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Abstract. Dendritic spines are small protrusions that
receive synapses, and changes in spine morphology are
thought to be the structural basis for learning and mem-
ory. We demonstrate that the cell surface heparan sul-
fate proteoglycan syndecan-2 plays a critical role in
spine development. Syndecan-2 is concentrated at the
synapses, specifically on the dendritic spines of cultured
hippocampal neurons, and its accumulation occurs con-
comitant with the morphological maturation of spines
from long thin protrusions to stubby and headed
shapes. Early introduction of syndecan-2 cDNA into
immature hippocampal neurons, by transient transfec-
tion, accelerates spine formation from dendritic protru-

sions. Deletion of the COOH-terminal EFY A motif of
syndecan-2, the binding site for PDZ domain proteins,
abrogates the spine-promoting activity of syndecan-2.
Syndecan-2 clustering on dendritic protrusions does not
require the PDZ domain-binding motif, but another
portion of the cytoplasmic domain which includes a
protein kinase C phosphorylation site. Our results indi-
cate that syndecan-2 plays a direct role in the develop-
ment of postsynaptic specialization through its interac-
tions with PDZ domain proteins.
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and memory has long been recognized (Hebb, 1949;
Edwards, 1995; reviewed in Milner et al., 1998).
Structural modifications of synapses play a critical role in
regulating the plasticity underlying learning and memory
(Calverley and Jones, 1990; Yuste and Denk, 1995). Den-
dritic spines are small protrusions on the surface of den-
drites that receive the majority of excitatory synapses
(Harris and Kater, 1994). Several studies have shown that
morphological changes to dendritic spines occur during
long-term potentiation, sensory deprivation, and the rear-
ing of animals in enriched environments (Fifkova, 1985;
Lund et al., 1991; Wallace et al., 1991; Rollenhagen and
Bischof, 1994; Buchs and Muller, 1996; Comery et al.,
1996; Durand et al., 1996). Abnormal spine morphologies
have been shown to be associated with some forms of
mental retardation and autism, including fragile X syn-
drome (Rudelli et al., 1985; Hinton et al., 1991; Comery et
al., 1997). Elucidation of the molecular mechanism for
spine development is key for understanding the mecha-
nisms involved in learning and memory, as well as mental
retardation.
Cell adhesion has been implicated in the structural mod-
ification of synapses (Liithi et al., 1994; Spacek and Harris,

THE importance of structural elements in learning

Address correspondence to Yu Yamaguchi, The Burnham Institute, 10901
North Torrey Pines Road, La Jolla, CA 92037. Tel.: 619-646-3124. Fax:
619-646-3199. E-mail: yyamaguchi@burnham-inst.org

O The Rockefeller University Press, 0021-9525/99/02/575/12 $2.00
The Journal of Cell Biology, Volume 144, Number 3, February 8, 1999 575-586
http://www.jcb.org

1998; reviewed in Rose, 1995; Colman, 1997; Serafini,
1997; Hagler and Goda, 1998). Among different classes
of molecules involved in cell-matrix adhesion, heparan
sulfate proteoglycans (HSPGs)' have been shown to be
present in neuromuscular junctions (Eldridge et al., 1986;
Cole and Halfter, 1996; Meier et al., 1998) and proposed to
be key molecules of adhesion-induced synaptic modifi-
cations (Schubert, 1991). The functional relationships
between classic cell adhesion molecules, like cadherins,
IgCAMs, integrins, and functionally ambiguous proteogly-
can-related molecules in synaptic junctions still remain to
be determined.

Syndecans are a major class of cell surface HSPGs (re-
viewed in Bernfield et al., 1992; Couchman and Woods,
1996; Carey, 1997). Four members of the syndecan family,
syndecan-1, -2, -3, and -4, have been cloned from mamma-
lian species. The core proteins of syndecans consist of a
structurally diverse extracellular domain, highly conserved
transmembrane, and cytoplasmic domains. The extracellu-
lar domain carries several heparan sulfate chains, which
bind a number of heparin-binding molecules, including
growth factors, extracellular matrix, and cell adhesion pro-
teins (reviewed in Couchman and Woods, 1996; Carey,
1997).

