising in the left motor cortex crossed to the
right side of the medulla in both mfy/mfy and control
mice (Figure S1D). However, in the spinal cord of control
mice (n = 11), CST axons projected only into the contralat-
eral (right) gray matter and barely recrossed the midline
into the ipsilateral gray matter, whereas we observed ab-
errant midline recrossing of these axons in all of the prep-
arations of mfy/mfy mouse spinal cords examined (n = 7;
Figures 1B and 1C).

To confirm the anterograde tracing results, we injected
a retrograde tracer unilaterally into the lumber spinal cord
(Figure 1D). In WT mice, most of the retrograde-labeled
CST neurons were located in layer V of the contralateral
motor cortex (Figure 1E). However, in mfy/mfy mice, the
ipsilateral cortex also contained many labeled neurons
(Figure 1F). Cell-count analyses of the motor cortex
revealed that the ipsilateral cortex of WT (n = 4) and
mfy/mfy (n = 7) mice contained 2.02% + 0.92% and
34.26% + 5.22% times as many labeled cells as the con-
tralateral cortex, respectively, which was statistically sig-
nificant (p < 0.002; Figure 1G).

Abnormal CPGsin the Spinal Cord of mfy/mfy Mice

To examine the locomotor CPGs underlying limb move-
ments during walking, we isolated the spinal cords from
newbomn (P1-P3) mfy/mfy and control (mfy/+ and WT)
mice and induced locomotor-like activity by applying
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N-methyl-D-aspartate (NMDA) and serotonin. The ventral
root (VR) activity of lumber 2 (L.2) represents flexor muscle
activity during locomotion, while that of L5 represents
extensor activity (Whelan et al., 2000). In control mice,
we observed altemation between the left and right L2s
(Figures 2A-2C), whereas the cords of mfy/mfy mice
displayed a synchronous rhythm of the left and right L2s
(Figures 2A-2C). The rhythmic activity of the flexors (L2)
and extensors (L5) of each limb altemnated in both control
and mfy/mfy mice spinal cords (Figures 2A-2C). We in-
jected a tracer unilaterally into the ventral side of the spinal
cords of P4 mfy/mfy and control pups, and we found that
more neuronal fibers, presumably derived from ipsilateral-
projecting intemeurons, crossed the midline in the mfy/mfy
spinal cords than in the control spinal cords (Figure 2D; for
quantitative analyses, see Figures S2A and S2B).
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The mfy Locus Encodes the Rac-Specific GAP
a-Chimerin

To locate the mfy locus, we employed microsatellites and
single-nucleotide polymorphisms (SNPs) that distinguish

_ between the alleles of two inbred mouse strains, DBA/2

(DBA) and C57BL/6 (B6). The mfy mutant was identified
and maintained in a pure B6 genetic background. We
therefore crossed mfy/mfy mice with WT DBA mice and
obtained mfy/+ mice in a B6/DBA F, genetic background.
By backcrossing these F, mice to mfy/mfy mice and
genotyping the DNA of the 299 backcross progeny, we
mapped the mfy locus to the region between SNPs
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Figure 1. Abnormal Walking and CST
Axon Guidance in the Novel Spontane-
ous Mutant mfy

(A) Representative hind-limb footprint pattems.
Hind limbs were painted with black ink, and the
mice were placed on white paper.

(B) Anterograde tracings of CST axons by bio-
tinylated dextran amine (BDA) and sectioning
at cervical levels of the spinal cord. CST axons
positioned within the dorsal funiculus (asterisk)
on the contralateral side to the tracer injection
projected into the spinal gray matter in both
control and mfy/mfy mice; however, in the
mfy/mfy mice only, many of the CST axons
(blue arrows) recrossed the midline (white
arrows).

(C) Schematics of CST axons (red) in the spinal
cord.

(D) A fluorescent retrograde tracer cholera
toxin B (CTB) was unilaterally injected into the
lumbar spinal cord.

(E and F) In the motor cortex layer V of control
{WT) mice, most of the labeled neurons were
located in the contralateral side (E). In mfy/mfy
mice, the ipsilateral side also contained many
labeled neurons (F).

(G) The ipsilateral/contratateral ratio of num-
bers of labeled cortical neurons in mfy/mfy
mice (n = 7) was significantly higher than that
of control mice (n = 4). Data are represented

mfy/mfy
0.002. Scale bars: 100 ym.

rs13476571 and rs13459064 on chromosome 2 (Fig-
ure S3).

In total, 30 genes are known within this 3.27 Mb interval
(Table S1). Among these, 10 genes could be excluded be-
cause their KO mouse lines have been previously reported
to survive to adulthood, and they do not appear to have
hopping gaits (for references, see Table S1). We com-
pared the sizes and transcript levels of the remaining 20
genes in the brains of WT and mfy/mfy mice at P5 using
the reverse transcription-polymerase chain reaction (RT-
PCR) with primer sets amplifying the complementary
DNA (cDNA) between the 5' and 3’ untranslated regions
(UTRs) and found that the transcripts of only one gene,
the a-chimerin (x-Chn) gene, differed in size (Figures 3A
and 3B; Table $1). a-chimerin is a Rho-GAP that is specific
for the positive regulator of actin polymerization, Rac (Die-
kmann et al., 1991; Hall et al., 1990, 1993). Recent reports
using overexpression and/or small-interfering RNA
(siRNA)-mediated knockdown in cuitured neurons and/
or tissue slices suggest that a-chimerin is involved in reg-
ulating dendritic morphology and spine density (Buttery
et al., 2006; Van de Ven et al., 2005) as well as semaphor-
in3A-induced growth cone collapse (Brown et al., 2004).
However, the role of a-chimerin in living animals has not
yet been defined.

a-Chn has two splice isoforms: a1 and o2 (Hall et al.,
1990, 1993). A comparison of the sequences of the a7-
Chn and «2-Chn cDNAs of WT and mfy/mfy mice revealed
that exon 9 (174 base pairs [bp]) was deleted in the

as the mean + SEM: Student's t test, p < -
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Figure 2. Synchronous Left-Right VR
Activity in the Lumbar Spinal Cord of
mfy/mfy Mice '

S (A) Locomotor-like motor activity recorded af-

- ter bath-application of NMDA and serotonin

to isolated spinal cords of control and mfy/
mfy mice. VR activity of the second (L2) and
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fifth {L5) lumbar segments on the left (L-) and
right (R-) sides was recorded using glass-
suction electrodes.

(B) Circular phase diagrams for the locomotor-
like rhythmic activity of the control and mfy/mfy
mice shown in (A). Phase relationships be-
tween L-L2VR and R-L2VR (eft panel) and
flexor (R-L2VR) and extensor (R-LSVR) on one
side of the lumbar cord (right panel) are indi-
cated in each diagram derived from 30 loco-
motor cycles. Locomotor cycles in which the
two VR activities are in complete alternation
have phase values of 0.5. Those that are

completely synchronous have phase values

Contro!

of 0 or 1. The mean phase and the r value,
which describes the concentration of phase
values around the mean, are shown by the di-
rection and magnitude, respectively, of the
vector originating from the center of the circle.
(C) Summary plots of seven control (open cir-
cles) and six mfy/mfy (filled circles) mice at
P1-P3.

(D) Transverse spinal cord sections (1060 um
thick) at the L2 level after unilateral application

a1-Chn™ and a2-Chn™ transcripts (Figure 3A). Exon
9 encodes 58 amino acids, three of which (EIE) are known
to be essential for the GAP activity of a-chimerin that inac-
tivates Rac (Ahmed et al., 1994); «2-chimerin™ was in-
deed found to lack Rac-GAP activity in vitro (Figure S4).
In addition to the a1 and a2 isoforms, we found transcripts
of a putative novel isoform that we termed &3 (Figures 3A
and 3B). In the a3-Chn™ transcript, four nuclectides
(GATG) of exon 9, including the putative initiation codon,
were replaced with retroposon sequences, and intron
9 failed to be excised (Figure 3A). The cloning and se-
quencing of the genomic DNA of the miy allele revealed
an insertion of a retroposon into exon 9, which appeared
to impair both the donor and the acceptor splicing func-
tions (Figure 3A). Quantitative RT-PCR demonstrated
strong «2-Chn expression, weak a7-Chn expression,
and little «3-Chn expression in the motor cortex and spinal
cord of P4 WT mice (Figure 3C). We therefore focused on
the «2 isoform in subsequent studies. We raised an a2-
chimerin-specific polyclonal antibody and confirmed by
westem blot analysis that the o2-chimerin*'" protein could
not be detected in the mfy/mfy brain (Figure 3D). Further-

of Dil on the ventral side of L4. More neuronal
fibers (yellow arrows), which are likely to be de-
rived from ipsilateral-projecting interneurons,
crossed the midline {(white arrows) to the con-
tralateral (left) side in mfy/mfy spinal cords
than in control spinal cords. The cell bodies
of descending commissural intemeurons,
shown by dotted circles, were indistinguish-
able. Scale bar: 500 um.

