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Late onset, sporadic Alzheimer’s disease is a
heterogeneous disorder (Casserly and Topol, 2004)
and the contribution of a vascular factor is still
controversial. In contrast to vascular-type cognitive
impairment, no significant change (at most, a mild
increase) in the level of circulating CD34* cells was
observed in patients with Alzheimer’s-type cogni-
tive impairment who had no cerebral ischemia.
Consistent with a CD34* cell-independent mecha-
nism of cognitive decline in Alzheimer’s-type
impaired cognition, there was no correlation be-
tween circulating CD34* cells and the level of CDR
or MMSE. These results suggest that the level of
CD34* cells in the peripheral circulation might
provide a useful means of separating dementia with
a vascular etiology from dementia associated with
nonvascular causes. This is not inconsistent with a
previous report indicating decreased levels of CD34
* cells in patients with early Alzheimer’s disease
that did not exclude patients with coexisting
cerebral ischemia (Maler et al, 2006). Our findings
could have implications for treatment, especially as
more modalities become available for patients with
declining cognitive function.

The level of circulating endothelial progenitor
cells, identified based on positivity for CD34 and
kinase insert domain receptor (CD34*/KDR* cells),
has been correlated with cardiovascular risk factors
(Vasa et al, 2001) and cardiovascular outcomes
(Schmidt-Lucke et al, 2005; Werner et al, 2005).
However, large variations in the levels of CD34*/
KDR* cells in the latter reports (by ~100-fold
between reports; Fadini et al, 2006; Werner et al,
2005) indicate the need to standardize this measure-
ment. In contrast, in our study, although there was
no strong correlation between levels of CD34 cells

- and established cardiovascular risk factors and other

treatments, probably because of the heterogeneity
of our control subjects, the results indicate a close
relationship between the overall CD34* pool and
the cognitive impairment with cerebral ischemia.
Previous reports have indicated a positive correla-
tion between mobilization of CD34* cells and

improved functional outcome in stroke patients -

(Dunac et al, 2007). Accelerated functional recovery
after experimental stroke, because of administration
of CD34* cells (Shyu et al, 2006; Taguchi et al,
2004b), suggests the possible contribution of CD34*
cells in maintenance of brain function during
cerebral circulation. Our method for quantification
of CD34* cells is simple, reproducible (Kikuchi-
Taura et al, 2006), and suitable for screening a
broad group of patients at risk for cerebrovascular
disorders.

In conclusion, our results indicate that the level
of circulating CD34* cells provides a marker of
vascular risk associated with cognitive impairment.
Furthermore, differences in the pathobiology of
Alzheimer’s- and vascular-type cognitive impairment
may be mirrored in levels of circulating CD34*
cells in these patient populations.
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Sema4D-plexin-B1 implicated in regulation of dendritic spine density
through RhoA/ROCK pathway
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Abstract

Plexin-B1, Sema4D receptor, mediates retraction and extension signals in axon guidance by associating with PDZ-containing Rho guanine
nucleotide exchange factors (PDZ-RhoGEFs) which can activate a small Rho GTPase RhoA. RhoA is implicated in spine formation by rearranging
actin cytoskeleton. Exogenous application of Sema4D to cultured neurons caused activation of RhoA, increase of spine density and changes in
spine shape. Sema4D-induced changes in spine density were blocked by either Rho-kinase (a downstream of RhoA, ROCK) inhibitor Y-27632
or by overexpression of plexin-B1 mutant lacking the C-terminus which no longer associates with PDZ-RhoGEFs. This study suggests that
Sema4D-plexin-B1 play a crucial role in spine formation by regulating RhoA/ROCK pathway.

© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Semaphorin; Plexin; Rho; Dendritic spine; Cytoskeleton; Neuron

Semaphorins comprise a family of soluble and transmem-
brane proteins that play a critical role in axon guidance in
the developing nervous system [16,18,32]. Semaphorins trig-
ger dynamic rearrangements of actin cytoskeleton and induce
retraction or extension of neurites [3,17,19,20,25,28]. Expres-
sions of several semaphorins and their functional receptors,
plexins, persist into adulthood after axon guidance has been
completed [10,15,19-21,33,36]. However, roles of semaphorins
at postnatal ages are not well understood.

Dendritic spines, actin-rich protrusions on neuronal den-
drites, are the major postsynaptic sites of excitatory synapses
in the brain [7,11-13]. The spine formation and morphol-
ogy are regulated by reorganizing actin cytoskeleton [4.12].
Rho GTPases, RhoA, Rac and Cdc42 are important in this
regulation {22,34]. They are active when bound to GTP and
inactive when bound to GDP, act as intracellular molecular
switches and transduce signals from extracellular stimuli to
the actin cytoskeleton. However, little is known about exter-

* Corresponding author. Tel.: +81 6 6879 2581; fax: +81 6 6879 2581/2629.
E-mail address: inagaki @sahs.med.osaka-u.ac jp (S. Inagaki).
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nal cues that trigger the activation of Rho GTPases in spine
formation and morphogenesis. Sema4D is such a candidate,
because it and its receptor plexin-B1 are highly expressed in
the brain during early postnatal period the synaptic formation
stage [9,36], and mediate RhoA-signaling via direct association
with PDZ (postsynaptic density-95/Discs large/zona occludens-
1) domain-containing Rho guanine nucleotide exchange factors
(PDZ- RhoGEFs) (positive regulators of RhoA activation),
p190-Rho guanine nucleotide activating protein (RhoGAP)
(a negative regulator of RhoA-signaling), and a RhoGTPase
Rndl [3,13,23,’26.33j. Here, we investigate whether Sema4D-
plexin-B1 is involved in spine formation and morphogenesis of
cultured hippocampal neurons via RhoA/Rho-kinase (ROCK)
pathway.