Abbreviations used in this paper: DIV, days in vitro; E, embryonic day;
GFP, green fluorescent protein; HSPG, heparan sulfate proteoglycan;
PKC, protein kinase C; PSD, postsynaptic density.
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Syndecans are known to be concentrated at specific sites
on the cell surface (reviewed in Couchman and Woods,
1996; Carey, 1997). It has been shown that syndecan-1
colocalizes with actin filaments in areas of cell-matrix
adhesion (Carey et al., 1994), syndecan-2 is expressed at
sites of cell-cell and cell-matrix interactions (David et
al., 1993), and syndecan-4 is localized to focal adhesions
(Woods and Couchman, 1994). Mechanisms for the target-
ing of syndecans toward specific membrane sites are
not completely understood, although phosphorylation and
molecular interactions of their cytoplasmic domains are
thought to play roles in these processes. The cytoplasmic
domains of syndecans contain several potential phosphor-
ylation sites. There are four tyrosine residues conserved
among all members of the family, including invertebrate
syndecans. In addition, syndecan-2 has a unique serine
phosphorylation site for protein kinase C (PKC). It has
been shown that syndecan-2 can be serine phosphorylated
by Ca?>*-dependent or conventional isoforms of PKC «, §,
and v, and that phosphorylation is dependent on the oligo-
merization of its cytoplasmic domain (Itano et al., 1996;
Oh et al., 1997). The cytoplasmic domain of syndecan-1 is
required for its colocalization with actin filaments (Carey
et al., 1994, 1996). Moreover, the COOH-terminal EFYA
motif of syndecan-2, identical in all members of the synde-
can’s family, can interact with PDZ domain proteins, such
as syntenin (Grootjans et al., 1997) and the postsynaptic
protein CASK (Cohen et al., 1998; Hsueh et al., 1998).
PDZ domain proteins are thought to play critical roles in
the organization of postsynaptic specializations (Craven
and Bredt, 1998). Thus, syndecans could provide a molec-
ular link between intracellular cytoskeleton/signaling com-
plex and the extracellular environment at specific sites on
the cell surface.

In this paper, we present evidence indicating that synde-
can-2 plays a critical role in the maturation of dendritic
spines. Syndecan-2 is highly concentrated on the spines of
mature hippocampal neurons in culture, and its clustering
occurs concomitant with the morphological maturation of
spines. Most importantly, we demonstrate that forced ex-
pression of syndecan-2 in young neurons, by transient
transfection, causes early transformation of immature den-
dritic protrusions into morphologically mature spine-like
structures. Moreover, by introducing syndecan-2 deletion
mutants, we demonstrate that the interaction of syndecan-2
with PDZ domain proteins is involved in the morphologi-
cal maturation of dendritic spines. However, deletion of
the PDZ domain binding site of syndecan-2 did not affect
the spine-specific targeting and clustering of syndecan-2,
suggesting that these processes require other parts of the
cytoplasmic domain, that include potential serine and ty-
rosine phosphorylation sites. Thus, we show a direct func-
tional role for syndecan-2 in spine development, and sug-
gest that the cell surface HSPG syndecan-2 is involved in
molecular interactions underlying postsynaptic modifica-
tions.

Materials and Methods

RNA Purification and Reverse Transcriptase-PCR

Total RNA was extracted from cultures of rat hippocampal neurons at dif-
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ferent time points by using Triazol reagents (Life Technologies, Inc.). Re-
verse transcriptase PCR (RT-PCR) was performed with 2 pg of total
RNA as described previously (Watanabe and Yamaguchi, 1996) with the
following primer pairs (forward and backward, respectively): syndecan-1
CCCAAGCTTGGGATGACTCTGACAACTTC and GGTATAGC-
ATGAAAGCCACCAGACGTCAA; syndecan-2 CGGAATTCTCAA-
CCCATCGGCTGCTTGCTT and GCTCTAGACCTTAGTGGGTGC-
CTTCTGGTA; syndecan-3 CCCAAGCTTAGCGAGCGAACGAA-
CGAGCGA and CGGGATCCTGAACCGCATGGCTGTCTCAAG;
syndecan-4 CGGAATTCATGAAGACGCTGGGGGCCTTGA and
CGGGATCCAATCCTCAACTCCTCTCCCCATGA,; glypican-1 CCC-
AAGCTTTCGGCTTTTGTTGTCTCCGCCTCC and CGGGATCC-
AAGGCCCGAGTGTTCTGCGTGTAC; glypican-2 CCCAAGCTTT-
GTTCAGTTTTGGGGGGGACGCT and CGGGATCCGGGAATAC-
AGGCGACCATAGGAAT; perlecan CCCAAGCTTGGACTTTCA-
GATGGTTTATTTCCG and CGGGATCCCCGCTGGAAATGACT-
GTGTGCA; agrin CGGAATTCACTCCATAAGAACTCCCACACAC
and GCTCTAGATGGCACAGGCATGACTAAGCAG. Each set of
primers was designed from rat cDNA sequences. PCR products were ana-
lyzed on agarose gel and purified using Qiagen spin columns. All positive
PCR products were isolated from the gel and confirmed to be the authen-
tic fragments by sequencing.

