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Collapsin response mediator protein 1 (CRMP1) is one of the CRMP family members that mediates signal transduction of axonal guidance
and neuronal migration. We show here evidence that CRMP1 is involved in semaphorin3A (Sema3A)-induced spine development in the
cerebral cortex. In the cultured cortical neurons from crmpl™’~ mice, Sema3A increased the density of clusters of synapsin I and
postsynaptic density-95, but this increase was markedly attenuated in crmp1 '~ mice. This attenuation was also seen in cyclin-dependent
kinase 5 (cdk5) '~ neurons. Furthermore, the introduction of wild-type CRMP1 but not CRMP1-T509A/S522A, (Thr 509 and Ser 522 were
replaced by Ala), a mutant that cannot be phosphorylated by Cdk5, into crmpl '~ neurons rescued the defect in Sema3A responsiveness.
The Golgi-impregnation method showed that the crmpl ™'~ layer V cortical neurons showed a lower density of synaptic bouton-like
structures and that this phenotype had genetic interaction with sema3A. These findings suggest that Sema3A-induced spine development

is regulated by phosphorylation of CRMP1 by Cdk5.

Key words: CRMP; Sema3A; Cdk5; spine; PSD-95; synapsin I; cerebral cortex

Introduction
The organization of the nervous system relies on the exquisite
morphological complexity of neurons. The development of func-
tional neural circuitry involves several discrete steps. Newborn
neurons must migrate to their proper locations, then extend ax-
ons and dendrites into proper target regions, and form synapses
with appropriate partners. These seemingly different processes all
depend on the regulation of the cytoskeleton in response to ex-
tracellular or intracellular cues that orchestrate the morphologi-
cal development of neurons (Luo, 2000).

Among these extracellular cues, the semaphorins constitute a
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major family of repellent axonal guidance cues in the central as
well as the peripheral nervous system (Polleux et al., 1998; Raper,
2000). Semaphorin3A (Sema3A) repulses axons through the co-
receptor protein neuropilin-1 and plexin-As (Takahashi et al.,
1999; Tamagnone et al., 1999). Sema3A functions not only as a
chemorepulsive cue but also in endocytosis, facilitation of axonal
transport, and spine development, and as a chemoattractive cue
(Nakamura et al., 2000; Polleux et al., 2000; Goshima et al., 2002;
Huber et al., 2003; Li et al., 2004; Morita et al., 2006) through the
Fyn-cyclin-dependent kinase 5 (Cdk5) cascade (Sasaki et al.,
2002; Li et al., 2004; Morita et al., 2006). Although, how Sema3A
regulates the cytoskeleton remains obscure, several intracellular
molecules have been implicated as their downstream molecules.

Collapsin response mediator protein (CRMP) was identified
asa signaling molecule of Sema3A (Goshima et al., 1995). CRMPs
are now known to be composed of five homologous cytosolic
proteins (CRMP1-5); all of the family proteins are phosphory-
lated and are highly expressed in developing and adult nervous
systems (Wang and Strittmatter, 1996; Fukada et al., 2000; Inat-
ome etal., 2000; Yuasa-Kawada et al., 2003). CRMPs bind tubulin
heterodimer, whereas phosphorylation of CRMPs by Rho/Rho-
associated coil-forming protein kinase, Cdk5, and glycogen syn-
thase kinase-33 (GSK-33) lowers binding affinity of CRMPs to
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tubulin (Fukata et al., 2002; Uchida et al., 2005). Both CRMP1
and CRMP2 are involved in the Sema3A-induced growth cone
collapse response in dorsal root ganglia (DRG) neurons; in addi-
tion, the phosphorylation of CRMP1 and CRMP2 by Cdk5 and
the sequential phosphorylation of CRMP2 by GSK-3 3 are crucial
for Sema3A signaling (Uchida et al., 2005). However, the in vivo
roles of CRMPs remain to be elucidated.

In the present study, we focused on analysis of the neuronal
phenotype in the cerebral cortex of crmpl’~ mice. We investi-
gated the effects of Sema3A on dendritic spine morphology in
crmpl~’~ and cdk5 /" cultured cortical neurons. We also esti-
mated the effects of Sema3A in crmpl ™/~ neurons transfected
with wild-type (WT) CRMP1 (CRMP1-WT) or a mutant that
cannot be phosphorylated by Cdk5. We further studied spine
morphology of the adult cerebral cortex in crmpl /" and
sema3A~’" mice. We show here that CRMP1 regulates spine de-
velopment through Sema3A-Cdk5 signaling.

