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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 TAO2p, 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 TAO2, 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.,
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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. AbCAM,
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 a reg-
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
TAO2 kinase (TAO2B) that binds to the arcadlin intracellu-
lar domain. Homophilic interactions of arcadlin on the cell
surface activate p38 MAPK through the activation of
TAO28. In turn, active p38 MAPK feeds-back on TAO2,
phosphorylating its carboxy-terminal domain at a specific
serine. This triggers the coendocytosis of an N-cadherin-
arcadlin complex. Furthermore, knockout of arcadlin in the
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 CAS region, in which N-cadherin
is also found (Figures 1A and 1B; 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 methylxanthine (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 (GADG6)-negative, non-GABAergic neurons
(Figure 1E, arrow). In such neurons, arcadlin 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 B-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 a-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-
dlin 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 (Kamiguchiand Lemmon, 2000). Recently, a key role for
endocytosis in the disassembly of E-cadherin cell-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
level by labeling neuronal proteins on the extracellular sur-
face with biotin. The biotin-labeled surface proteins were
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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 GAD6 (red).

(F) An excitatory neuron double labeled for arcadlin (green) and GAD6 (red).

(G) Neurons double labeled for arcadlin (green) and PSD-95 (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).

(I) Immunoprecipitation of N-cadherin from unstimulated (lane 1) and MECS-treated (lane 2) rat hippocampal extracts, immunoblotted for arcadlin
(top), N-cadherin (middle), and B-catenin (bottom). Lane 3, control preimmune serum.
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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 cell lines). Scale bar, 500 um.
(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 arcadlin (lanes 2 and 4) or
B D N-cadherin and mock (lanes 1 and 3), immuno-
Ncad + + + + pre.clp|tated wﬂh the ant|b9dy against N-cad-
Acad * + herin, and subJe.cted to immunoblot (lanes
IP: Ncad input 1-2). Lanes 3-4, inputs.

NtINO

0 30 60
t (min)

isolated with avidin-sepharose beads and immunoblotted
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

30 min. Surface-associated N-cadherins were then la-
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 KClI 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 lysate
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 transfecting 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 4CP), 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-length 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 arcadlin 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 um.
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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-
tein.

(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 control 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-nonoverlapping frac-
tion (Extrasyn) populations. n = 40-50 den-
drites from 4-5 independent experiments.

*p < 0.05, **p < 0.001. Scale bars, 10 um.
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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 TAO2 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 TAO2a«. is transcribed from only one exon, whereas
that encoding the TAO2f C terminus is derived partly from
the same exon, and mostly from three downstream exons,
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Figure 4. TAO28 Binds to the Intracellular Domain of Arcadlin
(A) Diagram of TAO2 kinases. An isoform of TAO2 (TAO2p) was identified as an intracellular binding partner of arcadlin. The original TAO2 was re-
named as TAO2qa. Most of the C-terminal regulatory domain of TAO2f (aa 753—1056) is distinct from that of TAO2a.
(B) Typical fluorescence image (left) and scatterplot (right) of HEK293T cells coexpressing TAO2B-ECFP and arcadlin-EYFP. Significant colocalization
confirmed (r = 0.30).
(C) Arcadlin-FLAG was immunoprecipitated (IP) from HEK293T cells transfected with arcadlin-flag and EGFP-tao23 and immunoblotted (IB) with anti-
GFP serum.
(D) EGFP-TAO2p(398-751) or control EGFP was immunoprecipitated with anti-GFP serum (IP) from HEK293T cells transfected with arcadlin-flag,
N-cadherin-myc, and EGFP-tao23(398—751) and immunoblotted for arcadlin (anti-FLAG) and N-cadherin (anti-myc). Left, transfected with EGFP
instead of EGFP-ta023(398—751).
(E) The affinity purified anti-TAO2p antibody recognized the unique regulatory domain specific for the p isoform. Left, CBB protein staining.
(F) Hippocampal extract immunoprecipitated with anti-TAO2p antibody and immunoblotted for arcadlin.
(G) Hippocampal extract immunoprecipitated with anti-arcadlin antibody and immunoblotted for TAO2B.
(H) Cultured neurons were immunostained for TAO2p.
(I) Confocal live imaging of arcadlin-EYFP (green) and TAO2B-ECFP (red) expressed in dendrites.
Scale bars, 10 um.

suggesting that tao2a. and -p mRNAs are alternative colocalized with arcadlin-EYFP (enhanced yellow fluores-
splicing products from the same gene (Figure S2A). cent protein) in HEK293T cells (Figure 4B). The molecular

A recombinant TAO2p tagged at its carboxyl terminus interaction between these proteins was confirmed by
with enhanced cyan fluorescent protein (TAO2B-ECFP) coimmunoprecipitation (Figure 4C). The formation of a
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trimeric complex of TAO28, arcadlin, and N-cadherin was
confirmed in triple-transfected HEK293T cells (Figure 4D).
The association of EGFP-TAO2p (398-751), the central
domain common to both o and B isoforms, suggested
that TAO2a. can also bind to arcadlin (Figure 4D). In order
to examine in vivo interactions of TAO2B, we produced
and purified a polyclonal antibody recognizing the car-
boxy-terminal domain specific for the B isoform of TAO2
kinase (Figure 4E). Coimmunoprecipitation of endogenous
arcadlin protein with the anti-TAO2p antibody (Figure 4F)
and, reciprocally, of TAO2B with anti-arcadlin antibody
(Figure 4G) confirmed that these molecules associate in
vivo in MECS-treated rat hippocampi. Immunolocalization
of TAO2B showed puncta in dendrites (Figure 4H). Arca-
dlin-EYFP and TAO2B-ECFP transfected into cultured hip-
pocampal neurons colocalized in dendrites (Figure 41). We
conclude that the arcadlin protocadherin and the TAO28
MAPKKK interact in hippocampal neurons.