Primary Cultures of Rat Hippocampal Neurons

Hippocampal neurons were prepared from embryonic day (E) 17-18 rat
embryos and cultured according to Zafra et al. (1990) with minor modifi-
cations. Briefly, after trypsinization and mechanical dissociation, hippo-
campal cells suspended in DME supplemented with 10% FCS were pre-
plated on uncoated culture plates for 2 h to remove glial cells. Neurons
recovered as nonadherent cells were plated on coverslips coated with
poly-pL-ornithine (0.5 mg/ml) and laminin (5 pg/ml) at densities of 5 X 10*
cells per coverslip. Neurons were cultured in serum-free DME supple-
mented with insulin (150 mg/ml) under 5% CO,/10% O, atmosphere at
37°C (Brewer and Cotman, 1989). Cultures were maintained up to 40 d.

Construction of Syndecan Deletion Mutants

Full-length and truncated rat syndecan-2 cDNAs were amplified by
RT-PCR from hippocampal neuron total RNA. The following pairs of
oligonucleotide primers were used. For full-length syndecan-2 cDNA:
forward, 5'-CGGAATTCTCAACCCATCGGCTGCTTGCTT; reverse,
5'-CTGGGCCCGTCATGCATAAAACTCCTTAGTGGGTGC.  For
syndecan-2 Acyto cDNA: forward, 5'-CGGAATTCTCAACCCATCG-
GCTGCTTGCTT; reverse 5'-CTGGGCCCGTCACCGCATGCGG-
TAC. Amplified cDNAs were ligated into EcoRI/Apal-cut pPEGFPN1
(CLONTECH Laboratories, Inc.). The syndecan-2 AEFYA deletion mu-
tant was generated by mutagenizing the glutamic acid and phenylalanine
residues of the full-length syndecan-2 construct into two stop codons by
using QuickChange Site-Directed Mutagenesis kit (Stratagene). All con-
structs were confirmed by sequencing.

Transfection of Hippocampal Neurons

Transient transfection of rat hippocampal neurons was performed at 1 day
in vitro (DIV) by the calcium phosphate coprecipitation method (Chen
and Okayama, 1987). Briefly, 10:1 or 1:1 mixtures of various syndecan-2
expression constructs and pEGFPCI (for green fluorescent protein, GFP,
expression) were precipitated in 400 wl of calcium-containing phosphate
buffer (MBS transfection kit; Stratagene) for 20 min at room temperature.
DNA precipitates diluted in complete medium were added to coverslips
of 1 DIV hippocampal neurons, plated at 2 X 10° per 12-mm coverslip and
cells were incubated for 6 h at 35°C under 3% CO,. The cells were washed
gently three times (15 min each) with culture media, and maintained un-
der 5% CO,/10% O, at 37°C. Transfected neurons have been shown to ex-
press significant levels of GFP for 8 d after transfection.