Materials and Methods

Materials. Poly-1-lysine and L-glutamine were purchased from Sigma (St.
Louis, MO). Neurobasal medium, Leibovitz’s L15 medium, and B27
were purchased from Invitrogen (Cergy Pontoise, France). Monoclonal
antibodies against CRMP1 (2C6G and 2E7G) were raised by injection of
a full-length CRMP1 protein into an Armenian hamster. The epitope has
not been identified, but we confirmed that these antibodies recognize
both CRMP1A and CRMP1B. No signal was detected in crmpl " brain
lysate (data not shown). Other antibodies used were anti-microtubule-
associated protein 2a plus 2b (MAP2) (mouse monoclonal; Sigma), anti-
postsynaptic density-95 (PSD-95; mouse monoclonal; Sigma), anti-synapsin I
(rabbit polyclonal; Millipore, Temecula, CA), anti-synaptophysin (mouse
monoclonal; Sigma), Cy3-labeled goat anti-Armenian hamster (Jackson Immu-
noResearch, West Grove, PA), Alexa488 or 594-labeled phalloidin, Alexa488 or
594-labeled goat anti-mouse, and Alexa488 or 594-labeled goat anti-rabbit
(Invitrogen). Recombinant Sema3A was prepared as described previously
(Goshima et al., 1997).

In situ hybridization using digoxigenin-labeled complementary RNA
probes. The in situ hybridization for crmpl, sema3A, and nrpl was per-
formed by digoxigenin-labeled riboprobes (Wang and Strittmatter,
1996; Kagoshima et al., 2001). Embryonic day 16.5 (E16.5), postnatal day
0 (P0),and P15 C57BL/6N mice (Charles River Laboratories, Yokohama,
Japan) were deeply anesthetized with diethyl ether and perfused intrac-
ardially with 4% paraformaldehyde (PFA) in PBS. The brains were re-
moved and postfixed in 4% PFA overnight. After being cryoprotected
with 30% sucrose, the brains were embedded with Tissue-Tek O.C.T
Compound (Sakura Finetechnical, Tokyo, Japan), and sagittal cryostat
sections (16 wm thick) were used for in situ hybridization as described
previously (Morita et al., 2006). No signal was detected using sense
probes (data not shown).

PSD fractionation. The PSD fractions of C57BL/6N mouse P15 cortex
were prepared as described previously (Cho et al., 1992). Briefly, mouse
cortex homogenates were centrifuged to remove nuclei and tissue debris.
The supernatant was centrifuged 10,000 X g at 4°C to yield a crude
membrane pellet (P2). A fraction enriched in synaptosomes was pre-
pared by discontinuous sucrose density gradient centrifugation of resus-
pended P2. To extract the PSD-IT (one Triton) fraction, we diluted the
synaptosomes and pelleted them with 0.5% Triton X-100. PSD-IIT (two
Triton) and IT,S (one Triton plus sarcosyl) fractions were then resus-
pended and pelleted with 0.5% Triton X-100 and 3% sarcosyl, respec-
tively. We defined the supernatant obtained after the PSD-IT-pelleted
preparation as the non-PSD fraction. The samples were then used for
immunoblot analysis of anti-CRMP1 (2E7G, 1:2500), anti-PSD-95 (1:
2500), anti-synapsin I (1:2000), and anti-synaptophysin (1:1000) anti-
bodies. The final protein concentrations were 45 ug (homogenates, P2,
and synaptosomes), 22.5 ug (non-PSD fraction), and 4.5 pg (PSD
fractions).

Mutant mice. cdk5, sema3A, and crmpl mutant mice were generated as
described previously (Ohshima et al., 1996; Taniguchi et al., 1997; Char-
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Figure 1.  Early and postnatal expression of crmp1, nrp1, and sema3A in the cortex. Mouse
E16.5, PO, and P15 sagittal sections processed for in situ hybridization with probes of CRMP1,
NRP1, and Sema3A. Cortical layers are shown on the left. Scale bars: 100 wm. MZ, Marginal
zone; (P, cortical plate; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone.

rier et al., 2006). Genotypes of the offsprings of all mutant mice were
assessed using polymerase chain reaction as described previously (Ohs-
hima et al., 1996; Sasaki et al., 2002; Charrier et al., 2006). Mice were
housed in the standard mouse facility, and fed an autoclaved diet and
water. All procedures were performed according to the guidelines out-
lined in the institutional Animal Care and Use Committee of the Yoko-
hama City University School of Medicine. Throughout the experimental
procedures, all efforts were made to minimize the number of animals
used and their suffering.

Construction of Sindbis pseudovirion. A replication-deficient Sindbis
pseudovirion carrying CRMP1-WT or CRMP1-T509A/S522A (Thr 509
and Ser 522 were replaced by Ala) was produced as described previously
(Takahashi et al., 2003). The constructs were designed to express CRMP1
and enhanced green fluorescent protein (EGFP) simultaneously, making
use of a double subgenomic promoter (Pugachev et al., 1995).

Primary culture. Cortical neurons derived from E16.5 brains of ICR
mice (Charles River Laboratories) or E18.5 brains of crmpl = or
crmpl ~'~ mice were plated on plastic coverslips (Nalgen, Rochester,
NY) coated with poly-L-lysine at a density of 4—7 X 10* cells/well in a
4-well dish (Nalgen), and grown in neurobasal medium supplemented
with B27 and 4 mm L-glutamine. Cortical neurons derived from E18.5
brains of cdk5 ™/~ or cdk5 '~ mice were plated at a density of 0.5-1 X
107 cells/well and grown in neurobasal medium supplemented with B27
and 0.5 mM L-glutamine.