Arcadlin Homophilic Interaction Triggers
Activation of p38 MAPK and Internalization

The arcadlin/PAPC extracellular domain mediates homo-
philic binding (Chen and Gumbiner, 2006; Kim et al.,
1998; Yamagata et al., 1999). In addition, arcadlin is a tran-
siently expressed protein in hippocampal neurons, whose
protein level peaks at 4 hr after the synaptic stimulation
and largely disappears within 8 hr (Yamagata et al.,
1999). During this period, the arcadlin protein is trans-
ported to pre- and postsynaptic membranes and rapidly
turned over (Yamagata et al.,, 1999). In HEK293T cells
cotransfected with arcadlin-EGFP and arcadlin-flag, arca-
dlin-arcadlin lateral interactions in the same membrane
were readily detectable (Figure 5A, lane3). To analyze
trans interactions specifically, we utilized arcadlin-L,
a splice variant of arcadlin containing a 98 amino acid
insertion in its cytoplasmic region. Arcadlin-L-EGFP-
expressing cells and arcadlin-L-FLAG-expressing cells
were cocultured so that these two types of cells attached
to each other. Immunoprecipitation of arcadlin-L-EGFP
with anti-flag antibody indicated that there is significant
binding activity in trans (Figure 5A, lane 1). Application of
a soluble extracellular fragment of recombinant arcadlin
protein (Acad-EC, purified via a His-tag) into the culture
medium competed trans-association, indicating that
Acad-EC binds to the extracellular domain of arcadlin in
trans (Figure 5A, lane 2). Although cis interaction may be
also involved, Acad-EC at this concentration was not suf-
ficient to replace the lateral oligomerization (data not
shown).

Arcadlin molecules expressed in HEK293T cells abun-
dantly localized to the cell surface. There was also detect-
able fraction of arcadlin in intracellular vesicles (Figure 5B,
0 min). Homophilic interaction of arcadlin on the cell sur-
face with Acad-EC added to the culture medium triggered
the rapid translocation of arcadlin from the periphery to
the center of HEK293T cells cotransfected as described
below (Figure 5B). This shift is mediated by endocytosis,
because the moved arcadlin colocalized with EGFP-rab5
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as a marker for endosomes and because the internaliza-
tion of arcadlin was blocked by a coexpression of a dom-
inant-negative form of dynamin, as shown in Figures 5B
and 5G. A similar endocytic response was observed
upon the application of the antibody against the extracel-
lular region of arcadlin (data not shown). Therefore, a bind-
ing of the extracellular domain is sufficient to enhance the
endocytosis of arcadlin. We next used this Acad-EC
reagent to investigate the signal transduction mechanism
that triggers endocytosis. It should be noted that a detect-
able level of background arcadlin endocytosis before the
addition of Acad-EC may be triggered by the cis homo-
philic interaction of the transfected arcadlin (Figure 5B,
0 min).

Because TAO2pB forms a molecular complex with the
arcadlin intracellular domain, we asked whether p38
MAPK, a main target kinase of the TAO2a-MAPKKK path-
way bridged by MEK3 (MAPKK-3) (Chen et al., 2003), was
activated by the arcadlin signal. HEK293T cells cotrans-
fected with arcadlin, tao23, MEK3, and p38 MAPK were
treated by addition of purified Acad-EC (10 ng/ml) to the
culture medium. Immunostaining and immunoblot of the
phosphorylated forms of p38 MAPK and MEKS revealed
that the phosphorylation levels of both kinases were
enhanced within 30 min of the application of Acad-EC
(Figures 5B and 5C). The p38 MAPK phosphorylation is
mediated by arcadlin and TAO2B, because Acad-EC did
not exert any response in HEK293T cells lacking either
arcadlin or tao2@ transfection (Figure 5D). Importantly,
addition of Acad-EC protein triggered the activation of
endogenous p38 MAPK in the dendritic shaft of primary
cultures of rat hippocampal neurons (Figure 5E). Taken to-
gether, the results suggest that the arcadlin extracellular
domain activates p38 MAPK via TAO2p. In cultured neu-
rons, activation of p38 was detected specifically in the
dendritic shaft after addition of protocadherin extracellular
domain.

TAO2p Is Required for p38 Activation

and Endocytosis of Arcadlin

We then addressed whether TAO28 is necessary for the
phosphorylation of p38 MAPK and the endocytosis of ar-
cadlin. We reconstituted the arcadlin-TAO23-MEK3-p38
MAPK signaling pathway in HEK293T cells by cotransfect-
ing arcadlin with tao20, tao23K57A (catalytically defective
TAO2 kinase; Chen et al., 2003), or tao2«. After the treat-
ment with Acad-EC for 30 min, cells were analyzed for the
phosphorylation of p38 MAPK (Figure 5F) and endocytosis
of arcadlin by the surface biotinylation assay (Figure 5G).
The phosphorylation of p38 MAPK was significantly
increased, and surface arcadlin levels were significantly
reduced in cells expressing wild-type TAO2B (Figures 5F
and 5G). In mock or tao23K57A-transfected cells, neither
the endocytosis of arcadlin nor the phosphorylation of p38
MAPK was observed (Figures 5F and 5G). Cells express-
ing TAO2a. displayed full activation of p38 MAPK but
were deficient in the internalization of arcadlin (Figures
5F and 5G). We conclude from these data that the kinase
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(A) Arcadlin-L-GFP or arcadlin-L-FLAG were expressed on different cell surfaces independently and allowed to interact across the cell-cell junction in
mixed cell culture and were immunoprecipitated with anti-FLAG antibody followed by immunoblot for GFP (top). Bottom, input. Acad-EC protein
added in the culture medium inhibited the trans-interaction (lane 2, compared with lane 1). Lane 3, cotransfection of arcadlin-I-EGFP and arcadlin-
I-flag, which allows cis-interaction.

