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Neuronal growth cones are highly motile structures that tip
developing neurites and explore their surroundings before axo-
dendritic contact and synaptogenesis. However, the membrane
proteins organizing these processes remain insufficiently under-
stood. Here we identify that the synaptic cell adhesion molecule 1
(SynCAM 1), an immunoglobulin superfamily member, is already
expressed in developing neurons and localizes to their growth
cones. Upon interaction of growth cones with target neurites,
SynCAM 1 rapidly assembles at these contacts to form stable
adhesive clusters. Synaptic markers can also be detected at these
sites. Addressing the functions of SynCAM 1 in growth cones
preceding contact, we determine that it is required and sufficient
to restrict the number of active filopodia. Further, SynCAM 1
negatively regulates the morphological complexity of migrating
growth cones. Focal adhesion kinase, a binding partner of SynCAM
1, is implicated in its morphogenetic activities. These results reveal
that SynCAM 1 acts in developing neurons to shape migrating
growth cones and contributes to the adhesive differentiation of
their axo-dendritic contacts.

CADM | focal adhesion kinase | growth cone | synaptic adhesion |
synaptogenesis

rowth cones tip differentiating neurites and target explora-

tion occurs through filopodia (1-3). Upon contact, axonal
growth cones undergo a rapid morphological transition that
initiates synaptic membrane differentiation in conjunction with
the appearance of synaptic vesicles, electron-dense cleft mate-
rial, and postsynaptic specializations (4-6). Although the cytos-
keletal framework of growth cones is being defined (7, 8), the
best understood roles of surface proteins are in outgrowth and
guidance (9, 10). The roles of membrane proteins in shaping
growth cones and target exploration remain less well defined.

In contrast, insight has been gained into the roles of surface
proteins in synaptic differentiation. Trans-synaptic interactions
of synaptic cell adhesion molecules (SynCAMs), neurexins/neu-
roligins, ephrinB/EphB receptors, and select other proteins
organize developing synapses (11, 12). Additional proteins act in
synapse maturation, notably N-cadherin (13). Although concep-
tually intriguing, no evidence points to roles of these proteins in
axo-dendritic contact differentiation.

SynCAM 1, alternatively named CADM1/IGSF4/nectin-like 2
(14, 15), is an Ig adhesion molecule that drives synapse for-
mation in developing neurons. SynCAM 1 is already expressed in
the late embryonic and early postnatal brain, whereas the other
SynCAM family members as well as neurexins and neuroligins
peak subsequently during synaptogenesis (16—19). This profile of
SynCAM 1 indicates functions preceding synapse formation. We
now reveal SynCAM 1 as a surface protein of axonal growth
cones that assembles rapidly and stably at axo-dendritic contacts.
Sites marked by SynCAM 1 can also contain synaptic markers,
indicating that they have the potential to differentiate into nas-
cent synapses. Before contact, SynCAM 1 regulates the com-
plexity of growth cones and controls their active filopodia
number, and we identify focal adhesion kinase (FAK) as a binding
partner and effector in shaping growth cones. These results
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demonstrate that SynCAM 1 is an early player in axo-dendritic
contact differentiation and organizes growth cones through a
FAK-dependent pathway.

Results

Growth Cones Express SynCAM 1. To elucidate the early develop-
mental roles of SynCAM 1, we analyzed its expression in dis-
sociated hippocampal neurons at 5 days in vitro (d.i.v.). At this
time, axons are specified and dendrites have begun to grow, but
most synapses have yet to form (20). SynCAM 1 is already
prominently expressed at this stage, preceding other synaptic
adhesion molecules (Fig. 14), and is enriched in growth cones of
neurites positive for the axonal marker tau (Fig. 1B and Fig.
S1B). SynCAM 1 knockout controls confirm antibody specificity
(21) (Fig. 1C and Fig. S1 4 and C). These results agree with the
presence of SynCAM 1 in growth cone preparations (Fig. S2)
and with the recent proteomic identification of SynCAM 1 as a
strongly enriched growth cone protein (22).