Hippocampal neurons were cultured as described by Banker
and Goslin [2] with modifications. In brief, the hippocampal
tissues were dissociated from Sprague-Dawley rat embryos
of embryonic day 18 (E18) (SLC), and digested in 10ml
of 4U/ml papain (Worthington Biochem)/0.0015% DNase
(Sigma)/0.02M phosphate buffered saline (PBS)/0.2 mg/ml
DL-cysteine HCI/0.2mg/ml bovine serum albumin (BSA)
(Sigma)/5 mg/ml glucose in 50ml tube for 15min at 37°C.

pathway, Neurosci. Lett. (2007), doi: 10.1016/j.neulet.2007.09.045
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Suspended neurons were plated at 150 cells/mm? onto cover-
slips (Matsunami Glass), which were coated overnight with
2 mg/ml poly-L-lysine (Sigma) in 0.15 M borate buffer (pH 8.4).
Neurons were cultured in Neurobasal medium (GIBCO)/B27
(GIBCO) and 25 pM L-glutamine. Two days after plating, the
medium was exchanged with fresh Neurobasal/B27 every 3
days, and after 7 day-in vitro (DIV) one half of the medium
was exchanged. Hippocampal neurons were transfected at 5-
DIV with green fluorescent protein (GFP, Clonetech) together
with or without a deletion mutant of plexin-B1AC (plexin-B1
lacking C-terminal three amino acids) by the calcium phosphate
method as described [2,13]. Neurons were usually analyzed at
21-DIV.

Human embryonic kidney (HEK293) cells were cultured
with 10% fetal bovine serum (FBS, Race, Australia)/Dulbecco’s
modified Eagle’s medium (DMEM), and transfected with
HA-tagged-human plexin-B1 (KIAA0407) [13], human plexin-
B2 (KIAA0315) [13], and mouse plexin-Al [15], and the
cells were subjected to Western blot analysis. Semad4D-

(A) grammung

Fc (Fc-tagged extracellular region of mouse SemadD) was
obtained as described previously [8,9], and used as soluble
Sema4D. .

Polyclonal antibodies to plexin-B1 were raised by immuniz-
ing rabbits with maltose binding protein (MBP)-fused-mouse
plexin-B1 (amino acid, 1216-1521, NM_17725). The specificity
of the antibodies was confirmed by Western blot analy-
sis. Mouse monoclonal antibody to HA was obtained from
Boehringer-Mannheim, antibody to postsynaptic density pro-
tein (PSD-95) from Upstate Biotechnology and antibody to
RhoA from Santa Cruz {13,14,37]. For Western blot anal-
ysis, primary antibodies were used at a dilution of 1:2000
(anti-plexin-B1, RhoA) and 1:10,000 (anti-HA), and for
immunocytochemistry, anti-PSD-95 and anti-plexin-B1 were
used at 1:500.

For Western blot analysis, cells were lysed in ice-cold lysis
buffer (20mM Tris-HCI pH 7.5, 1 mM EDTA-Na, 150 mM
NaCl, 1% TritionX-100, 1 mM phenyl-methylsuifonyl fluoride
(PMSEF)), left on ice for 30 min, and the supernatant was pro-

®

Anti-plexin-B1

-

1758 K ¥ 5. T
mock B1 B2 At
Anti-HA

175% Ui F,
mock B1 B2 A1

plexnB1 ge/ .~
- :.‘ .'../, .

plexnBi

P

e

\ X

Fig. 1. Immunostaining for plexin-B1 in dendrites of cultured hippocampal neurons. (A) Cultured hippocampal neurons (21-DIV) were stained with the preimmune
or the polyclonal antiserum to plexin-B1. (B) Western blot analysis shows the characteristics of the antiserum to plexin-B1. The antibodies recognize HA-tagged
plexin-B1 (B1) but not plexin-B2 (B2) or plexin-A1 (A1) transfected in HEK 293 cells. (C and D) Immunofluorescent images of 21-DIV hippocampal neurons show
localization of PSD-95 (green) and plexin-B1 (red) (C), and that of F-actin stained with FITC-phalloidin and plexin-B1 (red) (D). These images show colocalization
of plexin-B1 with PSD-95 and with F-actin in dendritic spines. Scales: 10 pm (upper panels), 20 wm (lower panels). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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ceeded for SDS-PAGE electrophoresis and Western blot analysis
asdescribed previously [13]). The membrane was treated with 5%
skim-milk/Tris—HC1 (pH 7.5), incubated with primary antibody
for 1h, washed three times in 0.5% Tween 20/Tris-HCl, incu-
bated with HRP-labeled secondary antibody (1:10,000) (Jackson
Immunoresearch), and finally visualized by enhanced chemilu-
minescence ECL (Amersham).

Immunocytochemical staining was performed as described
with modifications [14]. 21-DIV cultured hippocampal neurons
and other cells were fixed in 10% formalin/PBS for 30 min, per-
meabilized with 0.25%Triton X-100/PBS for 10 min, washed in
PBS twice, blocked in 10% BSA/PBS for 60 min, and then incu-
bated with indicated primary antibodies in 3% BSA/PBS for4h
atroom temperature. After washed in PBS, cells were incubated
for 2h with Cy3- (1:2000) or FITC- (1:500) labeled goat anti-
mouse or anti-rabbit-IgG (Jackson Immunoresearch), and/or
FITC- (1:500) or TRIC-labeled phalloidin (1:1000) (Sigma).
Neurons on coverslips washed in PBS were mounted in 95%
glycerol on glass slides.