(B) HEK293T cells transfected with arcadlin, tao23, MEK3, and p38 MAPK were treated with Acad-EC (10 pg/ml, 30 min) and immunostained. dyna-
minK44A (center) or EGFP-rab5 (right) was additionally cotransfected. Surface and cytoplasmic localizations were revealed by optical sectionings by
a confocal microscope.

(C) Extracts of HEK293T cells transfected with arcadlin, tao23, MEK3, and p38 MAPK and treated with Acad-EC were immunoblotted for phospho-
p38 MAPK and phospho-MEKS.

(D) Extracts of HEK293T cells with or without transfection of arcadlin and tao28 were immunoblotted for p38 phosphorylation upon the addition of
Acad-EC to culture medium.

(E) Cultured hippocampal neurons at 18 DIV pretreated with IBMX and forskolin were treated with Acad-EC (10 pg/ml) for 30 min followed by immu-
nostaining (left) for arcadlin (green) and phospho-p38 MAPK (red); corresponding immunoblot shown to the right.

(F) Reconstitution of the arcadlin-TAO2B-p38 MAPK pathway in HEK293T cells transfected as described. Cells in (C) were pretreated with 10 uM
SB203580. Cells were treated with Acad-EC for 30 min and immunostained for phospho-p38 MAPK.

(G) Quantification of surface arcadlin level by biotinylation method in HEK293T cells transfected and treated as indicated. Densitometric quantification
from five separate experiments is summarized in histogram (mean + SEM).

**p < 0.01. Scale bars, 10 um.
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activity of TAO2a and -B that resides in their common
catalytic domains is sufficient for the phosphorylation
and activation of p38 MAPK. The endocytosis of arcadlin,
however, depends exclusively on TAO2p, suggesting that
the unique carboxy-terminal domain of TAO28 is required
for the endocytosis of the arcadlin protocadherin.

A TAO23-p38 MAPK Feed-Back Loop Mediates

the Endocytosis of Arcadlin

We next investigated the requirement of p38 MAPK for the
endocytosis of arcadlin. We found that SB203580, a p38
MAPK inhibitor, blocked the endocytosis of arcadlin
(Figure 5G, compare lanes 2 and 3). This suggested that
a feed-back loop, in which p38 MAPK regulates the endo-
cytosis of arcadlin, might exist. We first postulated that
arcadlin itself was a direct substrate of p38 MAPK. How-
ever, arcadlin was not phosphorylated by p38 MAPK
(data not shown). We then tested whether p38 MAPK
phosphorylates TAO2. Because the experiments above
indicated that the function of TAO2p responsible for the
endocytosis of arcadlin resided in the carboxy-terminal
domain, the unique carboxy-terminal region (751-1056)
of TAO2B was fused to glutathione S-transferase (GST)
and subjected to an in vitro kinase reaction with purified
p38 MAPK. GST-TAO2p (751-1056) was indeed phos-
phorylated by activated p38 MAPK (Figure 6A, lane 2).
Within this region, there were two sites encoding a serine
preceded by a proline in positions 951 and 1010 as possi-
ble substrate sites for MAPK family members (Figure 6B;
Kyriakis and Avruch, 2001), but their mutation into phos-
phorylation-resistant alanines did not affect the incorpora-
tion of %2P (Figure 6A, lane 3 and data not shown). A de-
tailed deletion mutant analysis (data not shown) then
revealed that the main target of p38 MAPK was localized
within the region between positions 1036 and 1056
(Figure 6B). We generated Ser to Ala point mutations on
positions 1038, 1040, 1042, and 1045 and found that in-
corporation of 2P diminished in TAO2BS1038A, indicating
that Ser1038 is the main target of p38 MAPK (Figures 6A
and 6B, lane 4).

We next investigated whether phosphorylation of
Ser1038 was required for the endocytosis of arcadlin.
Cells expressing TAO2BS951A, used here as a control,
exhibited normal endocytosis of arcadlin, whereas the
phosphorylation-resistant TAO2BS1038A remained in
the surface after addition of Acad-EC protein (Figure 6C,
lanes 1-4; see Figure 6D for quantification). Time-lapse
images of HEK293T cells expressing arcadlin-EYFP and
TAO2BS1038A-ECFP or control TAO23S951A-ECFP con-
firmed that TAO2B3S1038A fails to induce the endocytosis
of arcadlin in living cells (Figure 6E).

These results indicate that the p38 MAPK that is acti-
vated by the arcadlin-TAO2B-MEKS signaling pathway in
turn phosphorylates TAO2B on Ser1038, resulting in the
formation of a feed-back signaling loop. Phosphorylation
of Ser1038 of TAO2B seems to be essential to activate
the endocytic machinery following homophilic interaction
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of arcadlin. Thus, it appears we have identified a molecular
pathway for protocadherin-mediated endocytosis.