A cortical culture of ICR mice neurons was fixed for immunocyto-
chemistry to examine the localization of CRMP1. Cultured cortical neu-
rons of crmpl ', crmpl ~'~, cdk5™/~, and cdk5~’~ mice were fixed for
immunocytochemistry to estimate the effects of Sema3A on dendritic
spine morphology. Sema3A, when treated, was applied to the cultured
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neurons for 24 h before fixation. Introduction A
of CRMP1-WT or CRMP1-T509A/S522A into
crmpl ~'~ cortical neurons was performed us-
ing Sindbis pseudovirion. In day 11 neurons,
the medium was changed to Leibovitz’s L15
medium, which contained Sindbis
pseudovirion, and then incubated for 1 h.
Thereafter, the medium was changed to 1/2
conditioned medium and the culture was fur-
ther incubated for 7 h. To confirm virus infec-
tion, we introduced EGFP into neurons using a
double subgenomic promoter (Pugachev et al.,
1995). The analysis was performed on EGFP-
positive neurons.

Immunocytochemistry.  Cultured  cortical
neurons were fixed in 2% PFA for 20 min at
room temperature followed by permeabiliza-
tion with 0.1% Triton X-100 in PBS. Immuno-
staining was performed using anti-CRMP1
(2C6G, 1:1000), anti-MAP2 (1:1000), anti-
PSD-95 (1:200), and anti-synapsin I (1:200) an-
tibodies. To visualize spine-like protrusions, we
stained some neurons with Alexa488- or 594-
labeled phalloidin (1:500). We then mounted
coverslips in glycerol mountant and analyzed
them wusing a laser scanning microscope
(LSM510) with a water-immersed objective set
at X63 (C-Apochromat/1.2 W corr) equipped
with an Axioplan 2 imaging microscope (Carl
Zeiss, Jena, Germany).

Evaluation of changes in dendritic spine mor-
phology of cultured cortical neurons. In the cul-
tured neurons stained with anti-PSD-95 or syn-
apsin I antibodies, the number of PSD-95 and
synapsin I-positive immunoreactive clusters at
actin-rich protrusions and the area of these im-
munoreactive clusters were estimated. To ex-
amine the spine morphology, we measured the
number, the length, and the width of
phalloidin-positive spines in crmpl™~ or
crmpl ™~/ cultured neurons. Dendritic protru-
sions that had an enlargement (> 0.1 um?) at
the tip were defined as spines. In our present
study, the mean number of immunoreactive
clusters at actin-rich protrusions per 100 wm of
dendrite and the mean number of spines per
100 wm of dendrite were calculated to assess their density. In the cultured
neurons double stained with anti-PSD-95 and synapsin I antibodies, the
synapsin I-positive clusters and the double-positive clusters were
counted. To evaluate the formation of mature spines, we then calculated
the ratio of the number of double-positive to synapsin I-positive clusters.
All quantifications were performed by using LSM-5 Image software (Carl
Zeiss).

Golgi impregnation. The Golgi—-Cox method was performed as de-
scribed previously (Sasaki et al., 2002). Analysis of the spine morphology
and the apical dendrite orientation was described previously (Sasaki et
al., 2002; Morita et al., 2006). Drawing was performed using an Olympus
(Tokyo, Japan) BX40 microscopy equipped with a camera lucida.

Statistical significance. Data are shown as mean = SEM. One-way
ANOVA was used to analyze the statistical significance of the results.
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Figure 2.

Materials and Methods).

Results

Expression of crmp1, nrpl, and sema3A in developing cortex
To investigate the role of CRMP1 in the developing cerebral cor-
tex, we examined the expression pattern of crmpl, sema3A, and
nrpl in the early and postnatal cerebral cortex. As previously
reported, nrpl and sema3A were expressed in complementary
patterns in the cerebral cortex (Fig. 1) (Morita et al., 2006). At

CRMP1/MAP2 g

CRMP1/synapsin |

Yamashita et al. ® The Role of CRMP1 in Spine Development

: =i
CRMP1/phalloidin

E

Homogenate
P2
Non-PSD

PSD-IT
PSD-IIT
PSD-IT,S

-100

' Synaptosome

ﬂ

100

=100

e

CRMP1/PSD95

Subcellular localization of CRMP1 in cultured cortical neurons. A, Inmunocytochemistry with anti-CRMP1 (a) and
anti-MAP2 (b) antibodies in cultured E16.5 mouse cortical neurons on 14 d in vitro (DIV). Merged image is shown in ¢. Scale bars:
10 wm. B-D, Cultured E16.5 mouse cortical neurons on 14 DIV doubled stained with CRMP1 antibody (B-D, a), and Alexa488-
labeled phalloidin (B, b), anti-synapsin | (C, b), or PSD-95 (D, b) antibody. A merged image is shown in ¢, and magnified images
of the boxed area in care shown in d. Arrowheads shown in ¢ represent typical merged clusters. Scale bars: 5 m. E, Immunoblot
analysis of CRMP1, synapsin | (Syn ), synaptophysin (Syn) and PSD-95 contents in homogenate, P2, non-PSD, synaptosomal and
PSD fractions (PSD-IT, PSD-IIT, PSD-IT, S) prepared from the P15 mouse cortex. Molecular weight is shown on the right. In CRMP1
immunoblot, upper band (80 kDa) and lower band (62 kDa) were considered to be CRMP1A and CRMP1B, respectively (see