Serial confocal images of neurons were obtained with the
LSM 510 confocal imaging system (Zeiss) using an oil immer-
sion, 63x objective with sequential-acquisition as described
previously [1,5,30]. Serial optical sections were taken at an inter-
val of 0.5 pm for each image with 3x zoom. For measurement
of spine density and morphology, spines located in the proxi-
mal 100-pm segments of the largest two dendrites were chosen
from GFP-positive neurons, and manually traced. Then spine
density and length were counted or measured automatically with

A contvol

w s

spine density (/10um)
- N

[¢]
control  SemadD

LSM510 software (Zeiss). For each experimental group, more
than 10 transfected neurons were chosen randomly for quan-
tification from 3—4 coverslips derived from three independent
experiments, and at least 200 spines were counted from more
than 10 neurons visualized by GFP fluorescence as described
elsewhere [5.30]. Spines were defined as described by Har-
ris et al. [11]. Measured data were éxported to Excel software
(Microsoft), and the data were compared with Student’s z-test.
At least three independent experiments were performed for each
experiment. Statistical significance was determined (p <0.01)
using Student’s f-test.

Detection of active RhoA was performed as described previ-
ously [37). Cultured neural cells (1 x 107 cells) prepared from
cerebral cortex containing hippocampus were lysed in ice-cold
lysis buffer (50 mM Tris~HCI, pH 7.5, 100 mM NaCl, 10 mM
MgCly, 10% glycerol, 1% Triton X-100, 1 mM PMSF). The
supernatant was incubated with 16 pg of GST-rhotekin Rho-
binding domain [29]. The bound RhoA was eluted by boiling
in sample buffer for SDS-PAGE and subjected to Western blot
analysis with anti-RhoA antibody.

To verify the expression of plexin-B1 in dendrites, primary
cultured hippocampal neurons were immunostained with anti-
plexin-B1 antibodies. Plexin-B1 immunoreactivity was seen in
the neuronal cell bodies, dendrites and dendritic spines, while
no specific immunostaining was found in the control sections
immunostained with the preimmune serum (Fig. 1A). Western
blot analysis showed that the antibody reacts with plexin-B1
overexpressed in HEK293 cells, while does not with plexin-

B Sema4dD

Fig. 2. Effects of SemadD on dendritic spines. (A and B) Confocal GFP-images for dendritic morphology of cultured hippocampal neurons (21-DIV). Neurons
transfected with GFP were untreated (A) or treated with 1nM SemadD-Fc for 6h (B). Scales: 10 pm (upper panels), 20 pm (lower panels): Examples of stubby,
thin and mushroom spines are indicated by arrows, arrowheads and double-arrowheads, respectively. (C) Spine density (per 10 pm-segment) was quantified in the
proximal 100-um-segments of the two largest dendrites from 15 neurons. Treatment of hippocampal neurons with Semad4D-Fc increased spine density. Datarepresent
the mean spine density & S.D. (n = 15 neurons per group), *p <0.001 with Student i-test.

pathway, Neurosci. Lett. (2007), doi: 10.1016/j.neulet.2007.09.045
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B2 or plexin-Al (Fig. 1B). Focusing on dendrites and dendritic
spines, immunostaining for plexin-B1 was present in dendritic
shafts and in punctuate structures along the shaft of hippocampal
neurons. Dots-like plexin-B1-stainings were colocalized with
PSD-95 (Fig. 1C), and also with F-actin (Fig. 1D). Our data show
that plexin-B1 is endogenously expressed in dendritic spines and
shafts.

In addition to the expression of plexin-B1 in dendrites, its lig-
and SemadD is expressed in postnatal and adult brains [9,36].
To determine whether Sema4D-plexin-B1 contribute to spine
formation we examined the effects of Semad4D on density of
dendritic spines in cultured hippocampal neurons visualized
by a transient transfection with GFP. Application of soluble
SemadD led to a significant increase of spine density (Fig. 2).
The average density of dendritic spines was 2.58 £0.39 (per
10-pm) in control neurons treated with the control medium,
while it was 3.56+0.19 in neurons treated with the Sema4D-
containing medium. Treatment with Sema4D had no significant
affect on the length of spines (control, 0.93 &+ 0.14 pm; Sema4D,
1.04 £ 0.09). Spine morphology is matured during development
in the order of stubby, thin, and mushroom-types [6,11]. Stubby
spines predominate in control 21-DIV hippocampal neurons,
while thin and mushroom spines become predominant follow-
ing treatment with Sema4D (Fig. 2). Taken together, our findings
suggest that Sema4D promotes spine formation and morpholog-
ical maturation of spines.