more, even the a2-chimerin™ protein was barely de-
tected in the mfy/mfy brain and spinal cord (Figures 3D
and 3E), suggesting that endogenous a2-chimerin™ is
much less stable in neurons than a2-chimerin™ overex-
pressed in cultured cells (Figure S4B).

improved Locomotor Behavior of mfy/mfy Mice
Expressing Transgenic «-Chn

To confirm that «-Chn was the mfy gene, we tested
whether transgenic (Tg) expression of a-Chn rescued
the mfy phenotype. We modified a bacterial artificial chro-
mosome (BAC) clone that covered the 49 kb upstream re-
gion and exons 1-7 of a-Chn using Red/ET homologous
recombination and flp/FRT recombination in order to
make a BAC a-Chn construct in which exon 7 was fol-
fowed by a cDNA encoding exons 8-13 and a poly(A) sig-
nal (Figure 4A). We then generated two lines (#539 and
#883) of BAC Tg mice by microinjecting the construct
into pronuclei and mated them with mfy/mfy mice to ob-
tain Tg mice in the mfy/mfy background (Figure 4B). There
were no improvements in the gaits of the Tg#539:mfy/mfy
mice {see Figure S5 legend), consistent with no detectable
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Figure 3. The mfy Locus Encodes a-Chimerin Rac-GAP

(A) Schematic exon-intron structures of a7-Chn, a2-Chn, and «3-Chn
splicing variants for the WT {a-Chn"") and mfy (a-Chn'™) alleles. Ret-
ropason (Tn) insertion into exon 9 in the mfy mutant resulted in deletion
(red lines) of exon 9 (174 bp) in the a7 and a2 transcripts, and deletion
of four nucleotides (including the putative initiation codon) and failure
of intron 9 splicing in the a3 transcript. CDS: coding sequences.

(B) RT-PCR products from between the 5' UTR and the 3' UTR of the
al-Chn, a2-Chn, and «3-Chn splicing isoforms in cDNAs derived from
WT (+/+), mfy/+ (m/+), and mfy/mfy (m/m) brains at PS. PCR products
from the WT and mutant (mfy) a7-Chn, o2-Chn, and a3-Chn isoforms
were purified and cloned, and their nucleotide sequences were deter-
mined.

(C) «a2-Chn predominates in the developing motor cortex and spinal
cord. Real-time quantitative RT-PCR of af-Chn, a2-Chn, and a3-
Chn in the motor cortex and spinal cord of WT mice at P4. All data
are presented as the mean + SEM (n = 3 mice).

(D) Westem blot using an a2-chimerin-specific antibody revealed that
a2-chimerin™" protein (WT) was absent from mfy/mfy mice. Unexpect-
edly the mutant protein (mfy) was barely detectable in mfy/+ and mfy/
mfy mice. Total lysates from P10 of the mouse telencephalon were
used.

(E) Immunohistochemistry using a2-chimerin-specific antibody re-
vealed strong expression of a2-chimerin in the CST (arrows) of the
dorsal funiculus (dotted line) of the WT spinal cord, suggesting that
a2-chimerin functions in developing CST axons. a-chimerin was not
detectable in mfy/mfy spinal cords. Scale bar: 50 um.
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a-chimerin expression in these mice (Figures S5A and
$5B). By contrast, considerable improvement was ob-
served in the gaits of the Tg#883:mfy/mfy mice (Figure 4C).
The average + SEM proportion of left-right synchronized
gaits in 40 randomly selected gaits of Tg#883:mfy/mfy
mice (n = 13) was 53.65% + 6.56%, which was substan-
tially less than in their littermate mfy/mfy mice (n = 6,
99.58% + 0.42%; p < 0.0001, unpaired t test). a-chimerin
protein was expressed at low levels in Tg#883:mfy/mfy
mice (Figures S5A-S5C), which was consistent with the
moderate rescuse of gait observed in these mice. These re-
sults strongly suggest that a-Chn is the causal gene of the
mfy mutation.

Generation and Characterization of «-Chn

KO Mice

To further confitm that the mfy gene encoded «-Chn, we
deleted exons 9 and 10 from the allele by a gene-targeting
techniquse in embryonic stem (ES) cells and Cre/loxP re-
combination in the mouse gemmline and generated mice
homozygous for the targeted allele (a-Chn KO mice; Fig-
ures 4D and S5D). These mice had a hopping gait similar
to that of mfy/mfy mice (Figure 4E). They also demon-
strated aberrant midline recrossing of CST axons (Fig-
ure 4F), aberrant midline crossing of spinal local circuit
neurons (Figure S2C), and shorter ventral extension of
the dorsal funiculus in the_spinal cord (data not shown).
Furthermore, they showed abnormal spinal CPGs (Figures
4G and S6). All of these phenotypes were similar to those
of mfy/mfy mice. Thus, we concluded that the mfy pheno-
types were caused by a-Chn disruption.

Localization of «-Chimerin Proteins in CST

The phenotypes of mfy/mfy and a-Chn KO mice (hopping
gait, Figures 1A and 4E), abnormal spinal-cord morphol-
ogy (Figure S1C), abnormal CPGs (Figures 2C and 4G),
aberrant midline crossing by CPG axons (Figures 2D and
S2), and aberrant midline recrossing by CST axons (Fig-
ures 1B and 4F) appeared to be identical to those reported
for ephrinB3~'~ and EphA4~'~ mice (Dottori et al., 1998;
Kullander et al., 2003, 2001a; Yokoyama et al., 2001)
and for EphA4™™ and EphA4"®’*P mice expressing
a mutant EphA4 lacking kinase activity (Kullander et al.,
2001b). Nevertheless, the anterior commissure, the for-
mation of which is known to be dependent on EphA4 re-
verse signaling {Kullander et al., 2001b), appeared normal
in mfy/mfy mice (Figure S1B). Hence, it seemed likely that
the mfy phenotype was caused by impairment of eph-
rinB3/EphA4 forward signaling.

Using immunohistochemistry, we found that o2-
chimerin colocalized with EphAd4 in the developing CST
(Figures S7A and S7C). In a-Chn KO CST, «2-chimerin
was not detected, but the levels of EphA4 expression ap-
peared to be unaltered (Figures S7B and S7D). We also
found that the «2-chimerin protein was present in the
growth cones of cultured neurons derived from the ante-
rior dorsomedial to dorsal neocortex (motor cortex; Fig-
ure S8C). These results suggest that «-chimerin functions
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Figure 4. Disruption of a-Chn Is Respon-
sible for the mfy Phenotypes

(A) Schematic of the BAC Tg construct. A
cDNA fragment containing exons 8-13, a
poly(A) signal, and an amp” selection marker
flanked by two FRT sites was inserted immedi-
ately after exon 7 of a BAC clone covering
exons 1-7 of a-Chn, using Red/ET homolo-
gous recombination in bacteria. Amp” was re-
moved from the BAC construct by expressing
flp recombinase in the bacterial clone.

(B) Tg mouse lines were generated by injecting
the linearized construct into fertilized mouse
eggs. Two lines of Tg mice were crossed with
mfy/mfy mice to yield Tg:mfy/+ mice. These
were then crossed with mfy/mfy mice to obtain
Tg mice in a mfy/mfy background.

(C) improved walking of Tg#883:mfy/mfy mice.

All Tg#883:mfy/mfy mice showed amarked im-
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provement in the control of walking.

(D) Schematic of the KO allele, in whichexons 9
and 10 were deleted by homologous recombi-
nation in ES cells, and Cre/loxP recombination
in the mouse germline.

(E) Representative hind-limb footprint pattems
of a-Chn KO mice showing a hopping gait sim-
ilar to that of mfyy/mfy mice.

(F) Anterograde tracing of CST axons and sec-
tioning at cervical levels of the spinal cord. CST
axons of a-Chn KO mice abemantly recrossed
the spinal cord midline, as seen in mfy/mfy
mice. Scale bar: 100 pm.

(G) Circular phase diagrams for the locomotor-
like activity of five control (open circles) and
five a-Chn KO (filled circles) mice at P1-P3.
Left-right VR activity in the lumber spinal cord
of a-Chn KO mice was synchronous as that
of mfy/mfy mice.

as a downstream mediator of ephrinB3/EphA4 forward
signaling in developing CST axons.