The Arcadlin-TAO23-p38 MAPK Pathway
Regulates N-Cadherin Endocytosis

Finally, we tested whether the arcadlin-induced internali-
zation of N-cadherin is mediated by the arcadlin-TAO23-
p38 MAPK molecular pathway defined above. The quanti-
fication of neuronal surface proteins by biotinylation
showed that treatment with Acad-EC caused the reduc-
tion in surface arcadlin/N-cadherin levels in neurons
(Figure 7A; see Figure 7B for quantification). This reduc-
tion was inhibited by SB203580, suggesting that the inter-
nalization was mediated by the p38 MAPK pathway (Fig-
ures 7A and 7B). Although arcadlin also binds to
cadherin-11 (see Figure 1K), there was no significant
endocytosis of cadherin-11 upon the treatment with
Acad-EC (Figures 7C and 7D). It seems that arcadlin is tar-
geted to multiple species of classical cadherins, but not all
of them undergo the endocytosis through this pathway.
Individual classical cadherins might code for distinct sub-
sets of synapses.

Similar results were obtained in the microscopic quanti-
fication of N-cadherin internalization. A28.3% + 2.7% de-
crease in the mean intensity of total surface N-cadherin in
the Acad-EC treatment group (30 min) relative to control
was observed. The decrease in the surface N-cadherin
mean intensity was observed in both the synaptic and ex-
trasynaptic populations (Figure 7E). In acad™~ neurons,
there was no significant change in the mean intensity of to-
tal surface N-cadherin in the Acad-EC treatment group
relative to control (Figure 7E).

In HEK293T cells cotransfected with arcadlin, N-cad-
herin, and tao2(, addition of Acad-EC protein also trig-
gered endocytosis (Figure S3). Arcadlin and N-cadherin
were cointernalized in the presence of TAO2p but were re-
tained on the plasma membrane in its absence (Figure S3).
Taken together, these data indicate that the internalization
of N-cadherin is mediated by the arcadlin-TAO23-p38
MAPK molecular pathway and triggered by homophilic in-
teractions between arcadlin protocadherin extracellular
domains.

Arcadlin Mutation Increases Dendritic

Spine Density

What is the consequence of the arcadlin-induced internal-
ization of N-cadherin in the dendritic spine membrane? To
address this question, we examined the morphology and
the number of spines of hippocampal neurons. Cultured
hippocampal neurons derived from acad™~ mice pro-
truded a significantly larger number of spines than wild-
type neurons (Figure 8B). This phenotype was rescued
by the transfection of arcadlin cDNA (Figures 8A and 8B
and Figure S4A). The rescuing effect was more prominent
where the axons of transfected neurons were attached to
the transfected dendrites (Figure 8A, square bracket). The
other splice variant arcadlin-L did not recover the spine
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Figure 6. Feed-Back Phosphorylation of TAO2f3 at Ser1038 by p38 MAPK Is Essential for the Endocytosis of Arcadlin

(A) GST-TAO28, -TAO2BS951A, -TAO2BS1038A, or -TAO2BS1040A were incubated with activated p38 MAPK and [y->2PJATP and subjected to SDS-
PAGE followed by autoradiography. The activated p38 MAPK was prepared by immunoprecipitation from Acad-EC-treated HEK293T cells trans-
fected with arcadlin, tao28, MEK3, and p38 MAPK. Arrow indicates *2P-incorporated GST-TAO2B mutant proteins. ATF2, a positive control.

(B) Mutations of TAO2pB examined as substrates of p38 MAPK.

(C) Surface-biotinylation assay of arcadlin in HEK293T cells transfected with arcadlin, MEK3, p38 MAPK, and tao2( (or tao23S1038A or tac23S951A)

before and 30 min after the addition of Acad-EC into culture medium.

(D) Quantification histogram of three independent results of (C) (mean + SEM).
(E) Time-lapse confocal images of live cells expressing arcadlin-EYFP and TAO2B-ECFP (top), phosphorylation-resistant TAO2BS1038A-ECFP (mid-
dle), or control TAO2BS951A-ECFP (bottom) before and 30 min after Acad-EC treatment.

*p < 0.05, *p < 0.01. Scale bar, 10 um.

number (Figures 8A and 8B and Figure S4A), indicating
that only arcadlin, not arcadlin-L, regulates spine density.

We then asked whether the N-cadherin endocytosis
caused the arcadlin-induced change in spine density.
There are several studies showing the relationship
between N-cadherin activity and spine number. The spine
number of N-cadherin KO neurons is maintained (Jungling
et al., 2006; Kadowaki et al., 2007); a sustained period of
N-cadherin loss in these neurons might allow other

synaptic cell adhesion molecules to compensate for
N-cadherin. In contrast, spine number is suppressed
in neurons whose N-cadherin is knocked down by
RNAI techniques (Saglietti et al., 2007). Consistently, an
expression of a dominant-negative form of N-cadherin
reduces the number of synaptic puncta (Togashi et al.,
2002). In the present study, the spine density of acad ™'~
neurons was reduced by siRNA knockdown of N-cadherin
(Figures 8C and 8D and Figure S4B). Moreover, a similar
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effect was observed by the expression of a dominant-neg-
ative form of N-cadherin (NcadAE) (Figures 8C and 8D).
The data suggest that the arcadlin-induced change in
spine number is due at least in part to the N-cadherin
endocytosis.