The effects of Semad4D on neurons are known to be medi-
ated by plexin-B1 and its downstream signaling that is engaged
in regulation of RhoA [13,26,33]. Sema4D-effect on RhoA
was examined in whole cell lysates of neuron-rich culture
from the cerebral cortex containing the hippocampus. Treat-
ment with Semad4D induced activation of RhoA in cultured
neurons (Fig. 3A). We therefore examined whether a major
downstream effector of RhoA ROCK is involved in SemadD-
induced spine formation, using Y-27632, a specific ROCK
inhibitor [35]. Treatment of hippocampal neurons with Y-27632
significantly reduced spine density (control, 2.48 + 0.17/10 pm;
Y27632, 1.72 £ 0.24) and eliminated Sema4D-induced increase
in spine density (Sema4D, 3.57 £ 0.09/10 pm; SemadD + Y-
27632, 1.50 4 0.16) (Fig. 3B and C). Simultaneous application
of Y-27632 and SemadD almost completely blocked Semad4D-
induced increase in spine density. As previously described
[27,34], Y-27632 increased the length of spines, while Y-27632
had no such effect when neurons were simultaneously treated
with Semad4D (data not shown). These results suggest that
RhoA/ROCK pathway is implicated in Sema4D-induced spine
formation.

SemadD can enhance active RhoA via plexin-B1 and its
C-terminal association with PDZ-RhoGEFs [13.26,33]. To
investigate whether the association of plexin-B1 with PDZ-
RhoGEcFs is required for Semad4D-induced changes in dendritic
spines, plexin-B1AC mutant, which no loriger associates with
PDZ-RhoGEFs, was introduced into cultured hippocampal
neurons. Transfection with plexin-B1AC completely blocked
SemadD-induced elevation of spine density (Fig. 4), while
transfection with wild type-plexin-B1 did not block such
SemadD-induced elevation (data not shown).
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Fig. 3. Effects of Sema4D onneurons and blockade of ROCK. (A) Cultured cor-
tical neurons (9-DIV) treated with or without 1 nM of Sema4D-Fc for 30 min.
The lysates were incubated with GST-rhotekin beads. Bound active RhoA was
subjected to SDS-PAGE followed by Western blot analysis with the anti-RhoA
antibody. (B) Confocal GFP images show examples of dendritic spines of 21-
DIV hippocampal neurons transfected with GFP. Neurons pretreated with or
without 10 pM Y-27632, a ROCK inhibitor, were treated with or without 1 nM
SemadD-Fc for 6h. Scale: 20 um. (C) The effects of Y-27632 on spine den-
sity (per 10 pm-segment) were quantified from 15 neurons (two dendrites per
neuron). Data represent the mean =+ S.D. *p <0.001 with Student r-test.

Plexin-B1 is widely found in the brain, and distributed in
neuropils as well as over neuronal cell bodies in the hippocam-
pus [33]. In this study, the immunostaining for plexin-B1 was
confirmed in dendrites and dendritic spines, and it was colo-
calized with PSD-95, suggesting that plexin-B lcan function as
the receptor for SemadD at dendrites and dendritic spines. The
present data show that SemadD plays a crucial role in regulating
the spine density and morphology. Application of exogenous
SemadD increased the spine density, and thin and mushroom
spines. Harris et al. [11] have shown that thin and mushroom
spines containing postsynaptic density markedly increase in
the hippocampus between postnatal day 15 and adult ages,
correlating with synaptic strength. Changes in spine numbers
and morphology are associated with neuronal development and
changes in neuronal activity. The spine shape is important for its
function as the postsynaptic component of excitatory synapses
[38]. Increases in spine formation and maturation are most likely
related to increases in excitatory synapse formation. Applica-
tion of exogenous Sema4D increased active RhoA in the whole
cell lysate of cultured neurons. Furthermore, Sema4D-induced
increase in spine density was almost completely blocked by
treatment of ROCK inhibitor Y-27632 and also by introduction

pathway, Neurosci. Lett. (2007), doi:10.1016/j.neulet.2007.09.045
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Fig. 4. C-terminus of plexin-B1 is required for the SemadD effect on dendritic
spines. (A and B) Confocal GFP-images were used to visualize dendritic mor-
phology of cultured hippocampal neurons (21-DIV) transfected with GFP alone
(A)and GFP with plexin-B1AC (B). Neurons were untreated (control) or treated
with 1 nM SemadD-Fc for 6 h. Scales: 10 pm (upper panels), 20 um (Jower pan-
els). (C) Spine density (per 10 pm-segment) was quantified from 15 neurons as
described above. *p < 0.001 with Student 7-text.

of plexin-B1AC mutant. These findings suggest that Semad4D-
plexin-B1regulate spine density and probably spine morphology
through the association with PDZ-RhoGEFs and its downstream
RhoA/ROCK pathway. '
Rho GTPases play an important role in dendritic spine for-
mation [38)]. Overexpression of constitutively active RhoA in
the hippocampal slices promotes spine elimination and reduced

spine density, while dominant negative RhoA does not affect
spine density [4,34] Whereas, either inhibition of RhoA using
C3 exoenzyme or blockade of ROCK using Y-27632 reduces
spine density and increases the length of spines [27,34]. In coin-
cidence with these reports, ROCK inhibitor Y-27632 reduced
spine density and increased the length of spines in this study.
Either active form of RhoA or inhibitor of RhoA signaling
reduces spine density, suggesting that the balance between
active and inactive forms of RhoA is important in spine for-
mation. Besides PDZ-RhoGEFs, Semad4D can induce activation
of p190RhoGAP, a ubiquitous GAP in the brain, which leads
to a decrease of active RhoA [3]. The negative RhoA regula-
tor pl90RhoGAP also plays an important role in the functional .
activities induced by Sema4D-plexin-B1 such as cell collapse,
inhibition of integrin-based adhesion, and neurite outgrowth
[3]. Thus, it is possible that the complex interactions among
PDZ-RhoGEF, p190RhoGAP and plexin-B1 exquisitely control
RhoA [3,21,23,33].