Immunofluorescence

To localize heparan sulfate or syndecan-2 immunoreactivity in cultured
rat hippocampal neurons, cells were stained alive or fixed in ice-cold
methanol for 20 min at —20°C. Live staining was carried out at room tem-
perature in DME containing 10% FCS. Cells were incubated for 1 h with
one of the following primary antibodies: anti-heparan sulfate mAb 10E4
(JgM; 1:50 dilution; Seikagaku America, Inc.) or anti-syndecan-2 poly-
clonal antibody (pAb) #903 (1:100 dilution; gift from Dr. Merton Bern-
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field). Fluorescein-conjugated goat anti-mouse IgM (1:50 dilution; Cappel
Laboratories) or rhodamine-conjugated anti-rabbit IgG (1:100 dilution;
Chemicon International, Inc.) was used for immunofluorescent staining of
heparan sulfate or syndecan-2, respectively. Then cells were processed for
double immunolabeling by fixation in 4% paraformaldehyde in PBS for
0.5 h at room temperature and blocking in 5% normal goat serum (NGS)
for 1 h. After permeabilization in 0.2% Triton X-100/PBS for 10 min, cells
were washed with PBS containing 0.2% Tween 20 and 1% NGS and incu-
bated with the following primary antibodies diluted in the washing solu-
tion: anti-NCAM pAb (IgG; 1:100; gift from Dr. Vladimir Berezin), anti-
MAP2 mAb (IgG; 1:100; Sigma Chemical Co.); anti-synapsin I pAb (IgG;
1:100; gift from Dr. Andrew Czernik), and antisynaptophysin mAb (IgG;
1:100; Sigma Chemical Co.). Incubation with primary antibodies was per-
formed at room temperature for 2 h. Bound antibodies were detected with
rhodamine-conjugated goat anti-mouse IgG (1:50 dilution; Cappel Lab-
oratories), or rhodamine-conjugated anti-rabbit IgG (1:100 dilution;
Chemicon International), or fluorescein-conjugated anti-mouse IgG
(1:100 dilution; Chemicon International).

For double immunostaining with anti-postsynaptic density (PSD) 95
mAb (JgG; 1:100; clone 6G6, Affinity Bioreagents) and anti-heparan sul-
fate or anti-syndecan-2 antibodies, cells were fixed in methanol for 20 min
at —20°C and further processed as described in Kornau et al. (1995).

For immunostaining of transfected hippocampal neurons with anti-syn-
decan-2 pAb neurons at 8 DIV were fixed in 4% paraformaldehyde in
PBS for 0.5 h at room temperature, preblocked, and incubated with pri-
mary antibodies as described above. Bound antibodies were detected with
rhodamine-conjugated secondary antibody. The cells were mounted using
fluorescence H-1000 medium (Vector Labs) and analyzed by confocal mi-
Croscopy.

Confocal Imaging

Immunofluorescent staining was analyzed using Zeiss LSM-410 and Bio-
Rad MRC 1024 confocal laser scanning microscopes. Optical sections of
the hippocampal neurons were taken at an interval of 0.3 wm in the X-Y
plane. To make different experiments comparable, all pictures were taken
under the same parameters. The maximal intensity three-dimensional im-
ages are the results of projection of the optical serial sections. For double
immunofluorescent staining, identical section series were selected.

For the analysis of dendritic protrusions/spines, transiently transfected
GFP-positive or DiO-injected hippocampal neurons were analyzed using
an oil immersion, 100 X 1.4 NA objective. In the case of syndecan-2/GFP
double transfection, only those neurons that were immunopositive for
syndecan-2 or its deletion mutants were considered as syndecan-2 trans-
fected or syndecan-2 AEFYA transfected, correspondingly. Neurons that
were positive for GFP, but did not express syndecan-2 were considered as
control transfected. Serial optical sections were taken at an interval of
0.2 wm for each image with 4X zoom. For quantitative analysis, the num-
bers of protrusions/spines were counted in the proximal 50-wm segments
of dendrites. Hidden spines that protrude toward the back or front of the
viewing plane were not counted. Length of protrusions/spines was deter-
mined using MetaMorph software by measuring distance between its tip
and base. In each experiment, at least 200 spines were counted from >10
neurons. Statistical analyses was performed using Microsoft Excel. Groups
of spines were compared with Student’s # test.

For analysis of dendritic spine morphology in nontransfected cultures,
1-4 wk after plating cultures were fixed in 4% paraformaldehyde in PBS
for 30 min, individual cells were microinjected with FAST DiO (D-3898;
Molecular Probes, Inc.). Coverslips were placed at 4°C in 2% paraformal-
dehyde in PBS for an additional 24 h to allow dye to transport before
confocal microscopy. Confocal microscopy was performed as described
above.