We next visualized SynCAM 1 in live growth cones by inserting
the pH-sensitive GFP variant pHluorin (23) into the extracellular
domain (see Fig. 3B for a model). This construct is functional as it
rescues SynCAM 1 knockout phenotypes in immature neurons
and is properly localized to mature synapses (see below). Live
imaging of migrating growth cones identifies SynCAM 1-
pHluorin in their central region and filopodia (Fig. S3), similar to
endogenous SynCAM 1. To analyze the surface expression of
SynCAM 1-pHluorin, we imaged growth cones while transiently
lowering the extracellular pH to quench its surface-exposed pool.
This leaves intracellular pHIuorin molecules unaffected (Fig. S4.4
and B). SynCAM 1-pHluorin fluorescence in growth cones and
their filopodia are almost lost at low extracellular pH, demon-
strating that SynCAM 1 is expressed on the growth cone surface
(Fig. S4 C-E). We next addressed what fraction of SynCAM 1 is
surface-exposed by imaging growth cones first live at neutral
and then at low pH, followed by fixation, permeabilization and
repeat imaging at neutral pH (Fig. 1D). SynCAM 1-pHluorin
fluorescence was indistinguishable at both neutral pH condi-
tions (Fig. 1E), demonstrating that only a small fraction resides
intracellularly.

Rapid Assembly of SynCAM 1 upon Axo-Dendritic Contact. Filopodia
participate in the rapid formation of presynaptic specializations as
axonal growth cones pass dendrites (1, 24, 25). Considering the
roles of SynCAM 1 in cell adhesion, we asked whether it par-
ticipates in these axo-dendritic interactions of growth cones. By
selecting growth cones expressing SynCAM 1-pHluorin in ap-
proach to SynCAM 1-pHluorin—-marked neurites, we find that axo-
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Fig. 1. SynCAM 1 localizes to growth cones. (A) Immunoblot analysis of
neuronal culture lysates at the indicated days in vitro (d.i.v.). SynCAM 1
expression precedes the synaptic adhesion molecules neurexin and neuro-
ligin. PSD-95 and synaptophysin are synaptic protein controls, whereas DCC,
FAK, and GAP-43 are already expressed in growth cones. Actin served as
loading control, and rat forebrain from postnatal day 5 (P5) as positive con-
trol. (B and C) Confocal fluorescence image of dissociated mouse wild-type (B)
and SynCAM 1 knockout (KO; C) hippocampal neurons at 5 d.i.v. after
immunostaining for SynCAM 1 (green) and tau (red). Specific SynCAM 1
staining is detected in growth cones. Boxes marks representative growth
cones enlarged in the Inset. (D) SynCAM 1 is predominantly present on
growth cone surfaces. Dissociated rat hippocampal neurons expressing
extracellularly tagged SynCAM 1-pHluorin were imaged live at 5 d.i.v. at pH
7.4 (Left) and then transiently at pH 4 (Center) to quench the pHluorin surface
signal. To detect the total pool of SynCAM 1-pHIluorin, the same growth cone
was permeabilized with 0.1% Triton X-100 containing fixative, washed, and
imaged again at neutral pH using the same settings (Right). (E) Quantification
of SynCAM 1-pHluorin fluorescence intensity obtained as in D (n = 3).
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dendritic contact triggers the threefold accumulation of SynCAM 1
at contacts within 5 min (Fig. 24-C and Movie S1). No volumetric
membrane increases occur at these sites (Fig. S5). Interestingly,
SynCAM 1 assembly not only is initiated quickly, but also is com-
pleted rapidly, as its amount increases only marginally subsequent
to contact (Fig. 2B, t45 min)- These SynCAM 1 assemblies persist
once the growth cone migrates onward (Fig. 24, f99 min)-

We next analyzed contacts between growth cones and neurites
that both express SynCAM 1AlIgl-pHIluorin, a construct lacking
the first Ig domain required for adhesion (14). This construct
replicates the position of pHluorin in SynCAM 1-pHluorin and
is expressed on growth cone surfaces (Fig. S6). Notably, this
adhesion-deficient SynCAM 1 does not accumulate upon contact
(Fig. 2 D and E). Adhesive interactions therefore underlie the
contact assembly of SynCAM 1.