E16.5, serna3A was expressed in the cortical plate, subventricular
zone, and ventricular zone, whereas nrpl was expressed in the
intermediate zone. At PO, sema3A, and nrpl were expressed at the
regions destined to form layers II and III, and layers V and VI,
respectively. At P15, sema3A and nrpl were confined to layer II,
and layers V and VI, respectively (Fig. 1). In contrast, crmpl was
strongly expressed in the whole region of the cortical plate at
E16.5, and the expression continued at PO with prominent ex-
pression at the region destined to form layer V (Fig. 1). At P15,
the period of synaptogenesis (Micheva and Beaulieu, 1996),
crmpl and nrpl were expressed in the layer V cortex (Fig. 1).

CRMP1 is a component of synaptosomal fraction of the
cerebral cortex

We reported that CRMP1 is localized at axons and growth cones,
and mediates Sema3A-induced growth cone collapse response in
DRG neurons (Uchida et al., 2005). Because Sema3A plays a role
in regulating dendritic projection and spine development at layer
V of the cerebral cortex (Sasaki et al., 2002; Morita et al., 2006),
we tested the possible function of CRMP1 in dendrites. We first
examined the subcellular localization of CRMP1 in cultured cor-
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synapsin I or anti-PSD-95 antibodies
showed that CRMP1 was colocalized with

Cc both synapsin I and PSD-95 at dendritic
' a protrusions (Fig. 2C,D). To further exam-
ine the expression of CRMP1 and its syn-
60 . e
aptic localization, we prepared synaptoso-
w mal and PSD fractions from P15 mouse
£ cortex using sucrose gradient fraction-
& ation and Triton/sarcosyl extraction. Im-
S 30 munoblot analysis of anti-synaptophysin
%‘ and anti-PSD-95 antibodies validated the
s identification of our preparations of syn-
o aptosomal and PSD fractions (Fig. 2E).
CRMP1 and synapsin I proteins were sim-
crmp1-- o 'ﬁ st 0 03 0 3 ilarly enriched in the P2 and synaptosomal
Py . Sema3A ) fractions. In the PSD fractions, a similar
phalloidin/PSD95 (nm) ¢rmp P enrlchm?nt in PSD-IIT fractions was ob-
B b served with both CRMP1 and PSD-95 pro-
a b T 0.8 teins (Fig. 2E). These data demonstrate
" = * that CRMP1 was enriched in the synapto-
§, 40 * < 0.5 2 somal fraction of the P15 mouse cerebral
% :E,_ * §_ cortex, as were synapsin I and PSD-95.
= =z : 0.4 CRMP1 is essential for Sema3A-induced
g20 20.25 ‘g‘; changes in dendritic spine morphology
% :::;,. ° in vitro
s s e To investigate whether CRMP1 is involved
> © S 0 in mediating Sema3A-induced changes in
B g 03 03 : hol d +I=
o < Sema3A spine morphology, we used crmp1 and
a 0 0 3 0 3 0 0 3 0 3 (nM) crmp1Y-crmp1/- crmpl /= cultured cortical neurons. In the
Sema3A o S— Sema3A o, — cultured cortical neurons from crmpl */~
(nM) crmp1*-crmp1” (nm) cn mp1*~crmp1” 72 0.5 mice, Sema3A treatment increased the
c d E : * density of synapsin I and PSD-95 clusters
v 50 0.5 5 atactin-rich protrusions on dendritic pro-
8 * - * _“E’ cesses (Fig. 3A,B), consistent with our
@ E o previous finding with wild-type cultured
© = s 0.25 cortical neurons (Morita et al., 2006). In
3 3 £ contrast, Sema3A did not alter the density
325 20.25 'g of clusters of synapsin I and PSD-95 in
I~ o c crmpl ~/~ cortical neurons (Fig. 3A,B).
g f’u E 0 Sema3A also increased the cluster size of
B 2 0 3 03 synapsin I and PSD-95 in crmpl ™/~ neu-
g; - Sema3A — m— TODS (Fig. 3A,B). In the absence of
0 0 3 0 3 0 0 3 0 3 (nM) crmp1™ crmp1 Sema3A, the size of/synapsin Iand PSD-95
SemMadA m— — Sema3A —_— clusters in crmpl '~ neurons was signifi-
(nM) crmp1*crmp1”- (nM) ©F mp1*-crmp1”- cantly larger than that in crmpl '~ neu-
rons (*p < 0.01). Sema3A did not further
Figure3. Theeffect of Sema3A on the density and the area of synapsin I and PSD-95 clusters and on the morphology of spines  increase the size of synapsin I and PSD-95