DISCUSSION

Our results are consistent with a molecular pathway in
which N-cadherin endocytosis is regulated in dendrites
by the following sequence of events. (1) Neural activity in-
creases expression of the protocadherin arcadlin in excit-
atory synapses. (2) Homophilic interactions between ex-
tracellular domains of arcadlin molecules activate the
phosphorylation of the catalytic domain of the MAPKKK
TAO28, which is constitutively bound to the arcadlin intra-
cellular domain. (3) TAO2pB activates p38 MAPK via the
MEK3 MAPKK. (4) Activated p38 MAPK feeds-back on
TAO28, phosphorylating it at Ser1038 of its specialized
carboxy-terminal regulatory domain. (5) Phosphorylated
TAO2B bound to arcadlin initiates the endocytosis of
both arcadlin and N-cadherin. The striking effects of mu-
tated or overexpressed arcadlin suggests an inhibitory
role in regulating the activity of N-cadherin, one of the key
molecules involved in spine remodeling (Okamura et al.,
2004; Togashi et al., 2002). We propose that this pathway
may provide a molecular explanation for how cell-
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adhesion molecules may transduce synaptic activity into
changes in the morphology of dendritic spine membranes
(Figure 8E).

Arcadlin Is an Upstream Receptor that Activates
the p38 MAPK Pathway
Arcadlin is a member of protocadherin superfamily of cell-
adhesion proteins characterized by ~110 amino acid ex-
tracellular repeats that possess homophilic binding affin-
ity. Indeed, homophilic cell-adhesion activity of arcadlin/
PAPC has been demonstrated (Kim et al., 1998; Yamagata
et al., 1999). Our present data also suggests that arcadlin
is not a static adhesion protein, but rather plays a highly
dynamic role during the remodeling of synaptic spine
membrane. Homophilic interactions in trans between
arcadlin extracellular domains trigger a newly discovered
signal transduction cascade connected to p38 MAPK.
The p38 MAPK pathway has been studied extensively
(Johnson and Lapadat, 2002). Only recently have neural
roles for p38 MAPK in synaptic plasticity been demon-
strated (Thomas and Huganir, 2004). To our knowledge,
however, there is only one molecule identified as a p38
MAPK regulator in neurons: dual leucine zipper-bearing
kinase (DLK), which is a serine/threonine kinase activated
by calcium entry at synaptic terminals (Mata et al., 1996).
We have now identified TAO2p as another regulator of p38
MAPK in neural tissue. TAO2B is a signal transducer



Neuron
Arcadlin Regulates N-Cadherin Endocytosis via TAO2

A
A
L =038
=2
r 3 06
acad-/-
. - Lol % oa
bk 202
acad-/- g2 i 2
c GFP N-cadherin 1
acad.,‘. m 3 'E'
sscramble | il S8
acad-- EENERE & Lﬁh 0.6
+Ncad-siRNA e
e 8o
GFP NcadAE-myc £0.2
—— g
Ny e
E N-cadherin %
i =

Arcadlin
/

activity-dependent
l Arcadlin synthesis endocytosis I_
actlvil.?-dependent
|synaptic reorganization

Figure 8. The Effects of Arcadlin on Dendritic Spine Density

(A) Cultured acad ™"~ neurons were doubly transfected with EGFP and mock, arcadllin, or arcadlin-L at 6 DIV and visualized with EGFP at 15 DIV. The
expressions of arcadlin and arcadlin-L were confirmed by immunocytochemistry (Figure S4A). Arrowheads, axons; asterisks, dendrites; arrows, spine
heads attached to axons.

(B) Quantification of dendritic spine density (mean + SEM) of WT and acad '~ neurons transfected with mock, arcadlin, or arcadlin-L. n = 30 indepen-
dent neurons from 10 independent experiments.

(C) Cultured acad™’~ neurons were doubly transfected with EGFP and N-cadherin-siRNA (Ncad-siRNA), scramble-siRNA, or Ncad AE-myc at 6 DIV
and visualized with GFP at 15 DIV. Expression of N-cadherin was examined by immunocytochemistry. Coexpression of NcadAE was confirmed by
immunostaining for the myc-epitope. The suppression of N-cadherin protein level with the N-cadherin-siRNA was confirmed in mouse N-cadherin-
GFP-transfected HEK293T cells (Figure S4B).

(D) Quantification of dendritic spine density (mean + SEM) of neurons transfected with siRNAs or Ncad 4E. n = 30 independent neurons from 10 in-
dependent experiments.

(E) A model for arcadlin-TAO2B-p38-mediated endocytosis of N-cadherin.

**p < 0.01, **p < 0.001. Scale bars, 10 um.

poised close to the inner plasma membrane via associa-
tion with the intracellular domain of the arcadlin protocad-
herin. In this sense, the arcadlin protocadherin serves
as receptor, rather than an adhesion protein. The observa-
tion that the expression of arcadlin is induced after a few
hours of synaptic stimulation (Yamagata et al., 1999)
suggests that arcadlin serves as a receptor for a late-
onset signal transduction pathway resulting in p38 MAPK
activation.