Interaction between a-Chimerin and EphA4

To test whether a-chimerin interacts with EphA4, we co-
transfected 293T cells with EphA4 and a-Chn-expression
constructs and immunoprecipitated EphA4 from cell ly-
sates with Fc region-fused ephrinA1. Both ai-chimerin
and o2-chimerin were precipitated with EphA4"" and ki-
nase-dead EphA4F (Figure 5A), and o2-chimerin™ was
also precipitated with EphA4 (Figure S9). These results
suggest that a-chimerin interacts with EphA4 in vitro and
that this interaction does not require the kinase activity
of EphA4 or the GAP activity of a-chimerin.- To identify
the region of a-chimerin responsible for interacting with
EphA4, we performed an in vitro glutathione S-transferase
(GST) fusion protein pull-down assay. EphA4 was co-

precipitated with full-length o2-chimerin and the a1- and
a2-common carboxy (C) terminus, but not with the
a2-specific amino (N)-terminus (Figure 5B). These results
show that EphA4 associates with al-chimerin and
a2-chimerin at their C termini.

Next we examined whether a-chimerin interacts with
EphA4 in neurons, and, if so, whether figand stimulation
enhances the interaction. EphA4 was coprecipitated with

. a2-chimerin without ligand stimulation, and the amount
of EphA4 precipitated with «2-chimerin was notincreased
following stimulation with clustered ephrinB3 (Figure 5C).
These results indicate that a-chimerin associates with
EphA4 in neurons and that this interaction is independent
of ephrinB3-stimulation. Finally, we prepared lysates from
the developing motor cortex of WT mice and immuno-
precipitated them with anti-a2-chimerin antibody. EphA4
was again precipitated with a2-chimerin (Figure 5D).
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Figure 5. «-Chimerin Interacts with
EphA4 and Regulates Ract Activity in
Response to EphrinB3 — EphA4 For-
ward Signaling

(A) EphA4 bound to al-chimerin and a2-chi-
merin in vitro. Kinase-dead EphA4™¥ also
bound to both isoforms. 293T cells were trans-
fected with the indicated expression plasmids.
Total lysates were precipitated with Fc region-
fused ephrinA1 and immunoblotted with
anti-HA and anti-Myc antibodies to detect
a-chimerin and EphA4, respectively. Total ly-
sates were also blotted with anti-HA and anti-
Myc antibodies.

WT W (B) EphAd interacted with the a-chimerin C ter-

minus that is common to both al and a2 iso-
forms. For pulldown assays, HEK293T cells
transfected with Myc-tagged EphA4 were
lysed, and supernatants were incubated with
GST-fusion proteins of a2-chimerin and its de-
letion mutants, followed by incubation with glu-
tathione-Sepharose beads. Bound proteins
were analyzed by SDS-PAGE and immuno-
blotting with anti-Myc antibody. The lower
panel shows Coomassie brilliant biue (CBB)
staining of GST-fusion proteins used in this
experiment.
(C) Endogenous a-chimerin and EphA4 inter-
acted in neurons, and ephrinB3-stimulation
did not enhance this interaction. Cuttured cor-
tical neurons from E18.5 rats were stimulated
with preclustered ephrinB3-Fc or control Fc
for 5 or 15 min. Bound and total proteins
were analyzed by immunoblotting with anti-
bodies against EphA4 and a2-chimerin.
(D) Endogenous a-chimerin and EphA4 inter-
acted in the mouse brain. Lysates from a P3
mty mouse cortex were immunoprecipitated with
anti-a2-chimerin antibody or anti-Myc antil-

body (a negative oontrol) The mfy/mfy cortex was used as a second negative control. Bound and tota! proteins were analyzed by immunoblotting

with antibodies against EphA4 and a2-chimerin.

(E) COS-7 cells transfected with the indicated plasmids were stimulated with preclustered ephrinB3-Fc (+) or F¢ (-) for 10 min. GTP-bound Rac1 was
identified by SDS-PAGE and immunobilotting, and its levels were measured and normalized to the corresponding total Rac1 levels. The means and

SEMs of Rac1 activity (fold increase/basal) are shown at the bottom.

(F) Statistical analysis of the data shown in (E). EphrinB3-stimulation inactivated Rac1 in cells expressing both EphA4"" and a-chimerin™'T, but notin

cells expressing EphA4" and a-chimerin™”

or EphA4™™ and a-chimerin™, n = 4 (EphA4"T + a2-chimerin"), 5 EphA4™F + a2-chimerin®"), or 3

(EphaA4™T + a2-chimerin™). All data are presented as the mean + SEM. (*p < 0.05, ANOVA/T ukey HSD).

a-Chimerin Inactivates Rac in-Response

to EphrinB3/EphA4 Forward Signaling In Vitro

No previous reports have suggested the involvement of
a~chimerin in ephrin/Eph signaling. To determine whether
a-chimerin regulates Rac activity in response to ephrinB3/
EphA4 forward signaling, we transfected COS-7 cells with-
EphA4 (EphA4™ or kinase-dead EphA4™F) and «2-chi-
merin (a-chimerin¥7 or «-chimerin™) and measured the
Rac activity in the presence or absence of ephrinB3 stim-
ulation (Figure 5E). We found that ephrinB3 stimulation
inactivated Rac in cells expressing EphA4WT and a-chi-
merin"'7, but not in cells expressing either EphA4"F and
a-chimerin™™ or EphA4YT and a-chimerin™ (Figure 5F).
These results indicate that both EphA4 kinase activity
and functional a-chimerin are required for ephrinB3 stim-
ulation to inactivate Rac. It is noteworthy that the EphA4
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proteins overexpressed in COS cells were phosphory-
lated, and, therefore, kinase active, but were unable to
fully activate a-chimerin in the absence of ephrinB3 stim-
ulation (Figure 5E). These results suggest that EphA4
kinase activity alone is not sufficient for activating the
Rac-GAP of a-chimerin (see Discussion).

Downregulation of «-Chimerin Suppresses
EphrinB3-Induced Growth Cone Collapse

in Cultured Cortical Neurons

EphrinB3/EphA4 forward signaling induces growth cone
collapse in cultured neurons derived from the motor cor-
tex (Egea et al., 2005; Kullander et al., 2001a). To deter-
mine whether a-chimerin regulates growth cone dynamics
downstream of ephrinB3/EphA4 forward signaling, we
performed two experiments. First, we cultured neurons
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Figure 6. Downregulation of «o-Chimerin Suppresses
EphrinB3-Induced Growth Cone Collapse

(A) Representative examp!es of growth cones in phalloidin-stained cul-
tured cortical neurons treated with preclustered Fc control (uncol-
lapsed) or ephrinB3-Fc (collapsed). Scale bar: 10 um.

(B) Growth cone collapse was induced by ephrinB3 in cultured neurons
derived from the WT motor cortex, but was barely seen in those de-
rived from the mfy/mfy cortex. All data are presented as the mean x
SEM of four independent experiments in each of which 100 neurons
were counted ("'p < 0.001, Student’s t test).

(C) Downregulation of a-chimerin by siRNA suppressed ephrinB3-in-
duced growth cone collapse in cultured cortical neurons. Cultured
neurons derived from E18.5 rat cortex were transfected with a plasmid
expressing both siRNA and enhanced yellow fluorescent protein
(EYFP). In each experiment, 34-67 neurons expressing EYFP were
counted. (*p < 0.05, Student’s t test).

(D) a-chimerin-specific siRNA reduced the level of a-chimerin protein

but not EphA4 protein. A 58.5% reduction of a-chimerin protein was
observed in total lysates from cultured neurons in which 62% (not
shown) of cells expressed a-chimerin-specific SIRNA/EYFP, suggest-
ing a drastic (-90%) reduction of a-chimerin.

derived from the motor cortex of WT and mfy/mfy mice on
embryonic day 16.5 (E16.5) and then stimulated them with
preclustered Fc or ephrinB3-Fc. EphrinB3 efficiently in-
duced growth cone collapse in WT cortical neurons, as
previously reported (Kullander et al., 2001a; Figures 6A
and 6B); however, in the mfy/mfy cortical neurons, the fre-
quency of collapse was significantly reduced (Figure 6B).
Second, we expressed a-chimerin-specific siRNA by
transfecting an expression vector into cultured neurons
derived from the E18.5 rat motor cortex {Figure S8). The
frequency of ephrinB3-induced growth cone collapse
was significantly reduced in transected neurons (Fig-
ure 6C), and westem blotting with the anti-«2-chimerin an-
tibody demonstrated that a-chimerin protein levels were

drastically reduced (>90%) in the transfected neurons
(Figure 6D). We concluded that a-chimerin Rac-GAP
acts downstream of ephrinB3/Eph signaling to cause
growth cone collapse of cortical neurons.