incrmp ™/~ and armp? ~'~ cultured cortical neurons. A, The cultured crmp1™/~ (a, b, e, f) or crmp1~"~ (c, d, g, h) E18.5
cortical neurons at 11 d in vitro were applied with (b, d, f, h) or without (a, ¢, e, g) Sema3A (3 nm) for 24 h, fixed, and then double
stained with Alexa594-labeled phalloidin (magenta) and anti-synapsin | (green; a—d) or anti-PSD-95 (green; e—h) antibodies.
Arrowheads represent typical immunoreactive clusters at actin-rich protrusions. B, Quantitative analysis of the effects of Sema3A
on the density of synapsin | (a) or PSD-95 (¢) clusters, and the mean area of synapsin | (b) or PSD-95 (d) clusters in crmp
(rmp?f/f cultured cortical neurons. €, Quantitative analysis of the effects of Sema3A on the density (a), the length (b), and the
width (c) of phalloidin-positive spines in crmp7™/~ and crmp1~/~ cultured cortical neurons. The density was estimated as
shown in Materials and Methods. Each value represents mean == SEM from 60 neurons of three independent cultures. *p << 0.01

compared with vehicle control. Scale bars: 5 pm.

tical neurons. Immunostaining with anti-CRMP1 and anti-
MAP2 antibodies revealed that CRMP1 was distributed in the cell
body and dendritic processes (Fig. 2A). CRMP1 was detected at
both neuronal shafts and actin-rich protrusions on dendritic pro-
cesses (Fig. 2B). Double staining with anti-CRMP1 and anti-

clusters (Fig. 3A,B). To determine
whether Sema3A induces changes in spine
morphology, we also measured the num-
ber, the length, and the width of spines
(Fig. 3C). We found that Sema3A en-
hanced the length and the width of spines
in crmp1*'~ (Fig. 3C). The length and the
width of spines in crmpl ™'~ neurons
without Sema3A were longer and wider
than those of crmpl ™/~ (*p < 0.01), and
Sema3A did not alter these parameters (Fig. 3C). There was no
difference in the density of spines in crmpl '~ and crmp1 '~
neurons, and Sema3A did not alter this parameter in crmpl ~'~
and crmpl */~ neurons. Thus, these results indicate that CRMP1
is involved in the regulation of spine morphology by Sema3A, which

17/~ and
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Figure 4.  Sema3A increases the double-positive clusters with anti-PSD-95 and synapsin |
antibodies in crmp? ', but not crmp7 /™ cultured cortical neurons. A, The cultured
(rmp?“f (a—d)or (rmp?f/f (e—h) E18.5 cortical neurons at 11 d in vitro were applied with
(b, d, f, h) or without (a, ¢, e, g) Sema3A (3 nw) for 24 h, fixed, and then double stained with
anti-PSD-95 (magenta) and anti-synapsin | (green) antibodies. Magnified images of boxed area
ina, b, e, and fare shown in ¢, d, g, and h, respectively. Arrowheads represent typical double-
positive clusters. Scale bars: a, b, e, f, 5 um; ¢, d, g, h, 1 um. B, Quantitative analysis of the
effects of Sema3A on the ratio of the number of double-positive to synapsin I-positive clusters
(see Materials and Methods). Each value represents mean == SEM from 46 to 60 neurons of
three independent cultures. *p << 0.01 compared with vehicle control.

isaccompanied by an increase in the cluster density of synapsin I and
PSD-95 on dendrites. It is known that local and stepwise assembly of
presynaptic as well as postsynaptic components occurs during the
formation of mature spines (Ahmari et al., 2000; Friedman et al.,
2000; Okabe et al., 2001). The colocalization of synapsin I and
PSD-95 clusters corresponds to functional synapses (Marrs et al.,
2001). Furthermore, Sema3A not only induces enlargement of syn-
apsin I and PSD-95 clustering, but also increases the double-positive
clusters of these molecules, suggesting that Sema3A induces forma-
tion of mature spines (Morita et al., 2006). We therefore performed
double staining with anti-synapsin I and anti-PSD-95 antibodies in
crmpl ™’ and crmpl ™/~ neurons. In the absence of Sema3A treat-
ment, there were no differences in the ratio of the number of double-
positive to synapsin I-positive clusters in crmpl™’™ and crmpl '~
neurons. Sema3A enhanced the ratio of the number of double-
positive to synapsin I-positive clusters in crmpl™~. However,
Sema3A did not alter the ratio in crmpl '~ neurons (Fig. 4). These
results show that Sema3A induced formation of mature spines in
crmpl™™/~, but not in crmpl /" neurons. These results also indicate
that the enlarged clusters seen in crmpl /" neurons may reflect ab-
errant rather than mature spine formation.