The Cytoplasmic Region of Arcadlin Confers
Specificity on Signal Transduction

A multitude of protocadherins are expressed in mamma-
lian brain (Wu and Maniatis, 1999). Rat arcadlin is the or-
tholog of human and mouse pcdh8, as well as Xenopus
and zebrafish papc. The arcadlin cDNA, however, lacks
a 294 base pair exon encoding the cytoplasmic region
of pcdh8/papc, resulting in its gene product having
a uniquely short cytoplasmic region (Yamagata et al.,
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1999). The long and short forms of arcadlin/PAPC/pcdh8
are differentially expressed in early embryos, implying dis-
tinct functions of these isoforms (Makarenkova et al.,
2005). The signal transduction pathway transduced by
the short form of arcadlin was found here to involve
TAO2B, p38 MAPK, and endocytosis. This pathway ap-
pears to depend on the shorter cytoplasmic tail of arca-
dlin, as our unpublished results indicate that the long
form of rat arcadlin/PAPC/pcdh8 does not induce p38
MAPK activation or endocytosis.

Endocytosis of Synaptic Cadherin May Lead

to the Disruption of Synaptic Adherens Junction
Studies during the past several years have revealed the
importance of intracellular trafficking as a means of regu-
lating the functions of classical cadherins (Bryant and
Stow, 2004; Chen and Gumbiner, 2006). In epithelial tis-
sues, E-cadherin is a key cell-cell adhesion molecule at
adherens junctions and undergoes endocytosis when
adherens junctions are disrupted by the action of extracel-
lular signals (Troyanovsky et al., 2006). The dynamin-
dependent endocytosis of synaptic N-cadherin triggered
by arcadlin may also lead to the disruption of synaptic ad-
herens junctions.

Puncta adherentia are synaptic adherens junctions that
reside in the periphery of the synaptic active zone (Uchida
et al.,, 1996). Because the expression of N-cadherin in
mature excitatory synapses in hippocampal neurons is
concentrated in puncta adherentia, the arcadlin-mediated
endocytosis is likely to take place in their vicinity. In fact,
the arcadlin immunoreactivity was often found in puncta
adherentia in MECS-treated brains (unpublished data).
The perisynaptic zone that includes puncta adherentia
has recently been recognized as a hot spot of membrane
remodeling during synaptic plasticity. AMPA glutamate
receptors, for example, undergo activity-dependent
delivery to (Shi et al., 1999) and removal from (Zhu et al.,
2002) perisynaptic membranes. Synaptic activity-induced
activation of the arcadlin-TAO2B-MEK3-p38 signaling
pathway could regulate the adhesiveness of synaptic
membrane at puncta adherentia and also the activity of
neurotransmitter receptors.

Arcadlin-Triggered N-Cadherin Endocytosis

Is a Late-Onset Event

Recently, Tai et al. (2007) reported that N-cadherin inter-
nalization is surprisingly high under the unstimulated con-
ditions (about 50% of the surface N-cadherin is internal-
ized after 100 min). They have shown that N-cadherin
endocytosis is reduced by activating NMDA receptor,
and the surface-localized N-cadherins in spines are stabi-
lized with the recruitment of B-catenin into spines. This
phenomenon is consistent with the stabilization of surface
N-cadherin in response to NMDAR stimulation, as demon-
strated by an enhanced resistance to trypsin (Tanaka
et al., 2000). Such an enhanced adhesivity of the synaptic
membranes, which occurs within a few minutes after the
synaptic stimulation, does not require protein synthesis,
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providing a possible explanation for the short-term re-
modeling of spine structure (Okamura et al., 2004). On
the other hand, the arcadlin-mediated N-cadherin inter-
nalization does not operate during these early stages after
synaptic stimulation, because the arcadlin-induced inter-
nalization of N-cadherin begins at least 4 hr after the stim-
ulation and requires protein synthesis (Figures 1 and 3).
Whether or not these arcadlin-dependent and -indepen-
dent mechanisms share a common endocytic pathway
remains to be investigated. Thus, the arcadlin-mediated
N-cadherin endocytosis is a late-onset event during the
recovery phase following the synaptic stimulation and
may provide a homeostatic mechanism balancing total
tone and complexity of the neural network.

There is another processing system in which a physio-
logical concentration of glutamate induces a rapid cleav-
age of N-cadherin (becomes obvious within 15 min) by
presenilin-1/y-secretase, resulting in the generation of
cytoplasmic fragment (CTF2) (Marambaud et al., 2003;
Uemura et al., 2006). We have confirmed the existence
of a 35 kD CTF2 (4.3% + 1.5% of full-length N-cadherin,
n =5), which increased to 15.6% + 2.3% (n = 5) after treat-
ing with KCI (data not shown). Our experiments showed
that the CTF2 amount was not significantly different
between 2 and 4 hr after KCI treatment, suggesting that
the CTF2 production was completed within 2 hr after neu-
ronal stimulation. On the other hand, our present finding of
full-length N-cadherin internalization became evident only
after the arcadlin induction at least 4 hr after the stimula-
tion, and occupied as much as 33.8% =+ 1.7% of surface
N-cadherin (Figure 3B). The internalization of N-cadherin,
therefore, is distinct from the presenilin-1/y-secretase
pathway. These two different systems might operate
sequentially to regulate surface N-cadherin amount during
the activity-dependent processes.