To better define this assembly of SynCAM 1, we separately
transfected neurons with SynCAM 1-pHluorin to detect it in
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growth cones or with soluble Cherry to label neurites and cul-
tured them together. Live imaging shows that SynCAM 1-
pHluorin strongly accumulates in growth cones upon contact
with Cherry-positive neurites (Fig. 2 F and G). These results
demonstrate that SynCAM 1 is a growth cone adhesion protein
that assembles rapidly and stably at axo-dendritic contacts.

Differentiation of SynCAM-Marked Axo-Dendritic Contact Sites. We
next asked whether SynCAM 1 assemblies mark differentiating
growth cone contacts. Neurons were transfected with SynCAM 1-
Cherry to detect it in growth cones or with GFP-tagged PSD-95
to label dendritic clusters, plated together, and analyzed (Fig. 2H
and Fig. S7). Endogenous PSD-95 is already expressed at low
levels in these immature neurons (see also Fig. 14) and can be
colocalized with the comparatively low number of developing
synaptic contacts (26). Live imaging shows that growth cone filo-
podia containing SynCAM 1 are apposed to dendritic PSD-95
clusters. We frequently observed that these growth cone as-
semblies of SynCAM 1 remain juxtaposed to PSD-95-positive sites
for hours (Fig. 2H), and we recorded the gradual accumulation of
PSD-95 at these contacts (Fig. S7). These stable sites also contain
other presynaptic proteins as shown by post-hoc immunostaining
for synaptotagmin I (Fig. 27). In consequence, discrete SynCAM 1
assemblies are retained along axonal crossing points with den-
drites, and these sites remain stably apposed to PSD-95 clusters
(Fig. 2J), with a subset containing presynaptic markers (Fig. 2J).
Consistent with a continued differentiation of these sites, Syn-
CAM 1 is localized to synapses in mature neurons (Fig. S8).

SynCAM 1 Restricts the Structural Organization of Migrating Growth
Cones. Does SynCAM 1 function in growth cones before axo-
dendritic contact? In support of morphogenetic roles, we ob-
served that live growth cones containing elevated SynCAM 1
appear less dynamic than controls expressing myristoylated GFP
(myrGFP) as a membrane marker (Fig. 3 A and B and Movie
S2). These optical recordings were acquired under nonlinear,
high-gain conditions to trace the complete plasma membrane,
unlike the analysis of SynCAM 1 localization under normal gain
in Fig. 2. We first determined the number of growth cone filo-
podia that alter their length or position throughout the optical
recording, scoring those as “active,” and show that elevated
SynCAM 1 strongly reduces their number to 48 + 11% of control
levels (Fig. 3E). We next determined the complexity of growth
cones by Sholl analysis, an algorithm to assess the general
complexity of structures (27). Because myrGFP and SynCAM 1-
pHluorin delineate identical growth cone outlines (Fig. S9 4 and
B), their comparative analysis was performed. This demonstrated
that exogenous SynCAM 1-pHluorin lowers growth cone com-
plexity to 52 + 7% of control levels (Fig. 3F), consistent with
their simpler appearance. In agreement, exogenous SynCAM 1
reduces growth cone perimeters to 49 + 16% of control levels.
SynCAM 1 is therefore sufficient to restrict growth cone filo-
podial dynamics and membrane complexity.