Results

Localization of Heparan Sulfate in
Hippocampal Neurons

Heparan sulfate immunoreactivity has been found previ-
ously in adult rat hippocampus (Goedert et al., 1996; Fuxe
et al., 1997). To define the precise localization of heparan
sulfate on neuronal cell surfaces, we used glia-free mono-
layer cultures of E 17-18 rat hippocampal neurons. In
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Figure 1. Time course of
heparan sulfate expression
and maturation of dendritic
spines in hippocampal neu-
rons at 1-4 wk in vitro. Hip-
pocampal neurons  were
stained with 10E4 anti-hepa-
ran sulfate mAb at 1 (A), 2
(B), 3 (C), and 4 (D) wk in
culture. Punctate pattern of
heparan sulfate immunoreac-
tivity became detectable on
the surfaces of cell bodies
and dendrites at 3 wk in
vitro. (E and F) High-power
image of heparan sulfate im-
munoreactivity along den-
drites at 1 and 4 wk in vitro,
correspondingly. (G and H)
Confocal images of proximal
dendrites in DiO-injected
hippocampal neurons at 1
(G) and 4 (H) wk in culture.
The dendritic protrusions at
1 wk in vitro are long, thin
filopodia without heads (G).

R ———————————————

2 | At 4 wk the majority of den-

B o] dritic protrusions have ma-

2 ture mushroom shapes with

£ h | thin necks and large heads

2 20 l (H). Bars, 20 pm in A-D and

'0% ‘ 3 wm in E-H. (I) Formation
. : . H

of mature spines with thin
neck and a distinct head over
the course of 1-4 wk in cul-
ture. Percentage of spines with heads was counted in 1-, 2-, 3-,
and 4-wk-cultures. A more than twofold increase in number of
headed spines was seen between 2 and 3 wk in culture.

Time in culture (weeks)

these cultures, neurons form synapses and establish neu-
ronal circuits in the course of 3—4 wk in vitro. Immunofluo-
rescent staining for heparan sulfate was performed on
these neurons at different stages in culture with the 10E4
mADb that recognizes intact heparan sulfate chains (David
et al., 1992; Goedert et al., 1996). The expression of hepa-
ran sulfate is weak and diffuse during the first 2 wk in
culture (Fig. 1, A and B), but then increases during the
following weeks. At 3 wk in vitro, heparan sulfate immu-
noreactivity was detectable as punctate signals distributed
on the cell bodies and dendrites (Fig. 1 C). The punctate
staining became even stronger at 4 wk in vitro (Fig. 1, D
and F). This timing of heparan sulfate expression tempo-
rally coincided with the widespread formation of dendritic
spines (Fig. 1, E-H). At 1 wk in vitro, when the majority of
dendritic protrusions were long, thin filopodia (Fig. 1 G),
heparan sulfate immunostaining was very weak and did
not show any distinct pattern of distribution (Fig. 1 E). By
4 wk in vitro, the majority of postsynaptic sites developed
into stubby or mushroom-shaped mature spines (Fig. 1 H),
morphologically similar to the spines seen in vivo. At the
same time, strong heparan sulfate immunoreactivity was
detected as puncta along the dendrites (Fig. 1 F). These re-
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sults suggested that heparan sulfate may be associated
with dendritic spines.

To localize cell surface heparan sulfate immunoreactiv-
ity on hippocampal neurons at 30 DIV, cells were first
stained alive for heparan sulfate, with subsequent fixation
and double immunostaining for synapsin I, a specific
marker of presynaptic boutons. Confocal microscopy re-
vealed close apposition of cell surface heparan sulfate and
synapsin I immunoreactivities (Fig. 2, A-E). Frequently
they showed partial, but not complete, overlap (Fig. 2, B
and C). This staining pattern suggests that cell surface
heparan sulfate is associated with the synaptic junctions of
cultured hippocampal neurons. Double labeling of metha-
nol-fixed 30 DIV hippocampal neurons with antibodies to
heparan sulfate and PSD-95 further confirmed the synap-
tic localization of heparan sulfate. Punctate immunoreac-
tivities of heparan sulfate and PSD-95 colocalized well on
dendrites (Fig. 2, F-I). There was some nonoverlapping
immunostaining for heparan sulfate in perikaryon and
proximal dendrites. This staining was not seen in the case
of immunolabeling of live cells (Fig. 2 D), suggesting that
some heparan sulfates are associated with intracellular
compartments. Double staining for heparan sulfate and ei-
ther MAP2, a dendritic marker (Fig. 3, A-E), or NCAM
(Fig. 3, F-H) further demonstrated a punctate distribution
of cell surface heparan sulfate along the dendrites of hip-
pocampal neurons. High-power confocal imaging revealed
the localization of heparan sulfate on small protrusions on
the shafts of dendrites (Fig. 3, D, E, and H). These results
strongly suggest that heparan sulfate is present in dendritic
spines. Interestingly, while pyramidal neurons, which com-
prise the majority of cells in these cultures, had these
heparan sulfate-immunoreactive protrusions, we occasion-
ally found neurons that were positive for MAP2 but nega-
tive for heparan sulfate (arrows in Fig. 3, A-C). These
neurons had smaller cell bodies and more satellite shapes
than pyramidal neurons, a morphology consistent with
that of local interneurons, that were present in these cul-
tures as a minor population. It has been shown that local
interneurons tend to lack dendritic spines (Harris and
Kater, 1994). Taken together, these results demonstrate
localization of cell surface heparan sulfate to the dendritic
spines of hippocampal pyramidal neurons.