A recent study by Schubert et al. [31] have shown that
high potassium-induced reduction of spine density is accom-
panied by a decrease of active RhoA in the synaptosomes but
an increase in the whole cell lysates, suggesting that the local
RhoA at the synapses is implicated in regulation of spine den-
sity. It remains to be examined how RhoA become active at
the spines or is localized to the spines in a time-dependent
manner after addition of SemadD. Recently, by using RNAi
knockdown, Paradis et al. [24] have shown that reduction of
endogenous expression of SemadD had no effect on gluta-
matergic synapses but decreased GABAergic synapse density.
In this study, Semad4D at higher level than endogenous one
resulted in an increase of spine density. Taken together, Sema4D
might differently regulate the density of excitatory or inhibitory
synapses in a concentration-dependent manner. It is intrigu-
ing to investigate whether excitatory glutamatergic synapses
increase in number at higher Sema4D level after the addition
of it. ’
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SUMMARY

Synaptic activity induces changes in the number
of dendritic spines. Here, we report a pathway of
regulated endocytosis triggered by arcadlin,
a protocadherin induced by electroconvulsive
and other excitatory stimuli in hippocampal
neurons. The homophilic binding of extracellular
arcadlin domains activates TAO28, a splice var-
iant of the thousand and one amino acid protein
kinase 2, cloned here by virtue of its binding to
the arcadlin intracellular domain. TAO2B is
a MAPKKK that activates the MEK3 MAPKK,
which phosphorylates the p38 MAPK. Activation
of p38 feeds-back on TAO28, phosphorylating
a key serine required for triggering endocytosis
of N-cadherin at the synapse. Arcadlin knockout
increases the number of dendritic spines, and
the phenotype is rescued by siRNA knockdown
of N-cadherin. This pathway of regulated endo-
cytosis of N-cadherin via protocadherin/TAO2p/
MEK3/p38 provides a molecular mechanism for
transducing neuronal activity into changes in
synaptic morphologies.

INTRODUCTION

Various cellular events have been correlated with synaptic
plasticity, a mechanism that is believed to underlie learn-
ing and memory. Cell-adhesion molecules are among
the proteins responsible for these cellular events (Bailey
et al., 1992; Manabe et al., 2000; Sytnyk et al., 2006).
Among them, N-cadherin, a classical cadherin cell-adhe-
sion molecule abundantly expressed in hippocampal
excitatory synaptic junctions, has been most intensely
correlated with synaptic plasticity (Bozdagi et al., 2000;
Murase et al., 2002; Okamura et al., 2004; Tanaka et al.,

456 Neuron 56, 456-471, November 8, 2007 ©2007 Elsevier Inc.

2000; Tang et al.,, 1998). In a previous study, we found
that an activity-regulated synaptic cell-adhesion mole-
cule, arcadlin, is also essential for synaptic plasticity
(Yamagata et al., 1999). Arcadlin, the rat ortholog of hu-
man protocadherin-8 (pcdh8) and of mouse, Xenopus,
and zebrafish paraxial protocadherin (PAPC), is a unique
member of the protocadherin superfamily and has a dis-
tinct cytoplasmic region (Strehl et al.,, 1998; Yamagata
et al, 1999; Yamamoto et al.,, 2000). In Xenopus and
zebrafish, arcadlin/PAPC plays an important role in homo-
philic cell adhesion and gastrulation movements of the
paraxial mesoderm (Kim et al., 1998; Yamamoto et al.,
2000). Recently, Xenopus arcadlin/PAPC has been shown
to downregulate the adhesion activity of C-cadherin,
a classical cadherin of developing Xenopus (Chen and
Gumbiner, 2006). The interacting partners of arcadlin/
PAPC in the CNS have not been identified.

The activity of cell-adhesion molecules in synaptic
membranes is regulated in part by endocytosis. ApCAM,
an Aplysia neural cell-adhesion molecule, for example, be-
comes internalized in presynaptic membrane upon the
acquisition of long-term potentiation (LTP) (Bailey et al.,
1992). Clathrin-coated pits and vesicles have been found
in postsynaptic dendritic spines (Cooney et al., 2002; Racz
et al., 2004). One of the mechanisms that regulate the
endocytosis involves p38 MAPK (Johnson and Lapadat,
2002; Zhu et al., 2002), a serine/threonine kinase that
responds to various stress-related stimuli- (Tibbles and
Woodgett, 1999). TAO2, a MAP kinase kinase kinase
(MAPKKK) initially isolated as a mammalian homolog of
Ste20p in S. cerevisiae (Chen et al., 1999), serves as areg-
ulator of the p38 MAPK. Extracellular stimuli, such as
those of certain G protein-coupled receptors or insulin
receptor, are transduced via TAO kinases to p38 MAPK
in nonneural tissues {Chen et al., 2003). The p38 MAPK
is highly expressed in the brain, where it is thought to be
involved in synaptic plasticity (Thomas and Huganir,
2004). The functions of TAO kinases and their upstream
receptors in the CNS are not known.
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In this study, we have found that N-cadherin, the most
abundant classical cadherin in hippocampal excitatory
synapses (Benson and Tanaka, 1998), serves as a target
of arcadlin/PAPC in the mammalian nervous system.
Arcadlin is induced by neural stimulation and transported
to the synaptic membrane, where it binds to and internal-
izes N-cadherin. During our investigations into the mech-
anism of this internalization, we cloned a spliced form of
TAO?2 kinase (TAO2p) that binds to the arcadlin intraceliu-
lar domain. Homophilic interactions of arcadlin on the cell
surface activate p38 MAPK through the activation of
TAO2B. In tum, active p38 MAPK feeds-back on TAO28,
phosphorylating its carboxy-terminal domain at a specific
serine. This triggers the coendocytosis of an N-cadherin-
arcadlin complex. Furthermore, knockout of arcadlin inthe
mouse leads to an increase in dendritic spines in cultured
neurons, and siRNA knockdown of N-cadherin recovered
the spine density. We propose that endocytosis regulated
by this signal transduction pathway involving a protocad-
herin, a MAPKKK that binds to its intracellular domain,
a MAPK, and a classical cadherin regulates the adhesive-
ness of synaptic membranes and hence the number of
spines in an activity-dependent way.