Taken together, the results of our in vivo and in vitro
studies confirm that a-chimerin Rac-GAP is a key mole-
cute linking ephrinB3-induced EphA4 activation to the
inactivation of Rac—a positive regulator of process out-
growth—thereby causing growth cone retraction and,
eventually, axonal repulsion at the spinal cord midline.

DISCUSSION

a-Chimerin Is a Key Mediator of EphrinB3/EphA4
Forward Signaling and Causes Repulsion

of CST Axons at the Spinal Cord Midline

We have shown the following. First, a-chimerin is colocal-
ized with EphA4 in the developing CST (Figure S7). Sec-
ond, it interacts with EphA4 both in vitro and in vivo
(Figures 5A-5D). Third, when EphA4 is stimulated by eph-
rinB3, a-chimerin inactivates Rac, which is a positive reg-
ulator of process outgrowth, in vitro (Figure 5F). Fourth,
ephrinB3-induced growth cone collapse is suppressed
in cultured cortical neurons in which a-chimerin is down-
regulated by RNAi or mfy mutation (Figure 6). Fifth and
finally, repulsion of CST axons at the spinal cord midline
(Figures 1B and 4F) and formation of spinal CPGs (Figures
2C and 4G) are impaired in mfy/mfy mice and a-Chn KO
mice, and both of these processes depend on ephrinB3/
EphA4 forward signaling (Kullander et al., 2003, 2001a,
2001b; Yokoyama et al., 2001). Our results show that the
Rac-GAP a-chimerin regulates CST axon guidance and
CPG formation by mediating ephrinB3/EphA4 forward sig-
naling (Figure 7).

It has been proposed that EphA receptors regulate
growth cone dynamics through Rho-GEF ephexini (Sha-
mah et al.,, 2001). During this process, activation of
RhoA induces growth cone retraction and/or collapse,
while activated Rac and Cdc42 promote its extension (Eti-
enne-Manneville and Hall, 2002; Luo, 2000). The engage-
ment of Ephs by ephrin leads to preferential activation of
the exchange activity of ephexin toward RhoA, thus lead-
ing to growth cone collapse in vitro (Figure 7A; Shamah
et al., 2001). We showed that the ephrin/Eph interaction
leads to growth cone collapse due to Rac inactivation
via the GAP activity of a-chimerin (Figure 7A). As both
ephexin1 and a-chimerin are enriched in the central ner-
vous system (Hall et al., 2001, 1993; Shamah et ai,,
2001), it is likely that the cooperative action of ephexini-
induced RhoA activation and a-chimerin-induced Rac in-
activation function to induce retraction of growth cones
during axon guidance in varous circuits. Ephexinl
KO mice appear to be normal (Sahin et al., 2005). This ab-
sence of an obvious phenotype might be due to compen-
sation by other ephexin family members. Alternatively, it
might be due to the activity of a-chimerin, which could
prevent growth cone extension by inactivating Rac in re--
sponse to ephrin/Eph signaling, even in the absence of
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Figure 7. Model of EphrinB3/EphA4 Forward Signaling in Midline Repulsion of CST Axons

(A) In WT mice, the growth cones of CST axons extend due to basal activity of Rac, which is a positive regulator of process outgrowth, in the absence
of ephrinB3 stimulation (green box). At the spinal cord midline that anchors ephrinB3, CST axons that express EphA4 receive forward signals. This
ephrinB3/EphA4 forward signaling inactivates Rac through a-chimerin, leading to growth cone retraction (red box). Ephrin/EphA signaling might also
activate RhoA, which is a negative regulator of process outgrowth, via ephexin (Shamah et al., 2001). The cooperative action of the RhoA-activator
ephexin and the Rac-inactivator a-chimerin might induce efficient retraction of growth cones.

(B) In mfy/mfy mice, CST axons fail to stop at the midline due to the absence of a-chimerin-induced Rac inactivation, even in the presence of ephexin.

ephexin-induced RhoA activation. In contrast to the ab-
sence of an Ephexin1 KO phenotype, we demonstrated
that the formation of CST and CPGs is impaired in
«-Chn mutant mice.

Critical Role of Rho-GTPase Inactivation
in Ephrin/Eph Signaling

Ephrin/Eph signaling is important in a wide range of bio-

logical processes, including oocyte maturation, early mor-
phogenesis, segmentation, guidance of migrating cells,
synaptic plasticity, dendritic-spine formation, and axon
guidance (Flanagan and Vanderhaeghen, 1998; Palmer
and Klein, 2003; Pasquale, 2005). Recent studies of
in vitro orientation suggest that in various biological phe-
nomena, ephrin/Eph signaling regulates actin dynamics
by activating Rho-GTPases, such as RhoA, Rac, and
Cdc42, through Rho-GEFs (Cowan et al., 2005; Fu et al.,
2007; Irie and Yamaguchi, 2002; Murai and Pasquale,
2005; Ogita et al., 2003; Penzes et al., 2003; Shamah
et al.,, 2001; Tanaka et al., 2004). We suggest that a further
mode of ephrin/Eph signaling exists, in which Ephs regu-
late actin dynamics by inactivating Rho-GTPases through
Rho-GAPs.

Ephrin/Eph signaling might control actin dynamics by
regulating the balance between negative regulators of ac-
tin polymerization (such as RhoA) and positive regulators
(such as Rac and Cdc42; Sahin et al., 2005; Shamah
et al., 2001). This theory only takes into account Rho-acti-
vation; however, we have now shown that Rho-inactiva-
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tion is another important aspect of the ephrin/Eph regula-
tion of actin dynamics. The activity of each Rho-GTPase
might be controlled by the balance between its activation
by Rho-GEFs and its inactivation by Rho-GAPs. In mam-
malian cells, there are many diverse Rho-GEFs and Rho-
GAPs with different substrate specificities that are
controlled by different mechanisms (Etienne-Manneville
and Hall, 2002). Thus, it is possible that ephrin/Eph signal-
ing in different processes employs specific Rho-GEFs
and/or Rho-GAPs to achieve the appropriate balance of
activity of each Rho-GTPase. In short, we propose that
ephrin/Eph signaling regulates actin dynamics in two
ways: first, by regulating the balance between the activi-
ties of different Rho-GTPases (such as RhoA and Rac or
Cdc42), and second, by regulating the balance between
activation and inactivation of each individual Rho-
GTPase.

Regulation and Roles of a-Chimerin in Neural
Development and Function

The present study provides evidence for the involvement
of a-chimerin in ephrinB3/EphA4 forward signaling. How
does ephrinB3/EphA4 signaling activate a-chimerin? As
the kinase-inactive EphA4FF mutant protein could not ac-
tivate a-chimerin (Figure 5F), it appeared that the kinase
activity of EphA4 was necessary for the activation of
a-chimerin. However, EphA4 kinase activity alone did
not appear to be sufficient as the EphA4 proteins over-
expressed in COS cells were phosphorylated and, thus,



kinase active, but were unable to fully activate a-chimerin
in the absence of ephrinB3 stimulation (Figures 5E and
5F). In fact, it has been shown that the kinase activity of
EphA4 alone is not sufficient for ephrinB/EphA4 forward
signaling in vivo: the EphA4EEEE mouse, the kinase of
which is constitutively activated, has a normal altemate
gait, normal CST axon midline guidance, normal CPG
midline guidance, and normal morphology of the spinal
cord (Egea et al., 2005). Cultured cortical neurons derived
from EphA4F¥/€E mice undergo normal growth cone col-
lapse in response to clustered ephrinB3. Based on these
observations, it has been proposed that higher-order clus-
tering of EphA4 by stimulation of ephrinB is an essential
component of ephrinB/EphA4 forward signaling (Egea
et al., 2005). Our results are consistent with this idea.