Temporal Expression of Different Heparan Sulfate
Proteoglycans in Cultured Hippocampal Neurons

To identify the molecular species of HSPGs expressed
in the dendritic spines, we performed RT-PCR analysis.
Pairs of specific oligonucleotides were designed for eight
different HSPGs known to be expressed in nervous tis-
sues. Among the HSPGs examined, no expression of per-
lecan, agrin, or syndecan-3 was detected at any stage of

Figure 2. Postsynaptic localization of heparan sulfate in primary
cultures of rat hippocampal neurons. (A-E) Confocal images of
double immunolabeling of hippocampal neurons at 30 DIV for
cell surface heparan sulfate 10E4 (D, green) and presynaptic
marker, synapsin I (E, red). Cell surface heparan sulfate immu-
noreactivity (green) shows a punctate pattern on the surface of
dendrites similar to synapsin I-positive staining. (B and C) High-
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power view reveals close apposition with only partial overlap
(yellow) of immunoreactivities for synapsin I (red) and cell sur-
face heparan sulfate (green), suggestive of synaptic localization
of heparan sulfate. Bars, 20 pm in A and 10 pm in B and C. (F-1)
Double immunolabeling with anti-heparan sulfate (green) and
anti-PSD-95 (red) antibodies in methanol-permeabilized 30 DIV
rat hippocampal neurons. Punctate immunoreactivity for hepa-
ran sulfate (green) was colocalized with PSD-95 (red) mostly on
dendrites and partially cell bodies (yellow in F). (G) High-power
view shows colocalization of heparan sulfate (green) and PSD-95
(red) in yellow. Some nonoverlapping immunostaining for hepa-
ran sulfate is seen in perikaryon and proximal dendrites due to
intracellular heparan sulfate immunoreactivity, and was not seen
in the case of alive cell surface immunolabeling (D, see Materials
and Methods). Bars, 20 pm in F and 10 pm in G.
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culture (not shown). Syndecan-1, glypican-1, and glypican-2
(cerebroglycan) were detected in young cultures, but their
expression decreased substantially as the neurons matured
(Fig. 4 A). Only syndecan-2 and syndecan-4 showed tem-
poral expression patterns consistent with the immu-
nostaining results (Fig. 4 B). No syndecan-2 mRNA was
detected at any time between plating and 8 DIV. Expres-
sion of syndecan-2 was first detectable at 9 DIV and then
steadily increased to reach a plateau at 21 DIV, while syn-
decan-4 expression increased more abruptly at 30 DIV.

Syndecan-2 Localization in Dendritic Spines

To determine which syndecan is responsible for the spine-
specific accumulation of heparan sulfate, hippocampal
neurons at 30 DIV were stained with pAbs to syndecan-2
and syndecan-4 (Kim et al., 1994). This analysis revealed
that syndecan-4 is not expressed in neurons, but in astro-
cytes which were present as a minor population in older
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Figure 3. The expression of heparan
sulfate on dendritic spines of cultured
hippocampal neurons. (A-E) Double
immunostaining of hippocampal neu-
rons at 30 DIV with anti-MAP2 (red)
and the 10E4 anti-heparan sulfate
(green) antibodies. Cell surface hepa-
ran sulfate immunoreactivity is de-
tected on the cell bodies and along
dendrites of the pyramidal neurons. In-
terneurons occasionally present in
these cultures are not stained for hepa-
ran sulfate (arrows). (D and E) High-
power confocal image shows cell sur-
face heparan sulfate immunoreactivity
(yellow) as a puncta on the surface of
MAP2-positive dendrites (red), in pat-
terns and shapes reminiscent of den-
dritic spines. Bar, 20 pm in A and 10
pm in D and E. (F-H) Double immu-
nostaining of 30 DIV hippocampal
neurons with anti-NCAM (red) and
anti-heparan sulfate 10E4 (green) an-
tibodies. Heparan sulfate immunoreac-
tivity is detected on dendritic spines,
which appear as small protrusions on
dendritic shafts. Bar, 10 pm.