RESULTS

Arcadlin Interacts with N-Cadherin

Arcadlin is an activity-regulated cell-adhesion molecule
whose expression level is very low in the resting brain
but is vigorously induced by neural stimulation and re-
cruited to the dendritic spine (Yamagata et al., 1999).
Upon neural stimulation, such as maximal electroconvul-
sive seizure (MECS), arcadlin immunoreactivity increased
and displayed a punctate distribution in the stratum luci-
dum of the hippocampal CA3 region, in which N-cadherin
is also found (Figures 1A and 18; Fannon and Colman,
1996).

In cultured hippocampal neurons, spontaneous synap-
tic activity causes detectable expression of arcadlin,
which was increased by brief treatment with glutamate
or elevation in cAMP with isobutyl methyixanthine (IBMX)
and forskolin (Figures 1C and 1D and data not shown).
Although N-cadherin is also known to be induced by ele-
vating cAMP level in acute hippocampal slices (Bozdagi
et al., 2000), there was no significant induction of N-cad-
herin in our culture (Figures 1C and 1D). This discrepancy
is presumably due to the lack of glial support and the
higher spontaneous activity of neurons in dispersed cul-
ture. The expression of arcadlin in cultures treated with
IBMX and forskolin was confined to glutamate decar-
boxylase 65 (GAD6)-negative, non-GABAergic neurons
(Figure 1E, arrow). In such neurons, arcadiin showed
punctate distribution in dendrites (Figure 1F, arrow). The
arcadlin puncta were not colocalized or apposed to the
GADG6-puncta, which correspond to inhibitory axonal
termini (Figure 1F, arrowhead). In contrast, the arcadlin-
puncta colocalized with postsynaptic markers for excit-
atory synapses, such as PSD-95 and the NMDA receptor

subunit NR1, as well as N-cadherin (Figure 1G). Arcadlin
was expressed in developing axonal growth cones of
young neurons, showing that arcadlin is also present in
developing presynaptic membranes (Figure 1H, arrow).

We discovered the association of arcadlin with N-
cadherin fortuitously during the course of immunoprecip-
itation studies of N-cadherin in hippocampal lysates.
Arcadlin was coimmunoprecipitated with N-cadherin in
dissected rat hippocampi 4 hr after electroconvulsions,
but very little was found in unstimulated hippocampi
(Figure 11; note that the amount of p-catenin bound to N-
cadherin is not affected). Coimmunoprecipitation was
detectable in resting cultured neurons, which was in-
creased by neural stimulation, such as depolarization by
KCI (Figure 1J). Another synaptic classical cadherin, cad-
herin-11, was also found to be associated with the in-
duced arcadlin in the brain (Figure 1K). The fact that arca-
dlin is targeted to multiple classical cadherins is
reminiscent of the notion that Xenopus arcadlin/PAPC
downregulates the adhesion activity of C-cadherin (Chen
and Gumbiner, 2006). In this study, we focused on N-cad-
herin as the most abundant example of these cadherins.
Coimmnoprecipitation experiments from cocultured cell
lines transfected with N-cadherin and arcadlin indepen-
dently (single transfections) or simultaneously (cotrans-
fection) revealed that they associated laterally in the
same membrane (Figure 1L). Consistently, we were able
to localize their interaction domains to their transmem-
brane segments by deletion mutant analyses (Figures
1M and 1N). The affinity of N-cadherin to arcadlin was sig-
nificantly reduced by a point mutation L561P or L561P/
M562G in the middle of the transmembrane «-helix of N-
cadherin (Figures 1M and 10). The corresponding amino
acid of E-cadherin plays a pivotal role in homophilic cis
dimerization (Huber et al., 1999).

Arcadlin Induces the Internalization of N-Cadherin
To test whether arcadlin had any effect on the adhesive
activity of N-cadherin, we performed cell-aggregation as-
says using L929 cells (Takeichi, 1977). Although arcadlin
itself has a homophilic adhesive activity, it is too weak to
be detected in the aggregation assay optimized for classi-
cal cadherins (Yamagata et al., 1999). We found that arca-
diin downregulated the homophilic adhesiveness of N-
cadherin (Figures 2A and 2B). The inhibitory effect was
not attributable to either the expression level of N-cad-
herin (Figure 2C) or the intracellular molecules associated
with N-cadherin, such as catenins (Figure 2D). We there-
fore hypothesized that the downregulation of N-cadherin
activity could involve the internalization of N-cadherin by
analogy to the case of apCAM (Bailey et al., 1992) and
L1 (Kamiguchi and Lemmon, 2000). Recently, a key role for
endocytosis in the disassembly of E-cadherin celi-cell
adhesion has been reported (Troyanovsky et al., 2006).
To examine whether arcadlin enhances the internaliza-
tion of N-cadherin, we first quantified surface N-cadherin
leve! by labeling neuronal proteins on the extracellular sur-
face with biotin. The biotin-labeled surface proteins were