SynCAM 1 Shapes Growth Cones Through FERM Interactions. These
morphogenetic roles of SynCAM 1 in growth cones pointed to
interactions with cytoskeletal regulators. Such interactions can
be mediated by an intracellular motif of SynCAMs predicted to
bind FERM (protein 4.1/ezrin/radixin/moesin) domains (28)
(Fig. 3D), which are present in a number of cytoskeletal com-
ponents such as the SynCAM-binding partner protein 4.1B (29—
31). To test this possibility, we generated a SynCAM 1AFERM-
pHluorin mutant lacking five amino acids in this motif (Fig. 3 C
and D). This deletion prevents FERM domain interactions (see
Fig. 44) without altering SynCAM 1 expression in growth cone
membranes as assessed from tracing studies (Fig. S9 C and D).
Interestingly, this AFERM mutation abrogates the effects of
elevated SynCAM 1 on active filopodia number (Fig. 3E) and on
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Fig. 2. Rapid and persistent assembly of SynCAM 1 dur-
ing axo-dendritic contact. (A) Rat hippocampal growth
cones expressing SynCAM 1-pHluorin were imaged at 5 d.
i.v. as they advanced toward a dendrite. The arrowhead
marks the growth cone direction. Frames were obtained
every 5 min. Bars indicate the areas quantitated in B.
(Scale bar in A and D: 10 pm.). See Movie S1. (B) Line scan
analysis of SynCAM 1-pHIluorin distribution. Colored bars
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growth cone complexity (Fig. 3F and Movie S2). FERM domain
interactions of SynCAM 1 are therefore critical to its organ-
ization of growth cones.

Endogenous SynCAM 1 Is Required to Reduce Growth Cone Dynamics
and Complexity. Does endogenous SynCAM 1 organize growth
cone structure? We addressed this by imaging growth cones of
SynCAM 1 knockout and wild-type neurons that expressed
actin tagged with the fluorescent Cherry protein to visualize
their cytoskeleton. Intriguingly, growth cones lacking SynCAM
1 are more exuberant and have more than double the number
of active filopodia than wild-type controls (Fig. 3 G-I). Further,
growth cones lacking SynCAM 1 are more complex (Fig. 3J).
Re-expression of SynCAM 1-pHluorin rescues these pheno-
types (Fig. 3 1 and J). The effects of exogenous SynCAM 1 in
these rescued mouse knockout neurons are less pronounced
than in rat neurons. This may reflect a dependency on the total
SynCAM 1 dose that is higher when overexpressed in wild-type

7570 | www.pnas.org/cgi/doi/10.1073/pnas.0911798107
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Fluorescence intensities were determined as in B before
and during contact (P = 0.008; n = 3). (D and E) SynCAM 1
accumulation at contacts requires adhesion. Neurons
expressing adhesion-deficient SynCAM 1Alg1-pHluorin
were imaged as described in A and C (n = 4). ns., not
significant. (F) SynCAM 1-pHluorin accumulates in
growth cones. Dissociated rat hippocampal neurons were
transfected with SynCAM 1-pHluorin (green) or soluble
Cherry (red), cultured together, and imaged live at 5 d.i.v.
The two representative examples show the accumulation
of SynCAM 1-pHluorin at growth cone contacts with
Cherry-marked neurites. (G) SynCAM 1-pHluorin fluo-
rescence signals were collected as in F from growth cone
areas in contact with a neurite and from the proximal
noncontact areas. SynCAM 1-pHluorin signal is increased
2.5-fold at the contact (P < 0.0001; n = 4). (H) Growth cone
SynCAM 1 marks differentiating axo-dendritic contacts.
Rat hippocampal neurons were transfected with SynCAM
1-Cherry (red) or PSD95-GFP (green), cultured together,
and imaged live at 5 d.i.v. Panels depict the same field of
view. Signals were traced to outline the growth cone and
dendrites (Bottom row). Left panels depict a SynCAM 1-
expressing growth cone that has crossed a dendrite (to).
Circles mark stable contacts with dendritic PSD-95 clusters
(Right panels, ti25 min). () The culture imaged in H was
fixed at tysy min- ImMmunostaining for synaptotagmin |
shows this presynaptic marker at SynCAM 1/PSD-95 pos-
itive contacts. (J) Neurons were separately transfected
and analyzed as in H. The arrowhead indicates the
growth cone direction. Circles mark apposed axonal Syn-
CAM 1 clusters with PSD-95 at dendritic crossing points
that were stable over 6 h. Post-hoc immunostaining
identifies SV2 (blue) at a subset of these clusters (marked
by circles). Insets show individual channels of the circled
area marked by an arrow.

cells or a stronger exogenous expression in rat neurons. To-
gether, these results identify endogenous SynCAM 1 as a neg-
ative regulator of the structural complexity and filopodial
dynamics of growth cones.