cultures (data not shown). On the other hand, syndecan-2
is expressed in neurons in a time course and a pattern sim-
ilar to those of heparan sulfate immunoreactivity. Synde-
can-2 was localized on the surface of dendrites and cell
bodies of hippocampal pyramidal neurons in a punctate
pattern (Fig. 4, D-F). Syndecan-2 immunoreactivity was
first detected at 2 wk in vitro. Then punctate staining be-
came even stronger at 3 and 4 wk in vitro (Fig. 4, E and F).
Double staining for synaptophysin, a presynaptic marker,
and syndecan-2 showed partially overlapping patterns of
staining, similar to the result of synapsin I/heparan sulfate
double staining (see Fig. 2, A—C). Double staining with
anti-syndecan-2 and anti-PSD-95 antibodies further con-
firmed a synaptic localization of syndecan-2 (Fig. 5, E-I).
Punctate immunoreactivity for syndecan-2 and PSD-95
showed significant overlap mostly along dendrites (Fig. 5,
E-G), although occasionally there were some PSD-95-
positive dots that were not positive for syndecan-2 (see ar-
rows in Fig. 5 G). These puncta are likely to represent
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Syndecan-1
Syndecan-2
Glypican-1

Glypican-2 Syndecan-4

GAPDH GAPDH

14 21 30 DIV 4

9 20 25 30 DIV

Figure 4. Time-dependent expression of different HSPGs in cul-
tured hippocampal neurons. (A and B) RT-PCR analysis was
performed with total RNA isolated from hippocampal neurons at
indicated days in vitro. The amounts of total RNA were stan-
dardized by the expression level of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). (A) RT-PCR analysis of syndecan-1,
glypican-1, and glypican-3. (B) RT-PCR analysis of syndecan-2
and syndecan-4. Expression of syndecan-2 and syndecan-4 in-
creases during the course of the culture. (C-F) Immunostaining
of hippocampal neurons at 1 (C), 2 (D), 3 (E), and 4 (F) wk in
culture with anti-syndecan-2 antibodies. Syndecan-2 immunore-
activity was first detected at 2 wk and then became stronger at 3
(E) and 4 (F) wk in vitro. Note that syndecan-2 was expressed in
neurons in a time course and a pattern similar to that of the hepa-
ran sulfate immunostaining. Bar, 20 wm.

PSD-95 at nonsynaptic sites on dendritic shafts (Aoki, C.,
Z. Shusterman, M. Kasat, M. Bak, L. Alexandre, and D.S.
Bredt. 1998. Society for Neuroscience Annual Meeting.
Abstract 713.11). Together, these results strongly suggest
that syndecan-2 is the cell surface HSPG predominantly
localized on the dendritic spines of cultured hippocampal
neurons. In adult rat brain, syndecan-2 has been shown re-
cently to be highly concentrated at asymmetric synapses
formed on the dendritic spines of pyramidal neurons in the
CA3 area of the hippocampus (Hsueh et al., 1998). These
observations further support our finding that syndecan-2 is
one of the HSPGs responsible for the spine-specific accu-
mulation of heparan sulfate on mature hippocampal neu-
rons in vitro, though a contribution by unknown HSPGs
has not been ruled out.
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Figure 5. Postsynaptic localization of syndecan-2 on hippocam-
pal neurons. (A-D) Double immunostaining of 30 DIV hippo-
campal neurons with antisynaptophysin (D, green) and anti-syn-
decan-2 (C, red) antibodies, and their overlap image (A and B).
(B) High-power magnification of the boxed area in A. Immu-
noreactivities of synaptophysin and syndecan-2 show close appo-
sition with partial overlap (yellow) as seen in the synapsin I/hepa-
ran sulfate double staining (see Fig. 2, A-E). Bars, 20 pm in A-C
and 10 pm in D. (E-I) Double immunostaining with syndecan-2
(H, red) and PSD-95 (I, green) antibodies further confirmed syn-
aptic localization of syndecan-2. (E-G) Punctate immunoreactiv-
ity for syndecan-2 was overlapping with PSD-95 immunolabeling
mostly along dendrite (see yellow), although occasionally there
were some PSD-95-positive dots (green) that are not positive for
syndecan-2 (arrows in G), that may represent PSD-95 immunore-
activity at nonsynaptic sites on dendritic shaft (see Results). Bars,
20 pmin E and 7 pmin F.
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4-wk-nontransfected cultures (J).
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Forced Expression of Syndecan-2 Induces
Morphological Maturation of Dendritic Spines in Young
Hippocampal Neurons