Both the a1 and o2 isoforms of a-chimerin have a single
copy of the C1 domain, which is a cysteine-rich motif, and
can be activated by the binding of phorbol esters or diac-
ylglycerol (DAG) to the C1 domain (Hall et al., 1990, 1993).
Recently, it was reported that cyclin-dependent kinase 5
(CdkS5) regulates EphA4-mediated dendritic-spine retrac-
tion (Fu et al., 2007). CdkS5 is known to interact with o2-
chimerin (Qi et al., 2004), so it is possible that a protein
complex formed by clustering of EphA4 recruits some
additional molecules required for linking activated EphA4
to a-chimerin activation. Such additional factors could in-
clude Cdk5/p35 and DAG-producing enzymes, such as
phospholipase Cy. It should be noted that these (or equiv-
alent) factors do not appear to be specific to neurons, but
rather are ubiquitous, as the expression of EphA4 and o2
isoforms in COS cells was sufficient to inactivate Rac
upon stimulation by clustered-ephrinB3 (Figures 5SE
and 5F).

The a-Chn gene is widely expressed in the central ner-
vous system both during development and in aduithood
(Hall et al., 2001, 1990, 1993), and «-chimerin is found
not only in axons but also in neuronal dendrites (Hall
et al., 2001). it would be interesting to test whether a-chi-
merin plays a role in dendrite development in the brain.
Recent studies using overexpression and/or siRNA-in-
duced knockdown of «1-chimerin in cultured hippocam-
pal neurons and cerebellar slices suggest that it regulates
dendritic morphology and dendritic-spine density (Buttery
etal., 2006; Van de Ven et al., 2005). a-chimerin might also
be involved in NMDA receptor-dependent developmental
plasticity, such as maturation of the barrel cortex (lwasato
et al., 2000, 1997), as well as in leaming and memory, as it
has been shown to interact with NMDA receptors in vitro
(Van de Ven et al., 2005). The mfy/mfy mouse is thus
a promising experimental model for elucidating the roles
of a-chimerin Rac-GAP in the development and function
of the central nervous system.

EXPERIMENTAL PROCEDURES
Animals

A Tg construct was made by modifying the RP23-413N9 BAC clone
derived from B6 mouse genomic DNA (Roswell Park Cancer Institute,

NY, USA). The Tg founder mice were generatéd by microinjection of
linearized constructs into fertilized eggs. a-Chn KO mice were gener-
ated using MS12 ES cells derived from the B6 strain (for details see the
Supplemental Experimental Procedures). All of the mice were main-
tained according to the institutional guidelines of the animal facilities
of the RIKEN-BSI.

VR Recordings

P1-P3 mice were anesthetized with isoflurane, and their spinal cords
were removed as described elsewhere (Nishimaru et al., 2006). Electri- .
cal recordings of the VRs were made with glass-suction electrodes,
and locomotor-like rhythmic activity was evoked by the concomitant
bath application of NMDA (47 uM) and serotonin (SHT; 4-7 uM). De-
tails of the recording procedure and data anafyses are provided in
the Supplemental Data.

Linkage Analyses

PCR primers for the microsatellite markers and SNPs were designed
using the Mouse Genome Informatics (http://www.informatics.jax.
org/} and National Centre for Biotechnology Information (http://www.
ncbi.nim.nih.gov/SNP/) databases, respectively, and were verified by
PCR using the genomic DNAs of inbred B6 and DBA/2 mice and B6/
DBA F4 hybrids (for detailed methods, see Figure S3 and Supplemental
Data).

Generation of Antibody

KLH-coupled synthetic peptides (MALTLFDTDEYRPPVWKC) corre-
sponding to the N terminus of a2-chimerin (Figure S4A) were used to
raise a rabbit polyclonal antibody (BS! Research Resources Center).
Sera were affinity purified on the same peptides.

Measurement of Rac1 Activity

Transfected COS-7 celis were stimulated with 2 pg/ml preclustered
ephrinB3-Fc (R&D Systems) in serum-free medium for 10 min. The
cells wers lysed with ice-cold cell lysis buffer containing 4 pg of
GST-CRIB of aPak (amino acids 70-150). After centrifugation, the su-
pematant was incubated with glutathione-Sepharose beads, and
bound proteins were analyzed by SDS-PAGE and immunoblotting
(for detailed methods, see Supplemental Data).

Growth Cone Collapse Assay

Primary neurons were dissociated from the anterior dorsomedial to
dorsal neocortex of E16.5 mice or E18.5 rats as described elsewhere
(Ishikawa et al., 2003, Kullander et al., 2001a). The neurons were plated
onto poly-D-lysine and laminin-coated coverslips and cultured in Neu-
robasal medium supplemented with 2% B27 (Invitrogen). They were
then stimulated with 5 pg/ml preclustered ephrinB3-Fc for 30 min,
fixed with 4% paraformaldehyde, and stained with rhodamine-conju-
gated phalloidin (invitrogen; for detailed methods, see Supplemental
Data).

Supplemental Data

Supplemental Data include Experimental Procedures, References,
nine figures, and one table and can be found with this article online
at hitp//www.cell.com/cgi/content/full/130/4/742/DC1/.
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Abstract

Pael receptor (Pael-R) has been identified as one of the substrates of Parkin, a ubiquitin ligase responsible for autosomal recessive juvenile
Parkinsonism (AR-JP). When Parkin is inactivated, unfolded Pael-R accumulates in the endoplasmic reticulum and results in neuronal death by
unfolded protein stress, suggesting that Pael-R has an important role in the pathogenesis of AR-JP. Here we report the analyses on Pael-R-deficient
(KO) and Pael-R-transgenic (Tg) mice. The striatal dopamine (DA) level of Pael-R KO mice was only 60% of that in normal mice, while in Pael-R
Tg mice, striatal 3,4-dihydroxyphenylacetic acid (DOPAC) as well as vesicular DA content increased. Moreover, the nigrostriatal dopaminergic
neurons of Pael-R Tg mice are more vulnerable to Parkinson’s disease-related neurotoxins while those of Pael-R KO mice are less. These results
strongly suggest that the Pael-R signal regulates the amount of DA in the dopaminergic neurons and that excessive Pael-R expression renders

dopaminergic neurons susceptible to chronic DA toxicity.
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1. Introduction

DA is one of the important neurotransmitters of the central
nervous system (CNS). Animal studies reveal that increasing
synaptic DA concentration by inhibiting DA transporters or
blocking DA autoreceptors stimulates locomotion and explora-
tory behavior. Conversely, blocking DA receptors attenuates the
effects of food rewards, intracranial self-stimulation, and
psychomotor stimulants. DA-deficient animals show severe
adipsia, aphagia, hypoactivity, and impaired complicated motor
behaviors (Zhou and Palmiter, 1995). About 75% of the
dopaminergic neurons in the brain have their cell bodies in the
substantia nigra (SN) of the basal ganglia and project to

0168-0102/$ — see front matter © 2007 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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the striatum. Progressive loss of this population underlies
Parkinson’s disease (PD) in humans (Betarbet et al., 2002).
Most cases of PD are sporadic and the etiology of common PD
remains unknown. However, recent identification of gene
mutations in familial cases of PD has advanced our under-
standing of the molecular mechanisms behind the neurode-
generation associated with this disease.

A major cause of juvenile PD, autosomal recessive
juvenile Parkinsonism (AR-JP), results from mutations in
the Parkin gene (Kitada et al., 1998). Parkin protein is a
RING-finger type ubiquitin ligase (E3) and AR-JP-linked
Parkin mutants are defective in E3 activity (Imai et al., 2000,
Shimura et al., 2000; Zhang et al., 2000). The accumulation of
unfolded Pael-R, a substrate for Parkin recently identified in
our laboratory, causes unfolded protein stress, which results in
cell death in vivo and in vitro (Imai et al., 2001; Yang et al.,
2003). Parkin eliminates unfolded Pael-R in cooperation with
the molecular chaperone Hsp70 and a U box protein known as
CHIP (Imai et al., 2002). Pael-R, which is abundantly
expressed in dopaminergic neurons of the SN, other regions
(such as the hippocampus), and some nuclei of the brainstem
and in oligodendrocytes, is a putative G protein coupled
receptor whose ligand is unknown (Donohue etal., 1998; Imai
et al., 2001) and whose physiological function in the brain
remains unclear.

Here we provide genetic evidence in mice that Pael-R is
involved in the regulation of nigrostriatal dopamine metabolism
and propose a hypothesis of DA neuron-specific pathological
mechanism by Pael-R expression.