Inhibitory Role of Arcadlin in Dendritic

Spine Number

Activity-induced changes in synaptic morphology, includ-
ing the enlargement of synaptic apposition zones and the
emergence of new synapses, have been correlated with
long-term potentiation (LTP) (Colicos et al., 2001; Muller
etal., 2000; Nagerl et al., 2004). Conversely, long-term de-
pression has been correlated with the pruning of synaptic
spines (Nagerl et al., 2004; Zhou et al., 2004). We first
thought that arcadlin would be a “positive” regulator of
synaptic remodeling, because arcadlin accumulates at
the synaptic junction where LTP takes place, and neutral-
izing antibodies indicated that it is required for the estab-
lishment of electrophysiological LTP (Yamagata et al.,
1999). Unexpectedly, however, arcadlin loss of function
caused an increase in the number of synaptic spines (Fig-
ure 8). We observed that the arcadlin neutralizing antibody
triggered internalization of surface arcadlin, suggesting
that the antibody treatment might block LTP by accelerat-
ing the cointernalization with N-cadherin. In addition, it has
been shown that other neural activity-regulated mole-
cules, such as MEF2 and SNK, suppress the number of
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spines (Flavell et al., 2006; Pak and Sheng, 2003). Our
findings suggest that activity-inducible proteins may
dampen synaptic function after elevated activity by nega-
tively regulating the spine numbers. In the future, it will be
interesting to investigate how arcadlin protocadherin
mutations affect learning and memory in the mouse.

In conclusion, the signaling pathway presented here
implicates the adhesive apparatus of synaptic spine mem-
branes as a focal point of vigorous synaptic activity-de-
pendent remodeling. The arcadlin-TAO2B-p38 pathway
of activity-regulated endocytosis may provide a possible
relationship between the modulation of the N-cadherin
adhesive machinery and the insertion and removal of neu-
rotransmitter receptors.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Constructing Plasmids

Expression vectors and other plasmids were constructed as described
in Supplemental Data. Yeast two-hybrid screening was performed as
described previously (Irie et al., 2000). In summary, rat hippocampal
cDNAs were subcloned in the Sall/Notl sites of the pPC86 vector,
which contains the GAL4 activation domain, and the cytoplasmic re-
gion of arcadlin was subcloned in-frame in the Sall/Notl sites of the
pPC97 vector, which contains the GAL4 DNA binding domain. The
plasmids were used to transform PCY2 cells, and positive clones
were selected on double-minus plates (Leu—, Trp—) and assayed for
B-galactosidase activity.

Cell Culture and Transfection

Details of culture and transfection of COS7, HEK293T cells, and hippo-
campal neurons from rats (E18) and mice (PO) are provided as Supple-
mental Data. Inhibition of N-cadherin expression by siRNA was per-
formed as described (Paik et al., 2004). The siRNAs were N-cadherin
siRNA (UGUCAAUGGGGUUCUCCACATAT and GUGGAGAACCCC
AUUGACAdTAT) and scrambled siRNA (CAUGCGGAUUCGGAUUU
UCdTdT and GAAAAUCCGAAUCCGCAUGATAT). Oligonucleotides
were synthesized by Dharmacon Research Inc., deprotected, and
duplexed as described. The target sequence was common for mouse
and rat N-cadherin, and their suppression was confirmed in mouse
and rat neurons by immunostaining.

Cell-Aggregation Assay

Cell-aggregation assay was performed as described (Takeichi, 1977).
Briefly, single cells were prepared by harvesting from monolayer cells
with 0.01% crystalline trypsin (type |, Sigma) in HCMF (HEPES-buff-
ered Ca?*- and Mg?*-free HBSS) containing 0.1 mM CaCl, for
15 min at 37°C followed by supplementation with 0.01% soybean tryp-
sin inhibitor (type I-S, Sigma). 1 x 108 cells suspended in 3 ml HCMF
were put into each well (2.8 cm x 1.5 cm) and incubated at 37°C on
a gyratory shaker at 80 rpm. The total particle number in cell suspen-
sion at each time point was counted with a Coulter counter with
100 um aperture.

Immunostaining

Rat brain sections, cultured hippocampal neurons, and HEK293T cells
were fixed with methanol or 2% paraformaldehyde, blocked, and per-
meabilized with BL solution (5% normal goat serum, 0.1% Triton X-
100, 0.02% sodium azide in PBS), and incubated overnight at 4°C
with primary antibodies: anti-arcadlin (rabbit, 1:200; Yamagata et al.,
1999), anti-N-cadherin (rabbit, 1:200; Okamura et al., 2004; Transduc-
tion lab, mouse, 12.5 png/ml), anti-synaptophysin (Zymed, rabbit, 1:40),
anti-PSD-95 (Upstate biotech, mouse, 1:200), anti-GAD6 (Develop-
mental Studies Hybridoma Bank, mouse, 1 ng/ml), anti-NMDA recep-

tor (NR1) (PharMingen, mouse, 1:500), anti-phospho-p38 MAPK
(Sigma, mouse, 1:200), anti-GFP (Molecular Probe, rabbit, 1:400),
anti-myc (Calbiochem, mouse, 2 pg/ml; Upstate biotech, rabbit,
1:1000), and anti-FLAG (M2) (Sigma, mouse, 1:200). Immunoreactivity
was visualized using species-specific fluorochrome-conjugated sec-
ondary antibodies.

Immunoprecipitation

Rat hippocampi, cultured neurons, COS7 cells, and HEK293T cells
were homogenized with lysis buffers optimized for each tissue and
centrifuged to obtain clear protein extracts. The samples were incu-
bated overnight at 4°C with packed 10 ul of protein A Sepharose (GE
Healthcare) and specific antibodies: anti-arcadlin (rabbit, 5 pl), anti-
TAO2B (rabbit, 5 pl), anti-N-cadherin (Sigma, rabbit, 10 pl), anti-myc
(Calbiochem, mouse, 2 pg), and anti-GFP (Molecular Probe, rabbit,
2 pl). The precipitated immune complex was eluted with SDS sample
buffer and immunoblotted with specific antibodies: anti-arcadlin (rab-
bit, 1:2000), anti-TAO2f (rabbit, 1:2000), anti-N-cadherin (Transduc-
tion lab, mouse, 1:3000), anti-cadherin-11 (Zymed, mouse, 1:800),
anti-B-catenin (Zymed, rabbit, 1:1000), anti-a-catenin (Transduction
lab, mouse, 1:250), anti-p120 (Transduction lab, mouse, 1:1000),
anti-plakoglobin (Transduction lab, mouse, 1:2000), and anti-myc (Cal-
biochem, mouse, 1:1000). Details of immunoprecipitation are provided
as Supplemental Data.