Sema3A induces changes in spine morphology through
phosphorylation of CRMP1 by Cdk5

Our previous study indicated that introduction of a CRMP1 mu-
tant that cannot be phosphorylated by Cdk5 or CRMP1 short
interfering RNA suppressed Sema3A-induced growth cone col-
lapse in DRG neurons (Y. Uchida, unpublished observation)
(Uchida et al., 2005). In dendrites of primary cortical neurons
from cdk5~/~ mice, more prominent immunoreactive clusters of
anti-PSD-95 antibody were observed than in wild-type neurons
(Morabito et al., 2004). Because the phenotype seen in crmpl ™'~
neurons might be related to cdk5~/~ neurons, we investigated the
effect of Sema3A in cultured cortical neurons from cdk5*/~ and
cdk5~/ mice. Sema3A increased the density and the cluster size
of synapsin I and PSD-95 in cdk5"/~ neurons. Again, Sema3A-
induced increases in the density of immunoreactive clusters of
anti-synapsin I, and PSD-95 antibodies were markedly attenu-
ated in cdk5~/~ neurons (Fig. 5). We also noticed enlarged clus-
ters of PSD-95 in cdk5 /" neurons, consistent with a previous
finding (Morabito et al., 2004) (Figs. 3, 5). These results suggest
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that both Cdk5 and CRMP1 are involved in Sema3A-induced
clustering of synapsin I and PSD-95.CRMP1 is phosphorylated at
Thr 509 and Ser 522 by Cdk5 (Cole et al., 2006). To elucidate
whether phosphorylation of CRMP1 by Cdk5 is involved in
Sema3A-induced clustering of synapsin I and PSD-95, we trans-
fected the cultured cortical neurons of crmpl '~ with
CRMP1-WT or CRMP1-T509A/S522A, a CRMP1 mutant that
cannot be phosphorylated by Cdk5. CRMP1-WT reduced the
enlarged size of synapsin I and PSD-95 clusters of crmpl ~'~ neu-
rons to that of wild-type or crmpl™/~ neurons, whereas CRMP1-
T509A/S522A did not (Fig. 6). CRMP1-WT, but not CRMP1-
T509A/S522A, rescued the defect in responsiveness of Sema3A in
crmpl '~ neurons (Fig. 6). These results demonstrate that phos-
phorylation of CRMP1 by Cdk5 plays a crucial role in mediating
the effect of Sema3A on the clustering of synapsin I and PSD-95.

Lowered dendritic spine density in crmpl /"~ layer V

cerebral cortex

To study the roles of CRMP1 in the cerebral cortex in vivo, we
used the Golgi-impregnation method and visualized the cortical
neurons. In the wild-type cortex, apical dendrites of pyramidal
neurons were extended toward the pial surface from the upper
side of the cell body. In the crmpl '~ cortex, some pyramidal
neurons showed atypical morphology (Fig. 7 A, B). Some neurons
with multiple dendritic processes did not have polarity and were
polygonal rather than pyramidal in shape (Fig. 7A, B). To analyze
the phenotypes quantitatively, we plotted the number of trajec-
tories of the apical dendrites as described previously (Terashima
et al., 1992; Sasaki et al., 2002). In crmpl '~ the percentage of
layer V neurons possessing the oriented dendrites was decreased,
whereas layer V neurons in the wild-type had correctly oriented
dendrites. Layer III neurons did not show the disoriented apical
dendrite phenotype in crmpl~/~ (Fig. 7 B, C). We also found low-
ered dendritic spine density in layer V pyramidal neurons in
crmpl '~ mice (Fig. 7D, E). Such a specific phenotype in layer V
neurons was similarly observed with sema3A ~/~ cortex (Sasaki et
al., 2002; Morita et al., 2006). We next examined whether the
crmpl gene showed genetic interactions with the sema3A for
spine density. The neurons of the double heterozygous mice
showed the lowered spine density phenotype in layer V pyramidal
neurons. The number of spines per 100 um in sema3A™",
crmpl ™", and sema3A™’ ;crmpl ™" was ~50% of that in wild-
type (Fig. 7E), thereby indicating a strong genetic interaction
between crmpl and sema3A for dendritic spine density. Because
the length and the width of spines from crmpl /" cultured neu-
rons were longer and wider than those of crmp1*/~ neurons (Fig.
3C), we also measured the spine area of the crmpl™~ and
crmpl ™’ layer V neurons. We found that the spine area of
crmpl ™'~ mneurons was significantly smaller than that of
crmpl™’~. The mean spine areas of crmpl ™~ and crmpl ™'~ were
0.64 = 0.03 um? (1 = 21 neurons) and 0.53 = 0.04 wm? (n = 20
neurons), respectively (*p < 0.05). These data suggest that en-
larged spines seen in an in vitro experiment were eliminated
through cortical development.