2. Materials and methods

2.1. Targeted disruption of the mouse Pael-R gene

Pael-R KO mouse was generated by standard technique of gene targeting
(Gomi et al., 1995). A targeting vector was constructed using 17.5-kb genomic
DNA fragments containing exon 1 of Pael-R gene (Fig. 1C). Floxed pgk-neo
cassette and loxP sequence were inserted at the sites of the intron 1 and
untranslated region of exon 1, respectively. DT-ApA cassette was flanked at s’
end of homologous arm for negative selection (Yanagawa et al., 1999). The
linearized targeting vector was transfected into MS12 (CS7TBL/6J [B6)) ES
cells. Positive clones were selected by Southern blots analysis, and then injected
into Balb/c blastcysts. Offsprings harboring targeted allele were generated from
the crossing of chimera mice with B6 mice and confirmed by Southern blots
analysis. To generate a null allele, B6 eggs in vitro fertilized by F1 sperm were
microinjected with circular plasmid DNA containing the Cre recombinase gene
as described previously (Sunaga et al., 1997). After the confirmation of pull
allele by Southern blots analysis, heterozygous mice harboring null allele were
intercrossed for obtaining the homozygous mice as Pael-R KO mice.

2.2. Generation of Pael-R Tg mice

Human platelet-derived growth factor B2 promoter-driven human Pagl-R
transgenic (PDGFB-Tg) mice, and mouse prion protein promoter-driven Pael-R
Tg (PrP-Tg) mice were generated using the human PDGF B2 vector (Chuietal,
1999) (kindly provided by Drs. Tanahashi H. and Tabira T., National Institute of
Neuroscience, Japan), and MoPrP vector (Borchelt et al, 1996) (kindly provided
by Drs. Borchelt D.R. and Fromholt D., Johns Hopkins University). The Notl
fragments from the PDGFB-Pael-R and the PrP-Pael-R plasmids were micro-
injected into B6 and C3H/B6 mouse eggs, respectively. Potential founders were
identified using Southern blot analysis and PCR. Stable Tg lines were established
by breeding founders to B6 mice (for PDGFB-Tg) and C3H/B6 mice (for PrP-Tg).

2.3. Antibodies

Anti-Pael-R (#202) and anti-LP-2 (#23) monoclonal antibodies (mAbs) were
raised in mice against the C-terminal 61 amino acids of human Pael-R and the C-
terminal 62 amino acids of human ETgR-LP2 (LP-2), respectively, expressed in
bacteria. Anti-TH (MAB318) and anti-actin (MAB1501R) Abs were purchased
from Chemicon. Anti-transferrin receptor (H68.4) and anti-NSE (BBS/NC/VI-
H14) Abs were obtained from Zymed and Dako, respectively.

2.4. Western blots and immunohistochemistry

A crude homogenate was prepared by adding 10 wl of ice-cold buffer A
(50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 5 mM EDTA containing Complete
Protease Inhibitors [Roche Diagnostics])/mg of brain tissue and using a Dounce
homogenizer with a tight pestle (40 strokes). The suspension was fractionated
by centrifugation at 1000 x g for S min and then by ultracentrifugation at
165,000 x g for 60 min. The pellet fraction was washed three times with buffer
A, and then extracted by shaking in 5 pl of buffer B (buffer A containing 1%
Triton X-100 and 1% SDS)/mg of brain tissue for 60 min at RT. After
centrifugation at 18,500 x g for 30 min, the pooled supernatants were used
as the total membrane fraction. Each fraction was Western blotted using ECL
detection reagents (GE Healthcare). Protein was quantified using the Coomassie
protein assay reagent (Pierce).

2.5. Animal treatment, drugs, and behavior

Three-month-old male littermates of heterozygous interbreedings were used
in the 1-methyl-4-phenyl-1,2.3,6-tetrahydropyridine (MPTP) experiments. Mice
received either two intraperitoneal injections of MPTP (Sigma; 10 h apart; 30 mg/
kg each), or vehicle control (saline). The animal experiments described were
approved by Animal Experiments Committee of RIKEN Brain Science Institute.
All procedures were performed according to guidelines of RIKEN Brain Science
Institute. Treatment with 6-hydroxydopamine (6-OHDA) was performed as
described previously (Kaneko et al., 2000). In short, the male Tg or KO mice
at 2-3 months of age and their littermates were deeply anesthetized with sodium
pentobarbital (S0 mg/kg i.p.). A needle was introduced into the left hemisphere
using stereotaxic techniques, and phosphate-buffered saline (PBS, 0.5 ul) con-
taining 6-OHDA hydrobromide (4 mg/ml) and 0.016% ascorbic acid was injected
into two sites in the left striatum over 5 min. After 1 week (for the MPTP
experiments) and 3 weeks (for the 6-OHDA experiments), mice were subjected to
neurochemical analysis or counting of the number of tyrosine hydroxylase (TH)-
positive neurons as follows. The brain perfused with cold PBS followed by 4%
paraformaldehyde in PBS, was removed, embedded in paraffin, sectioned
(12 pm), deparaffinized using standard protocols, and stained with anti-TH
mAb (Chemicon, 1:100). The total number of TH-stained cells with clearly
visible nuclear borders in the substantia nigra pars compacta was estimated in
every fifth section, using a previously described unbiased stereological method
(Nelson et al., 1996; West, 1999). A complete reduction of TH immunosignal in
the striatum was also used to confirm that the injection sites of each animal were
optimally located. For spontaneous locomotion activities, mice were placed in
white chambers (50 cm x 50 cm). After introduction of mice without acclima-
tion, horizontal migration up to 30 min was recarded by overhead CCD cameras
and analyzed by Image OF4, a program based on the NIH image program (O’Hara
& Co. Lid., Tokyo, Japan).

2.6. Neurochemical analysis

Striatal tissue was homogenized in solution H (0.4 M HCIO, containing
4 mM NagS;0s, 4 mM diethylenetriaminepentaacetic acid and SmM 1,4-
dithiothreitol). The supemnatant by centrifugation at 18,500 x g for 10 min
was used for measurement of free catechols. The alumina extraction of free
catechols was basically performed as described previously (Ito et al., 1988).

2.7. In vivo microdialysis

Mice were anesthetized with sodium pentobarbital and placed in a stereo-
taxic frame. Dialysis probes (membrane length, 2.0 mm; outer diameter,
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Fig. 1. Generation of Pael-R Tg and Pael-R KO mice. (A) Expression of the Pael-R gene was under the control of the PrP and PDGF B2 promoter. pA,
polyadenylation sequence. (B) Expression levels of Pael-R in the whole brain of each PrP-Tg line (1-6), PDGFB-Tg (20-22) and non-Tg mouse (N) are shown
(upper). Expression levels of Pael-R and Parkin in each region of the brain of PrP-Tg line 1 and PDGFB-Tg line 20 mice and their non-Tg littermates (lower). CX,
cerebral cortex; HC, hippocampus; SA, striatum; MB, midbrain; BS, pons and medulla; CL, cerebellum, and SC, spinal cord. The amounts of neuron-specific enolase
(NSE) and actin in each lane were shown as loading controls. (C) The murine Pael-R gene and targeting vector. A region of the Pacl-R gene that includes the proximal
exon 1 with a start codon is shown. Two loxP sites were inserted on the both sides of the Pael-R coding region within exon 1 (5-UTR, white box; CDS1, gray box; a
loxP site in the exon 1, 461 bp upstream from the translation initiation site). A neo cdssette was inserted after exon 1. Locations of probes for southern blot analysis are
indicated. DT-ApA, the diphtheria toxin gene with poly(A) sequence for negative selection; pBS, pBluescript (Stratagene). (D) Northern blot analysis of Pael-R
transcripts ( pael-r) in representative brain samples. ‘+’, ‘—’, and ‘m’ indicates the WT, null and targeted allele in (C), respectively. The same blot was hybridized with
a gapdh probe as a loading control (gapdh). (E) Western blot analysis with the membrane fractions from the whole brain of 2.5-month-old mice. LP-2, ETsR-LP2; 2 x
LP-2, a putative SDS-resistant dimer form of LP2; TfR, transferrin receptor. (F) Quantitative analysis of expression levels of Pael-R protein normalized against each
TiR level in (E). The mean amounts of Pael-R in WT (+/+) are defined as one.

0.22 mm; D-1-6-02, Eicom, Kyoto, Japan) were implanted in the left striatum. verified by histological examination subsequent to the experiments. Following
The stereotaxic coordinates for implantation of microdialysis probes were surgery, animals were returned to their home cages and given free access to
anterior-posterior, 0.26 mm; dorsal-ventral, 3.5 mm; and lateral, 2.0 mm food and water. Twenty hours later, to avoid transient changes, if any, caused
relative to the bregma (Goldberg et al., 2003). Placement of the probe was by surgical damage, the dialysis probe was connected to a syringe pump and
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perfusion was carried out at 1.0 wV/min with artificial striatal cerebrospinal
fluid (aCSF: Na*, 155.0 mM; Ca**, 1.1 mM; K", 2.9 mM; Mg?*, 0.8 mM; and
Cl~, 155.6 mM; pH 7.4). After a 4-h equilibration period, the perfusates were
collected every 30 min. The basal level of DA was determined by averaging the
DA levels of eight dialysates collected during a 4-h period. The DA level due to
Ca®*-dependent efflux was the difference between the basal level and the
average level in two consecutive dialysates collected within 1 h after perfusion
of Ca**-free aCSF for 2 h. Samples were assayed for DA or DOPAC using
HPLC-EC.