Characterization of the Association Modes of Arcadlin

and N-Cadherin

Association modes of arcadlin-arcadlin and N-cadherin-arcadlin inter-
actions were determined by cell-mix coimmunoprecipitation experi-
ments (Nuriya and Huganir, 2006). The mixture of cells was prepared
by transfecting arcadlin-EGFP and arcadlin-flag (or N-cadherin) into
two separate dishes of cells, which were once harvested by trypsiniza-
tion after 24-30 hr and then mixed together in a new dish to allow these
two discrete populations of cells to grow in contact with each other.
Other groups of cells that were cotransfected with arcadlin-EGFP
and arcadlin-flag (or N-cadherin) were treated in the same way. 48 to
50 hr after the transfection, Acad-EC was added to arcadlin-flag-ex-
pressing cells for 30 min to dissociate the arcadlin-arcadlin interaction.
Then, the cells were harvested and subjected to coimmunoprecipita-
tion analyses.

In Vitro Kinase Assay

Activated p38 MAPK was prepared in HEK293T cells transfected with
arcadlin, tao2B, MEK3, and p38 MAPK. After 48 hr of transfection, cells
were exposed to Acad-EC for 30 min and lysed in lysis buffer (20 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate,
1 mM sodium orthovanadate, 1 mg/ml leupeptin, 1 mM PMSF). Cell
lysates were incubated with immobilized phospho-p38 MAPK
monoclonal antibody (Cell Signaling Technology). To examine which
amino acid residue of TAO2B can be phosphorylated by p38 MAPK,
substrate (GST-TAO2B751-1056, -TAO2BS951A, -TAO2BS1038A,
-TAO2BS1040A, or ATF2) was incubated with immobilized phospho-
p38 MAPK in kinase buffer (25 mM Tris-HCI [pH 7.5], 5 mM B-glycero-
phosphate, 2 mM dithiothreitol, 0.1 mM sodium orthovanadate, 10 mM
magnesium chloride) containing 100 uM [y-22P]JATP at 30°C for 30 min.
The phosphorylated proteins were resolved by SDS-PAGE and ana-
lyzed by autoradiography.

Surface Biotinylation Assay

After various treatments and washing twice with ice-cold PBS,
HEK293T cells and neurons were incubated with EZ-Link Sulfo-
NHS-SS-Biotin for 30 min at 4°C. The biotinylation reaction was termi-
nated with three washes with cold TBS. Cells were lysed with RIPA
buffer (20 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, 10 pg/ml leupeptin, 10 ng/
ml pepstatin A, 10 pg/ml antipain, 1 mM PMSF) and centrifuged at
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10,000 x g at 4°C for 2 min. Immobilized NeutrAvidin Gel (Pierce) was
added to the supernatants and incubated at 4°C for 3 hr. After being
washed with RIPA buffer, the bound biotinylated proteins were sub-
jected to SDS-PAGE followed by western blot with anti-N-cadherin
(Transduction lab, mouse, 1:3000), anti-arcadlin (1:1000), or anti-neu-
roligin (Synaptic systems, mouse, 1:1000) antibodies. The densito-
metrically quantified data were statistically analyzed by unpaired
two-tailed Student’s t test.

Surface N-Cadherin Labeling

Surface N-cadherin labeling was performed as described (Tai et al.,
2007) with modifications. Neurons (14-17 DIV) after various treatments
were incubated for 30 min on ice in the presence of N-cadherin surface
antibody (MT79, 42 ug/ml in ice-cold conditioned medium supplied
with 10 mM HEPES-NaOH [pH7.4]). Neurons were rinsed three times
with ice-cold HBSS, fixed with 4% paraformaldehyde for 30 min,
rinsed three times with PBS, and then incubated with a secondary
antibody for 1 hr at RT. After rinsing with PBS and permeabilization
with BL, neurons were incubated with primary and secondary anti-
bodies against the intracellular proteins sequentially for 1 hr each at
RT. After wash with PBS, neurons were mounted for imaging. Surface
N-cadherin staining was imaged with a Zeiss 510 Meta confocal micro-
scope with a 40x objective (NA = 1.3). Each stack was maximal Z-pro-
jected into a single stack. Individual neuron within each projected
image was registered by using the RegisterROI plug-in of ImageJ
software (W. Rasband, National Institutes of Health, Bethesda, MD;
http://rsb.info.nih.gov/ij/). Two dendrites were straightened per cell.
Average fluorescence intensities were computed separately for spines
and shafts in each dendrite. Total dendritic signals represent the sum
of spine and shaft signals. Separation of synaptophysin-overlapping
fraction from synaptophysin-nonoverlapping fraction populations
was performed with the ColocalizeRGB plug-in of Imaged. The inten-
sity of the overlapping fraction was normalized with the relative inten-
sity for synaptophysin.

Supplemental Data
The Supplemental Data for this article can be found online at
http://www.neuron.org/cgi/content/full/56/3/456/DC1/.
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