Discussion

In this study, we provide evidence for the novel role of CRMP1 in
regulation of spine development. In cultured cortical neurons
from crmpl ™'~ and cdk5~'" mice, Sema3A failed to induce an
increase in the density of synapsin I and PSD-95. Introduction of
CRMP1-WT, but not CRMP1-T509A/S522A, a CRMP1 mutant
that cannot be phosphorylated by Cdk5, rescued the defect in
Sema3A responsiveness. Furthermore, lowered dendritic spine
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density was seen in the layer V pyramidal
neurons of adult crmpl ~/~ mice. For this
phenotype, crmpl showed genetic interac-
tion with sema3A. These findings clearly
demonstrate an important role of CRMP1
in spine development, and that Sema3A-
induced spine development is mediated
thorough phosphorylation of CRMP1 by
CdKk5.

In the current study, we focused on the
in vivo role of CRMP1 in the Sema3A sig-
naling cascade in layer V cortical neurons,
because immunoreactivity of CRMP1 was
detected in layer V of the adult mouse ce-
rebral cortex (Bretin et al., 2005), and
crmpl or nrpl was distributed in the P15
layer V cortex (Fig. 1). We reported previ-
ously that, in addition to its role as a repul-
sive guidance cue, Sema3A regulates den-
dritic branching and spine morphology:
In cultured cortical neurons, Sema3A in-
creased the density of PSD-95 and synap-
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can increase the complexity of dendritic
patterning in the cortical pyramidal neu-
rons (Fenstermaker et al., 2004; Morita et
al., 2006). In adult brain stained by the
Golgi-impregnation method, we found
aberrant projections of apical dendrites
and a lower density of synaptic bouton-
like structures on dendrites in the
crmpl '~ layer V cerebral cortex (Fig. 7).
The sema3A™*’ ;crmpl™’ ™ layer V cerebral
cortex also showed decreased spine forma-
tion (Fig. 7E), which showed a strong ge-
netic interaction between serna3A and
crmpl. These findings suggest that
CRMP1 mediates Sema3A signaling and
regulates spine development in neurons at
the layer V cerebral cortex in vivo. How-
ever, the dendritic branching pattern
seems to be more elaborate and complex compared with
sema3A™’" (Fig. 7A,B) (Sasaki et al., 2002). Previously, CRMP
family proteins have been recognized as mediators of responses
to extracellular molecules other than Sema3A. For instance,
CRMP1 and CRMP2 mediate the response to Reelin and neuro-
trophins, respectively (Yoshimura et al., 2005; Yamashita et al.,
2006). Such multiple functions of CRMP1 may explain the more
elaborate and complex dendritic pattern of crmpl /" layer V
pyramidal neurons than that of sema3A ™/~ neurons (Sasaki et al.,
2002).

Cdk5 has been implicated in presynaptic and postsynaptic
functions (Smith et al., 2001). For example, synapsin I and
PSD-95 are phosphorylated by Cdk5 (Matsubara et al., 1996;
Morabito et al., 2004), and the direct phosphorylation of PSD-95

Figure 7.
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Aberrant neurite projection and dendritic spine morphology in the cortical neurons of crmp7~/" mice. A, Photo-
graphs of Golgi impregnation of wild-type (wt) (a, d),crmp1 ~/~ (b, e), andsema3A */~;crmp1 ™/~ (¢, f) mice. Coronal sections
of the somatosensory cortex are presented. Magnified image of boxed area in a— ¢ are shown in d—f, respectively. In crmp1~~
cortex, some pyramidal neurons showed atypical morphology (arrow). Cortical layers are shown on the left. Scale bars: 100 m.
B, Drawings of Golgi impregnation of wt or crmp7 ™/~ mouse layer |1l and V/ pyramidal neurons observed with a X 20 objective.
Dendrites that extended over 100 um from the center of the cell body were defined as apical dendrites. Scale bars: 50 um. €, Rate
of neurons possessing the apical dendrites toward the pial surface. Layer Ill and V neurons from wt and crmp7 /™ mice were
analyzed (n = 200 from two or three individual brains). *p << 0.05 compared with wt. D, Drawings of Golgi impregnation of wt,
amp1~/~, and sema3A '~ ;crmp1 /™ mouse layer V dendrites observed with a X 100 objective. Unbranched dendritic pro-
trusions with a head showing a bouton-like structure were defined as dendritic spines. Scale bars: 10 wm. E, Number of dendritic
spines expressed on basal and apical branches of layer V pyramidal neurons of wt, sema3A ~/~, armp1 '™, sema3A ™'~
amp1 ™'~ and sema3A ™'~ ;crmp1 ™/~ . The number of spines per 100 um of dendritic shaft was calculated (n = 2024 from
two or three individual brains). *p << 0.01 compared with w.