2.8. Electrophysiology

The midbrain slices and corticostriatal slices prepared from 3-4-week-old
mice were cut coronally and parasagittally, respectively (250 pm thick),
transferred to an incubation chamber and allowed to recover for 1 h before
recording. During recording, a slice was perfused continuously with aCSF
(124 mM NaCl, 3 mM KCl, 1 mM NaH,PO,, 1.2 mM MgCl;, 2.4 mM CaCl,,
10 mM glucose, 26 mM NaHCO3;, pH 7.4) saturated with 95% O3, and 5% CO,
at a rate of 1-2 ml/min at 30 °C. Whole-cell patch-clamp recordings were
made from DA neurons in midbrain slices or striatal medium spiny neurons
(MSNSs) in corticostriatal slices by an EPC9/2 amplifier (HEKA Elektronik
Lambrecht/Pfalz, Germany) with infrared differential contrast visualization
using an Olympus BXSOWI (Tokyo, Japan) and a CCD camera. For current-
clamp recordings, patch pipettes contained 129 mM K-gluconate, 11 mM KCl,
2mM MgCl;, 10 mM HEPES, 4 mM Nax-ATP, 0.3 mM GTP, and 0.5%
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biocytin (brought to pH 7.3 with KOH; osmolarity 280 mOsm). Hyperpolar-
izing and depolarizing current injection was made to study the physiological
properties of DA neurons. For voltage-clamp recordings, patch pipettes (4—
6 MQ2) were filled with 124 mM Cs-methanesulfonate, 11 mM KCl, 2 mM
MgCl,, 10 mM HEPES, 4 mM Nay-ATP, 0.3 mM GTP, 0.1 mM spermine,
5 mM QX-314, and 0.5% biocytin and brought to 280 mOsm and pH 7.3 with
CsOH. Inhibitory postsynaptic currents (IPSCs) were evoked by electrical
stimulation of the striatum with a bipolar tungsten electrode in the presence of
the N-methyl-p-aspartate receptor antagonist D(—)-2-amino-5-phosphono-
pentanoic acid (D-APS, 25 uM) and the a-amino-3-hydroxy-S-methyl-4-
isoxazolepropionic acid receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX, 20 uM). Effects of paired pulse stimulation were then
investigated by delivering five pairs of stimuli at decreasing intervals (500,
200, 100, 50, and 25 ms). Thirty stimulus pulses given 70 ms apart (about
14 Hz) were next applied three times every 20 s. Nomifensine (3 pM), an
uptake inhibitor of DA, was then bath-applied. Voltage errors attributable to
the liquid junction potential (11 mV) were subtracted. Signals were filtered at
5 kHz and digitized at 20 kHz with Pulse/PulseFit (HEKA). If seriesresistance
was changed by >20%, the experiments were discarded. To confirm the
morphology of the recorded neurons, the slices containing biocytin-filled
cells were fixed and stained with Vectastain ABC kit (Vector Laboratories).
Areas of cell bodies of DA neurons were measured using NITH Image J software
(http://rsb.info.nih.gov/ij/). Statistical significance was assessed by unpaired
or paired Student’s t-tests. D-APS was obtained from Tocris Cookson and all
other drugs from Sigma.
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Fig. 3. Hypersensitivity to methamphetamine in Pael-R Tg mice. (A) Time
course of DA release in the striatum of Pael-R KO (n = 8) and WT littermate
mice (n = 8) in response to methamphetamine (METH, 30 mg/kg, s.c.). Perfu-
sion of medium containing 100 mM KCl through the microdialysis probe at
270 min after METH stimulation did not show another peak of DA release,
suggesting that almost all of the intracellular DA was released by this METH
administration. The values are represented as the mean + S.E.M. of percentage
to basal levels (average of the levels at 30 and 60 min before METH admin-
istration) for eight animals at 6-12 months of age. (B) Time course of DA
release in the striatum of PrP-Tg (n = 10) and non-Tg littermate mice (# = 10) in
response to METH (30 mg/kg, s.c.) and subsequent KCl (100 mM) adminis-
tration as in (A). The values for 10 animals at 6 months of age are represented as
in (A). DA release after METH stimulation in PrP-Tg was significantly different
by repeated measures ANOVA [genotype x time interaction, F (1,245) = 27.1;

3. Results
3.1. Generation of Pael-R Tg and Pael-R KO mice

Tg mice were generated expressing human Pael-R under the
control of the PrP promoter and the PDGF 2 promoter
(Fig. 1A). Several lines of Tg mice were obtained, and mice
with the highest expression levels of Pael-R were chosen from
each promoter group and characterized (Fig. 1B). The PrP
promoter-driven transgenic (PrP-Tg) line PrP1 (maintained on
a mixed genetic background of C3H x B6), showed high
expression of Pael-R transgene in the whole brain, while the
PDGF B2 promoter-driven transgenic (PDGFB-Tg) line 20 on a
B6 background showed marked expression in the striatum and
the midbrain compared with other regions (Fig. 1B). The
expression of Pael-R transgene in TH-positive neurons in the
SN was immunohistochemically confirmed by increased Pael-
R immunosignals compared with that of non-Tg mice (data not
shown).

Murine Pael-R gene contains two exons (Marazziti et al.,
1998). The first exon containing a start codon was targeted to
generate Pael-R-deficient mice on a B6 background. Two loxP
sites flanking exon 1 and a selection marker cassette were
introduced into the mouse Pael-R gene by means of
homologous recombination in ES cells (Fig. 1C, targeted
allele). To generate a null allele, part of the exon 1 and the
selection marker were removed by in vitro fertilization using
sperm from a heterozygote mouse bearing the targeted allele
and subsequent microinjection of Cre recombinase cDNA into
the fertilized eggs. Homologous recombination of the targeting
construct and the deletion of the floxed cassette were confirmed
by Southem blotting (data not shown). To determine the level of
expression of Pael-R transcripts, Northern blotting analysis was
performed with total RNA from whole brain samples (Fig. 1D).
This analysis indicated that in mice carrying both the targeted
and null alleles, the expression of Pael-R mRNA transcripts is
completely lost, suggesting that the insertion of loxP or the
selection cassette on non-coding regions has disrupted a critical
element(s) for transcripton. ’

The protein levels of expression in Pael-R Tg and KO mice
were assessed by Western blotting with membrane fractions
prepared from whole brain of samples with anti-Pael-R Ab
(Fig. 1E). PrP-Tg and PDGFB-Tg mice had respectively ~12
and ~5.5 times higher Pael-R protein levels compared with
normal mice (+/4), while homozygote mice bearing the null
allele or targeted allele failed to show an immunosignal of the
Pael-R protein (Fig. 1E and F) The alterations of Pael-R
expression had no effect on the expression of LP-2, whose gene
has the highest homology with the Pael-R gene (Fig. 1E)
(Valdenaire et al., 1998).