FAK Is a Partner of SynCAM 1. We hypothesized that the non-
receptor tyrosine kinase FAK mediates the morphogenetic
effects of SynCAM 1 as it contains a FERM domain, is expressed
in hippocampal growth cones (32), and negatively regulates
membrane protrusions in nonneuronal cells (33). Further, FAK
affects migrating growth cones through controlling their sub-
strate contacts (34). FAK is best characterized in fibroblasts,
where it is recruited to integrin adhesion sites to regulate the
turnover of focal adhesions, large complexes that connect the
extracellular matrix to the cytoskeleton (35, 36).

To test FAK interactions, we performed affinity chromatog-
raphy of forebrain extracts on the SynCAM 1 cytosolic sequence.
This identifies the strong retention of FAK (Fig. 44, lane 2). To
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Fig. 3. SynCAM 1 reduces active filopodia number and growth cone com-
plexity. (A-C) Exogenous SynCAM 1 reduces growth cone complexity in
dependence on its FERM-binding motif. Rat hippocampal neurons express-
ing myristoylated GFP (myrGFP) as membrane marker (A), SynCAM 1-
pHluorin (B), or a mutant in the FERM motif (SynCAM 1-pH AFERM; C) were
imaged live at 5 d.i.v. Images were acquired under nonlinear conditions to
detect the total fluorescence signal. Models depict the fusion proteins. The
illustration of GFP was used with permission from Roger Tsien, University of
California, San Diego. See Movie S2. (Scale bar in A-C: 3 pm.) (D) Alignment
of the cytosolic sequence of SynCAM 1 (Upper) and the AFERM mutation
(Lower). (E) Active filopodia number of growth cones imaged as in A-C is
decreased to 48 + 11% by exogenous SynCAM 1-pHluorin in dependence on
FERM interactions (myrGFP vs. SynCAM 1-pH, P = 0.013; SynCAM 1-pH vs.
SynCAM 1-pH AFERM; P = 0.011; n = 7). oe, overexpression. (F) Sholl analysis
of growth cones imaged as in A-C demonstrates that exogenous SynCAM 1
decreases complexity to 52 + 7% (P = 0.008). SynCAM 1 lacking the FERM
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map this interaction, we employed a APDZ mutant of SynCAM
1 lacking the three carboxyl-terminal amino acids, as well as the
AFERM deletion described above. As expected, FAK binds
SynCAM 1 independently of PDZ domains (lane 3), but requires
the FERM motif (lane 4). This interaction is specific, as the
FERM domain containing protein talin is not retained. The PDZ
domain protein CASK served as positive control (14). FAK binds
more strongly to SynCAM 1 than to neurexin I, which also
contains a motif predicted to bind FERM domains, which sup-
ports a select role of the SynCAM 1/FAK interaction (Fig. S10).
Correspondingly, SynCAM 1 extracted from forebrain bound to
the FERM domain of FAK (Fig. 4B). The coimmunoprecipita-
tion of flag-tagged SynCAM 1 with FAK from COS7 cells sup-
ports their direct binding (Fig. 4C). Coimmunoprecipitation
from brain could not be performed due to the low precipitation
yield of the anti-SynCAM 1 antibodies.

Colocalization analyses corroborate these biochemical studies.
Total internal reflection fluorescence (TIRF) imaging of live
COS7 cells coexpressing GFP-FAK and SynCAM 1-Cherry
demonstrates that both proteins colocalize at the plasma mem-
brane (Fig. 4D). Interestingly, TIRF microscopy of growth cones
shows that both proteins are present together in the central
region and filopodia (Fig. 4E), where they dynamically colocalize
(Movie S3). Here, motile packets containing SynCAM 1 and
FAK sort rapidly from the central region into filopodia at 15 + 7
pm/min (n = 3). These results are consistent with direct inter-
actions of SynCAM 1 and its partner FAK at the growth
cone membrane.