Neuron 56, 456-471, November 8, 2007 ©2007 Elsevier Inc. 457
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Figure 1. Arcadlin Is Associated with N-Cadherin at Hippocampal Synaptic Puncta

(A) Hippocampal extracts from unstimulated (control) and electroconvulsive shocked (MECS-4hr) rats were immunoblotted for arcadlin and N-cad-
herin. :

(B) CA3 stratum lucidum doubly immunolabeled for arcadlin (Acad, green) and N-cadherin (Ncad, red} 4 hr after MECS. Significant colocalization con-
firmed {r = 0.51).

(C) Elevation of cAMP by IBMX and forskolin (FSK) induces the expression of arcadlin in cultured hippocampal neurons as examined by immunoblots.
Syp, synaptophysin. '

(D) The graph shows the relative band intensities of arcadlin and N-cadherin normalized with the bands for synaptophysin {mean + SEM).

(E) Hippocampal neurons treated with IBMX and forskolin for 4 hr and immunostained.for arcadlin (green) and GADS (red).

(F) An excitatory neuron double labeled for arcadlin (greeﬁ) and GADS (red).

(G) Neurons double labeled for arcadlin {(green) and PSD-85 (red; r = 0.43), NR1 (red), N-cadherin (red; r = 0.36), or synaptophysin {red).

{H) Hippocampal neuron (3 DIV) stained for arcadlin (green) and synaptophysin (red).

() Immunoprecipitation of N~cadherin from unstimulated (lane 1) and MECS-treated (iane 2) rat hippocampal extracts, immunobilotted for arcadiin
(top), N-cadherin (middle), and B-catenin (bottom). Lane 3, control preimmune serum.

- 458 Neuron 56, 456-471, November 8, 2007 ©2007 Elsevier Inc.
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Figure 2. Arcadlin Inhibits the Adhesive
Activity of N-Cadherin
(A} Cell-aggregation assay was performed
using L929 cells stably transfected with N-cad-
herin (Ncad), arcadlin (Acad), and both (Ncad +
Acad #1 and Ncad + Acad #2; two independent
transfected celi lines). Scale bar, 500 pm.
(B) Adhesive activity was quantified by count-
ing the number of aggregates (mean + SEM)
at indicated times (Nt). *p < 0.05, *'p <
0.001, compared to Ncad.
(C) N-cadherin expression level of each cell
type was examined by western blot.
(D) COS7 cells were doubly transfected with
N-cadherin and arcadliin (lanes 2 and 4) or
N-cadherin and mock (lanes 1 and 3}, immuno-
precipitated with the antibody against N-cad-
22:3 + : M : herin, and subjected to immunoblot (anes
1-2). Lanes 3-4, inputs. .

IP: Ncad input
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isolated with avidin-sepharose beads and immunoblotted 30 min. Surface-associated N-cadherins were then la-

for N-cadherin (Figure 3A). Membrane depolarization with
KCI and elevating cAMP level, both of which induced en-
dogenous arcadlin (Figures 1C, 1D, and 1J), resulted in
significant reduction in surface N-cadherin levels (Figures
3A and 3B), whereas surface levels of neuroligin, as a con-
trol, did not change (Figures 3C and 3D).

Next, we quantified the amount of surface-associated
N-cadherin microscopically. We generated a new poly-
clonal antibody, MT79, which recognizes the extracellular
domain of N-cadherin (see Figure S1 in the Supplemental
Data available with this article online). Mouse hippocam-
pal neurons at age 14~17 days were incubated in medium
containing anti-N-cadherin MT79 antibody at 4°C for

beled with the secondary antibody without permeabiliza-
tion of plasma membrane (Figure 3E, green). To analyze
the synaptic population, we examined the N-cadherin sig-
nal that overlapped with synaptophysin (Figure 3G; synap-
tic versus extrasynaptic). A 33.4% + 5.1% decrease in the
mean intensity of total surface N-cadherin in the IBMX +
forskolin treatment group relative to control was observed
(Figures 3F and 3G). (The mean intensity of synaptophysin
did not differ between groups.) The decrease in the sur-
face N-cadherin mean intensity was observed in both
the synaptic (synaptophysin-overlapping fraction) and
extrasynaptic (synaptophysin-nonoverlapping fraction)
populations.

{J) Immunoprecipitation of N-cadherin from cultured neurons stimulated with 25 mM KCl for 1 min and further cultured for 45-120 min, immunoblotted
for arcadlin {top), N-cadherin (middle}, and B-catenin (bottom). Lane 1, control preimmune serum.

(K) Immunoprecipitation of arcadlin from MECS-treated rat brain extracts, immunoblotted for cadherin-11. Left, control preimmune serum.

(L) COS7 cells were transfected with arcadlin-EGFP and/or N-cadherin and subjected to immunoprecipitation with anti-GFP serum followed by
immunoblot with anti-N-cadherin antibody (top). Bottom, input. Lane 1, the lysate of N-cadherin-transfected cells was mixed in vitro with the tysate
of arcadlin-transfected cells. Lane 2, arcadlin-expressing cells and N-cadherin-expressing cells were cocultured. Lane 3, arcadlin and N-cadherin
were cotransfected. Lane 4, a control without fransfecting arcadlin-EGFP. The lack of coimmunoprecipitation in lanes 1 and 2 suggested that these
molecules do not interact in vitro or in trans, but associate laterally in the same membrane.