P < 0.001]. (C) The peak values of striatal DA efflux after METH treatment in
PrP-Tg male (left, n = S each group) and female (right, n = S each group) mice
are shown. *P < 0.05 vs. non-Tg by Student’s t-test. (D) Percent of the peak DA
efflux to basal DA content after METH treatment in PrP-Tg male (left, n= 5
each group) and female (right, n = 5 each group) mice is shown. *P < 0.05 vs.
non-Tg by Student’s ¢-test.
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Fig. 4. Locomotor activity of Pael-R Tg and Pael-R KO mice. (A) Spontaneous horizontal migration of Pael-R KO (n = 9) and WT littermate (z = 11) mice at 1 year
of age over a period of 30 min just after introduction into the open field chamber (50 cm x 50 cm). The migration distance in each minute interval after introduction
(left) and total migration distance (right) are represented as mean £+ SEM. (*P < 0.05 vs. WT; Student’s r-test). (B) Spontaneous horizontal migration of PrP-Tg
(1 = 11) and non-Tg littermate (r = 9) mice at 1 year of age over a period of 30 minasin A. *P < 0.05 vs. non-Tg by Student’s t-test. (C) Motor coordination of Pael-R
KO and WT littermate mice at 1 year of age was assessed with the rotarod test (n = 10 each group). The retention time ona rotating wheel was consecutively measured
four times. Each trial lasted for a maximum of 5 min, during which time the wheel rotates with a linear acceleration from 4 to 40 rpm. Data are represented as
mean + S.E.M. of retention time. (D) Motor coordination of PrP-Tg and non-Tg mice at | year of age was assessed with the rotarod test as in (C). (**P < 0.01 vs. non-
Tg; Student’s t-test, 2 = 10 each group). (E) The behavior of Pael-R KO and WT littermate male mice (n = S each group) during the free moving in vive microdialysis
analysis before and after METH administration (30 mg/kg) in Fig. 3A was scored as follows: 0, none; 1, piloerection without rotational motion; 2, slow rotational
motion; 3, fast rotational motion or jumping movement. Mean + S.EM. of the score are represented as Sensitivity Index. Grey bars, KO mice; white bars, WT
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3.2. Abnormal DA synthesis and metabolism by altered
Pael-R expression

Pael-R Tg and KO mice are viable and present no gross
anatomical abnormalities. Pael-R KO mice gained weight
normally, whereas Pael-R Tg mice gained at a slower rate
(37.1+4.1g in PrP-Tg versus 47.1 £2.1 g in PrP-non-Tg
males at 10 months, P <0.05, n=7; 30.6 £ 1.9 g in PrP-Tg
versus 385+ 2.4 ¢g in PrP-non-Tg females at 10 months,
P <001, n=14; and 23.0+ 1.7g in PDGFB-Tg versus
302+ 18g in PDGFB-non-Tg males at 6 months,
P <005, n=9). -

Because Pael-R is abundantly expressed in the DA neurons
and is implicated in the pathogenesis of PD, we then
examined the effect of altered Pael-R expression on the
nigrostriatal pathway. In the whole striatum tissue of Pael-R
KO mice, DA, but not its precursor L-DOPA, levels were
reduced to 60% of that in wild-type (WT) littermates
(Fig. 2A). In contrast, striatal levels of DA were increased
in both strains of Pael-R Tg mice (Fig. 2B and C). The levels
of DOPAC were significantly increased only in PrP-Tg mice
(Fig. 2B and C). In PrP-Tg mice, the concentration of
extracellular DA (measured by in vivo microdialysis of freely
moving mice) in the striatum as well as the concentration due
to Caz*-dependent release at the presynapse of DA neurons
was increased (Fig. 2D). The concentrations of extracellular
DA and DOPAC (measured by in vitro microdialysis) were not
significantly different in the striatum of Pael-R KO'mice (data
not shown). .

3.3. Increased DA storage and release in Pael-R Tg mice

Administration of the psychostimulant methamphetamine
(METH) stimulates DA release from the presynapse of DA
neurons. METH administration (30 mg/kg, s.c.) induced a
similar increase in extracellular DA levels in Pael-R KO and
WT littermate mice (Fig. 3A). No increase occurred when
100 mM KCI was infused intrastriatally via a microdialysis
probe at 270 min after METH, suggesting that 30 mg/kg
METH is sufficient to the release of almost all DA stored in the
presynapse. By contrast, METH administration (30 mg/kg,
s.c.) stimulates a significant increase (~1.6-fold) in extra-
cellular DA level in PrP-Tg compared with non-Tg mice
(P < 0.001 by repeated measures ANOVA; Fig. 3B). Follow-
ing METH administration, dialysate levels of DOPAC were
decreased similarly in both PrP-Tg and PrP-non-Tg mice as
well as Pael-R KO mice (data not shown), suggesting that
METH inhibits monoamine oxidase activity as previously
reported (Fumagalli et al., 1998). Although actual value of DA
efflux was larger in male mice than in female mice, there was
no sex difference in the ratio of peak DA levels to basal DA
levels (Fig. 3C and D).

3.4. Behavioral phenotype by mice with altered Pael-R
expression

DA content in the striatum plays an important role in the
control of locomotor and stereotypic behavior. Changes in DA
levels in these mice led us to test locomotor activity. The
spontaneous locomotor activity of naive Pael-R KO mice was
significantly reduced in an initial 30-min trial (Fig. 4A).
However, whereas the locomotor activity of Pael-R KO mice
did not change every month, that of WT littermates gradually
declined, probably because of habituation to the test.
Consequently, locomotor activity was higher in Pael-R KO
mice than WT littermates S months later (data not shown). The
result suggests that Pael-R KO mice somewhat lose the ability
of habituation to a circumstance. In contrast to Pael-R KO mice,
both PrP-Tg and PDGFB-Tg mice showed elevated locomotor
activity in the same test (Fig. 4B and data not shown).

Motor performance was assessed by the rotarod test as
described previously (Tateno et al., 2004). The rotarod scores
measured of 6-month-old and 1-year-old Pael-R KO mice were
not significantly changed whereas 1-year-old PrP-Tg showed
the significant improvement in this test (Fig. 4C and D and data
not shown). The phenotypes of Pael-R Tg mice in the locomotor
test and the rotarod test might be suggested to reflect an
elevated extracellular DA content.

Behavior in response to the METH-treatment (30 mg/kg,
s.c.) was assessed in Pael-R KO mice and PrP-Tg mice (Fig. 4E
and F). The responses to METH of Pael-R KO male mice did
not significantly differ from that of their WT male littermates
(Fig. 4E). However, these responses were more sensitive in PrP-
Tg mice than in non-Tg littermates (Fig. 4F). These results
correlated well with the DA release data obtained in the in vivo
microdialysis experiment (Fig. 3A and B). The female
responses tended to be milder than male, although levels of
Pael-R protein expression in the brain were not different
between male and female PrP-Tg mice (data not shown).

3.5. Sensitivity to DA neurotoxins

The numbers of TH-immunoreactive neurons in the SN, the
ventral tegmental area (VTA) and the locus coeruleus of Pael-R
KO and PrP-Tg mice (which are highly expressed in the locus
coeruleus as well as the SN and VTA unlike PDGFB-Tg mice)
showed age-dependent loss of TH-positive neurons (manuscript
in submission). The number of TH neurons in Pael-R KO mice
showed a slight reduction compared with their WT littermates
(Fig. 5A). However, the number did not change over time,
suggesting that Pael-R somewhat contribute to developmental
regulation of TH-positive neurons (data not shown).

Parkin KO mice have an increased extracellular DA and
whole striatal DOPAC levels (Goldberg et al., 2003; Itier et al.,
2003). Both Parkin KO mice and Pael-R Tg mice appear to have

littermates; Prestim., before METH-treatment; 0—60 min, for the first 1 h of METH-treatment; 60120 min, for the second 1 h. (F) The behavior of PrP-Tg and non-Tg
mice (n =5 males; n = 4 females in each genotype) in METH administration (30 mg/kg) was scored as in (D). The score representing the sensitivity to METH is
higher in the second 1 h after METH administration compared with non-Tg littermate (**P < 0.01 by Mann—Whitney U-test). Black bars, Tg mice; and white bars,

non-Tg littermates.
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Fig. 5. Sensitivity of DA neurons to the neurotoxins in Pael-R Tg and Pael-R KO mice. (A) The estimated number of TH-positive neurons in the SN and VTA of Pael-
R KO and WT littermate mice at 3 months of age was assessed by a stereological method (mean + S.E.M., n = 7 mice). *P < 0.05 vs. WT littermates by Student’s -
test. (B) Effect of 6-OHDA on DA neurons of Pael-R Tg mice 21 days after administration. 6-OHDA was injected into the left striatum of PrP-Tg and non-Tg
littermate mice at 2-3 months of age. The number of TH-immunopositive neurons in the SN was assessed by a stereological method. To correct for genotype-based
differences in the number of TH-positive cells, data are represented as percentage of the number on the non-treated side (right striatum) of each animal
(mean+ SEM., Tg, n = 8;non-Tg, n = 9). ***P < 0.001 vs. non-Tg by Student’s t-test. (C) Representative coronal sections of 6-OHDA-treated non-Tg (upper) and
Tg (lower) brains containing the SN are shown. The 6-OHDA-treated SN is located on the left side. (D) Effect of MPTP on DA neurons of Pael-R KO mice 7 days after
administration. MPTP was injected into Pael-R KO and WT littermate mice at 3 months of age. Data are represented as percentage of the number of DA neurons in the
SN in each pair with saline treatment (mean + S.E.M., n =8 per each group). **P < 0.01 vs. non-Tg by Student’s t-test. (E) Representative coronal sections of