SynCAM 1 Signals via FAK in Growth Cones. We next addressed
whether FAK also is a functional effector of SynCAM 1. These
studies used a dominant-negative FAK construct that lacks the
FERM and kinase domains, termed FAK-related nonkinase
(FRNK), which reduces FAK signaling probably via competitive
binding to its partners (37, 38). This revealed that the effects of
SynCAM 1 on growth cone complexity require FAK signaling
(Fig. 54). Additionally, the restriction of active filopodia num-
ber by SynCAM 1 (myrGFP, 4.7 + 1.7 active filopodia; SynCAM
1-pH, 2.3 + 1.4 active filopodia; P = 0.013; n = 7) was blocked
by FRNK (SynCAM 1-pH + FRNK, 3.7 + 0.7 active filopodia;
n = 7). FAK-independent pathways likely act in concert as
FRNK alone is not sufficient to reduce the number of active filo-
podia (FRNK, 5.1 + 0.6 active filopodia; » = 5) and complexity
(Fig. 54). Exogenous SynCAM 1 therefore requires FAK to shape
growth cones, presumably by overriding endogenous pathways.

Finally, we addressed whether SynCAM 1 alters FAK activity
in growth cones prepared from wild-type and SynCAM 1
knockout forebrains at postnatal day 5. Interestingly, loss of
SynCAM 1 reduces the specific activity of FAK in growth cones
by 22 + 6% as determined after quantitative immunoblotting
with antibodies against autophosphorylated, active FAK and
total FAK (Fig. 5B). Together, FAK is required for the mor-
phogenetic activities of SynCAM 1, and SynCAM 1 alters FAK
activity in growth cones.

motif has no activity (n = 5). (G and H) Lack of SynCAM 1 increases apparent
growth cone complexity. Wild-type (G) or SynCAM 1 knockout (H) mouse
hippocampal growth cones were imaged live at 5 d.i.v. using actin—Cherry to
label membrane protrusions. Asterisks mark filopodia. (/) Growth cones
lacking SynCAM 1 contain 2.4-fold more active filopodia (wild type vs. KO,
P = 0.019; n = 4). This phenotype is rescued by exogenous SynCAM 1-
pHluorin. Growth cones were imaged as in G and H, obtaining frames every
5 s for 50 s. (J) Sholl analysis of growth cones imaged as in G and H dem-
onstrates that the lack of SynCAM 1 increases complexity by 20% (P = 0.027;
n = 3). SynCAM 1-pHluorin rescues (n = 4).
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Fig. 4. FAK is a binding partner of SynCAM 1. (A) FAK binds the intra-
cellular FERM motif of SynCAM 1. Rat forebrain proteins were solubilized
at P5 and incubated with equal amounts of GST fusions of the cytosolic
sequence of SynCAM 1, a APDZ construct, or its AFERM mutant. GST served
as control for nonspecific binding (lane 5). Eluate lanes contain '/, of the
input shown. (B) Binding of SynCAM 1 to the FERM domain of FAK. Rat
forebrain proteins extracted at P7 were bound to a GST fusion of the FERM
domain of FAK, demonstrating SynCAM 1 retention. GAP-43 and actin
served as negative controls, and GST as control for nonspecific binding.
Eluate lanes contain '/so of the input shown. (C) Direct interaction of
SynCAM 1 and FAK. Flag-tagged SynCAM 1 and FAK coexpressed in COS7
cells coimmunoprecipitate with anti-flag antibodies. Immunoprecipitates
contain '/55 of the input shown. (D) SynCAM 1 and FAK colocalize in the
plasma membrane as imaged by TIRF microscopy of live COS7 cells coex-
pressing SynCAM 1-Cherry (red) and GFP-FAK (green). (E) TIRF microscopy
of live rat hippocampal growth cones coexpressing GFP-FAK (green) and
SynCAM 1-Cherry (red). The merged image shows their colocalization in
the central growth cone region and its filopodia (arrows) and in apparent
axonal transport packets (arrowheads). See Movie S3. (Scale bar: 10 um.)