(M) N-cadherin mutants including wild-type (Ncad-wt), cytoplasmic domain deleted (Ncad ACP), extracellular domain deleted (Ncad 4E), transmem-
brane segment alone (Ncad-TM), and point mutated in the middle of transmembrane region (Ncad-L561P, Ncad-L561P/M562G) were examined for
the binding to full-ength arcadlin. N-cadherin mutants fused with myc-tag were cotransfected with arcadlin into COS7 cells and immunoprecipitated
with anti-myc antibody.

{N) Top, blot of arcadlin coimmunoprecipitated with the indicated N-cadherin mutants (lanes 1-4) or controls {lanes 5 and 6). In lane 2, abundant
NcadACP (invisible) pushes the arcadtin band down to the lower molecular size position. Middle, arcadlin input. Bottom, immunoprecipitated N-cad-
herin mutants (myc probed).

(O) Top, blot of arcadlin coimmunoprecipitated with the indicated N-cadherin point mutants. Middle, arcadlin input. Bottom, immunoprecipitated
N-cadherin mutants (myc probed).

Scale bars, 10 pm.

Neuron 56, 456-471, November 8, 2007 ©2007 Elsevier Inc. 459
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Figure 3. Depolarization or Elevated
cAMP Level Increases N-Cadherin Inter-
nalization through an Arcadlin-Depen-
dent Pathway

(A) Neuronal cell surface protein biotinylated
and isolated with avidin-sepharose was immu-
noblotted for N-cadherin. Bottom, total pro-

(B) Densitometric quantification of surface N-
cadherin levels. Surface protein levels were
normalized with total protein levels and shown
as proportion to the control experiment (%,
mean £ SEM). n=6.
(C) Neuronal cell surface protein was immuno-
blotted for neuroligin. Bottom, total protein.
(D) Densitometric quantification of surface
neuroligin levels. Surface protein levels were
.normalized with total protein levels and shown
as proportion to the contro! experiment (%,
mean £ SEM). n =5,
(E) Live neurons were incubated with anti-N-
cadherin extracellular domain antibody (MT79)
at 4°C for 30 min. Surface N-cadherin (sNcad)
was labeled with Alexa-488-conjugated
secondary antibody without membrane per-
meabilization (green). MAP2 was subsequently
labeled after the permeabilization (red).
(F) Pretreatment of the neurons with IBMX and
forskolin resulted in a decrease in surface N-
cadherin intensity (green). Red, synaptophysin
- (Syp). Note that the change in surface N-cad-
herin intensity is not obvious in acad/papc ™~
neurons.
(G) Quantification of surface N-cadherin inten-
sity (mean = SEM). The change in the surface
N-cadherin mean intensity was observed in
both the synaptophysin-overlapping fraction
(Syn) and synaptophysin-nonoveriapping frac-
tion (Extrasyn) populations. n = 40-50 den-
drites from 4-5 independent experiments.
*p < 0.05, **p < 0.001. Scale bars, 10 pm.
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To show that the cAMP (IBMX + forskolin)-induced in-
ternalization of N-cadherin was indeed mediated by arca-
dlin, we utilized arcadlin (acad/papc)~'~ mice (Yamamoto
et al., 2000). The acad~/~ mice were apparently normal,
and the gross expression level of N-cadherin appeared
the same as wild-type in brain sections and cultured neu-
rons (data not shown). Neurons cultured from acad™"~
mice extended dendrites and axons normally. The surface
N-cadherin intensity of acad™ = neurons was slightly
higher than that of acad*/* neurons (9.8% + 3.6% increase
in biotinylation assay, n = 5) and of acad*’~ neurons (37.9 +
1.3 [n = 100] versus 33.1 + 0.9 [n = 100}, arbitrary fluores-
cence units in microscopic analysis, data collected from
ten independent experiments). In these acad™ /= neurons,
there was no significant change in the mean intensity of
total surface N-cadherin in the IBMX + forskolin treatment
group relative to control (Figures 3F and 3G). The data
indicate that the IBMX + forskolin treatment-induced
N-cadherin internalization is mediated by arcadlin.
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Identification of an Isoform of TAO2 Kinase

as a Signal Transducer of Arcadlin

To dissect the molecular mechanism of endocytosis of
N-cadherin by arcadlin, we searched for an intracellular
binding partner of arcadlin. A splice form of TAO2 kinase
was cloned in a yeast two-hybrid screen using a cDNA
library prepared from electroconvulsed rat hippocampi
and the cytoplasmic domain of arcadlin as bait
(Figure 4A and Figure S2). This isoform of TAO2 kinase
(named TAO2p) of 1056 amino acids shares the common
serine/threonine protein kinase catalytic domain and
the MEK binding domain with the original TAQO2 kinase
(renamed as TAO2a hereafter) but has a unique carboxy-
terminal regulatory domain that shows no apparent homol-
ogy to any known protein motif (Figure 4A and Figure S2B).
The mRNA portion corresponding to the C-terminal do-
main of TAO2eu is transcribed from only one exon, whereas
that encoding the TAO2B C terminus is derived partly from
the same exon, and mostly from three downstream exons,
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