by Cdk5 is required for the regulation of PSD-95 clustering
(Morabito et al., 2004). Because prominent immunoreactive
clusters of anti-PSD-95 antibody seen in cdk5 /" neurons were
also seenin crmpl ™/~ neurons (Figs. 3, 5) (Morabito et al., 2004),
our present finding suggests that PSD-95 clustering is also regu-
lated by phosphorylation of CRMP1 by Cdk5. Cdk5 acts not only as
a positive regulator of the Sema3A-induced changes in spine mor-
phology as presented here, but also as a negative regulator of spine
development by mediating ephrin-A1l-induced spine retraction (Fu
et al., 2007). This complex role of Cdk5 in spine development may
explain why the crmp1 ™~ and ¢dk5~/~ cultured neurons showed
enlarged synapsin I and PSD-95 clusters. The important finding is
that the Sema3A-induced increase in the ratio of the number of
double-positive cultures of synapsin I and PSD-95 to synapsin
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I-positive clusters was markedly attenuated in crmpl ™'~ compared
with crmpl™’~ neurons (Fig. 4). This observation suggests that
CRMP1 is required for the development of precise apposition be-
tween presynaptic clusters of synaptic vesicles and postsynaptic re-
ceptor clusters.

Although whether Sema3A primarily acts on presynaptic
and/or postsynaptic sites is unknown, it is possible that CRMP1
mediates Sema3A-induced vesicular transport for the regulation
of clustering of synapsin I and PSD-95. Indeed, Sema3A induces
vesicular transport through the Fyn-Cdk5 cascade, and this ac-
tion correlates well with local protein synthesis (Goshima et al.,
1997; Li et al., 2004). CRMP2 interacts with kinesin-1 and is
involved in kinesin-1-dependent transport (Kimura et al., 2005).
Furthermore, synapsin I is transported by kinesin-1 (Ferreira et
al., 1992).

In the mature cerebral cortex, the density of synaptic bouton-
like structures was lower in the crmpl /" cortex (Fig. 7). This
observation provides a contrast to our finding that, in crmpl™/~
cultured cortical neurons, the cluster size of both synapsin I and
PSD-95 was enlarged compared with Sema3A-untreated
crmpl ™'~ neurons (Fig. 3). The enlargement of synapsin I and
PSD-95 clustering in cdk5~/~ and crmpl~’~ neurons (Figs. 3, 5)
suggests that CRMP1 is a downstream target of Cdk5 for the
regulation of synapsin I and PSD-95 at synapses. However, the
enlarged clusters of synapsin I and PSD-95 in crmpl ™/~ neurons
were not in close apposition to each other (Fig. 4), which suggests
that the enlarged clusters may be associated with a mismatch
between presynaptic and postsynaptic components. Mismatched
sites may then be eliminated or converted until nearly all sites are
correctly juxtaposed. As the mean spine area of crmpl ™'~ layer V
neurons stained by the Golgi-impregnation method was smaller
than that of crmpl ™'~ (see Results), CRMP1 may play a role in
establishing stable synapses. This idea of CRMP1 as a regulator of
synaptic transmission is consistent with a recent observation that
crmpl '~ mice show impaired long-term potentiation, learning,
and memory (Su et al., 2007). Several lines of evidence suggest
that Cdk5 plays an essential role in modulating synaptic trans-
mission (Cheung et al., 2006). Neurotransmitter release is tightly
regulated through the synaptic vesicle cycle, which comprises
Ca**-triggered exocytosis of synaptic vesicles, followed by re-
trieval and recycling of synaptic vesicles via clathrin-mediated
endocytosis (Cheung et al., 2006). Cdk5 is involved in regulation
of both exocytosis (Cheng and Ip, 2003) and clathrin-mediated
endocytosis through phosphorylation of synapsin I, dynamin I,
and amphiphysin I (Tan et al., 2003; Tomizawa et al., 2003). We
found that CRMP1 was a component of synaptosomes of the
cerebral cortex (Fig. 2). Because wild-type CRMP1, but not a
CRMP1 mutant that cannot be phosphorylated by Cdk5, rescued
the phenotypic defect seen in crmpl ™/~ neurons, it is possible
that Cdk5 regulates the efficacy of synaptic transmission through
phosphorylation of CRMP1 by Cdk5. Interestingly, CRMP4, one
of the CRMP family members partially colocalized with synaptic
vesicle protein 2, is thought to regulate exocytosis at the growth
cone (Quinn et al., 2003). CRMP4 also interacts with intersectin,
one of the molecules involved in endocytosis (Quinn et al., 2003).
In addition, CRMP2 has been shown to be associated with Numb,
and phosphorylation of CRMP2 by Cdk5 regulates Numb-
mediated endocytosis (Nishimura et al., 2003; Arimura et al.,
2005). These interactions between CRMPs and their interacting
protein(s) might play important roles in synaptic development.

We present the first evidence that CRMP1 regulates dendritic
spine morphology by mediating Sema3A signaling via phosphor-
ylation of CRMP1 by Cdk5. CRMP1 may play an important role
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in regulating axonal guidance (Uchida et al., 2005), neuronal cell
migration (Yamashita et al., 2006), and spine morphogenesis
through its phosphorylation during cortical development.
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