Discussion

This study demonstrates that SynCAM 1 performs successive
functions in developing neurons from shaping growth cones to
the assembly of axo-dendritic contacts. These properties are
distinct from other proteins like N-cadherin, which is mostly
absent from growth cones and accumulates at synapses only after
the growth cone has migrated on (39, 40), and are not shared by
L1 and NCAM. These Ig proteins act in axon outgrowth and
guidance (9), and SynCAM 1 additionally contributes to these
growth-cone—-dependent processes as axonal pathfinding errors
occur when its expression is reduced in chicken (41). Although
neurexins have also been detected in growth cones (42), they
have not been characterized in this compartment.
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Fig. 5. FAK is a signaling partner of SynCAM 1. (A) Dominant-negative
inhibition of FAK by FRNK blocks exogenous SynCAM 1-pHluorin from
restricting complexity as shown by Sholl analysis (SynCAM 1-pH vs. SynCAM
1-pH plus FRNK, P = 0.001; n = 4). oe, overexpression. (B) Loss of SynCAM 1
reduces specific FAK activity in growth cones by 22 + 6% (P = 0.025; n = 3)
while not affecting FAK enrichment in growth cones. Growth cones were
prepared from wild-type and SynCAM 1 knockout mice at P7. Equal protein
amounts were analyzed by quantitative immunoblotting for autophos-
phorylated and total FAK. Loaded amounts were normalized to GAP-43.

Akey finding of this study is that Syn CAM 1 assembles at growth
cone contacts with target neurites. This likely involves its lateral
clustering, but localized exocytosis may also contribute to its
delivery to axo-dendritic contacts. We presume that SynCAM 1
clusters primarily engage in homophilic adhesion, as its hetero-
philic partner SynCAM 2 is less prominently expressed in the early
postnatal hippocampus (16). SynCAM 2 expression increases in
development, and its binding to SynCAM 1 could later refine these
nascent sites. During these stages of synaptic differentiation,
SynCAM adhesion may act in concert with other trans-synaptic
adhesion molecules, such as neurexins/neuroligins (42-45).

Our study provides additional insight into the organization of
migrating growth cones and finds that SynCAM 1 reduces the
number of active filopodia. This is relevant as the regulation of
filopodia by membrane proteins is insufficiently understood
compared to the cytoskeletal machinery controlling these pro-
trusions (46, 47). Interestingly, the restriction of active growth
cone filopodia number by SynCAM 1 is converse to the post-
synaptic effects of EphB receptors, which are required for proper
dendritic filopodia motility (48). The expression levels of these
membrane proteins may therefore mutually regulate the extent
of axo-dendritic target exploration. Overall, this reduction in the
membrane complexity of growth cones by elevated SynCAM 1
could result in their increased ability to maintain target contacts
and differentiate them into synapses.

With respect to intracellular interactions, our results show that
FAK is a binding partner and effector of SynCAM 1 in the shaping
of migrating growth cones. This makes SynCAM 1 one of the few
membrane proteins that directly bind FAK, together with EGF
and PDGF receptors and possibly integrins (49, 50), NCAM 140
(51), and EphA receptors (52). FAK can be activated by engage-
ment of its FERM domain (53), and SynCAM 1 binding may
localize and spatially define FAK activity within growth cones. This
would be consistent with the reduced specific FAK activity in
growth cones lacking SynCAM 1. Interestingly, FAK restricts the
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number of complex synapses in mature neurons (54), and future
studies will determine whether a SynCAM-FAK complex operates
at synapses subsequent to axo-dendritic contact.

Materials and Methods
An extended section is provided in S/ Materials and Methods and Table S1.

Biochemical Studies. Rat forebrain homogenate was fractionated at P5-P7
(55). Affinity chromatography was performed as described (14).

Neuronal Cell Culture. Dissociated hippocampal neurons were cultured at
postnatal day PO or P1 (56). Mouse neuronal cultures were prepared from
SynCAM 1 knockout mice (21) and compared to wild-type littermate controls.

Live Imaging. Neuronal cultures were imaged live at 5-6 d.i.v. in modified
Tyrode solution (56) on an Olympus Ix81 microscope with an autofocus system
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