The highly specific localization of syndecan-2 on dendritic
spines and the timing of its appearance suggest that synde-
can-2 may be functionally involved in the development
and maturation of dendritic spines. It has been shown that
mature dendritic spines develop from thin, filopodia-like
protrusions, and that this process is induced by the forma-
tion of contacts between the dendritic protrusions and
nearby axons (Ziv and Smith, 1996). In cultured hippo-
campal neurons at 1 wk in vitro, the majority of dendritic
protrusions are characterized as long, thin filopodia-like
structures (Fig. 6 D; also see Papa et al., 1995; Ziv and
Smith, 1996). During the next 2 wk, these filopodia-like
protrusions actively initiate contacts with nearby axons,
and by 3—4 wk in vitro, transform into mature spines with
stubby or mushroom-like shapes (Fig. 6 E), as seen with
hippocampal dendritic spines in vivo (Papa et al., 1995).

We hypothesized that, if syndecan-2 is functionally in-
volved in spine development, then forced expression of
syndecan-2 in young neurons would affect the morphology
of spines. To test this hypothesis, hippocampal neurons
were transfected at 1 DIV with syndecan-2 cDNA in an
expression vector driven by the cytomegalovirus promoter.
A GFP-expression vector was cotransfected with the syn-
decan-2 cDNA expression vector to visualize entire cell
contours of transfected neurons, including dendritic pro-
trusions. At 7 d after transfection (8 DIV), cultures co-
transfected with syndecan-2 and GFP were examined for
expression of exogenous syndecan-2 by immunostaining
with anti-syndecan-2 antibodies and the morphology of
dendritic protrusions by GFP fluorescence (see Fig. 4 C,
endogenous syndecan-2 is not yet expressed at 8 DIV).
Neurons transfected with GFP alone were considered as
control transfected neurons.

We found remarkable morphological changes in the
dendritic protrusions of syndecan-2 transfected neurons.
While dendritic protrusions of control transfected neurons
were highly variable in length (Fig. 6 H; control transfec-
tants, 8 DIV), protrusions in syndecan-2 transfected neu-

Table 1. Dendritic Protrusion Measurements

Time in Proteins Protrusion’s Protrusions

culture expressed length with heads
m %

8 DIV Syndecan-2 and GFP 0.75-0.20* 75

8§ DIV Syndecan-2 AEFYA and GFP 1.57-0.47 21

8 DIV GFP alone 1.52-0.50 28

8 DIV None 1.67-0.51 18

30 DIV None 0.85-0.20 71

Hippocampal neurons were transfected with full-length syndecan-2 and GFP or syn-
decan-2 AEFYA and GFP at 1:1 ratio as described in Materials and Methods. 7 d after
transfection, neurons were stained with syndecan-2 antibody and examined under
confocal microscope for the expression of exogenous syndecan-2 and the morphology
of dendritic protrusions (by GFP fluorescence). Neurons expressing GFP but not syn-
decan-2 served as negative control for this experiment (GFP alone). Results represent
the mean £ SD of the length of dendritic protrusions (n = 200).

*Significantly different from neurons expressing GFP alone, but not syndecan-2 (Stu-
dent’s # test). There is no significant difference of average dendritic protrusion length
between GFP and syndecan-2 AEFYA expressing transfected neurons.
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rons were shorter and more homogeneous in length (Fig. 6
F; syndecan-2 transfectants, 8 DIV; also see Table I).
More remarkably, the majority of the protrusions in syn-
decan-2 transfected neurons had stubby or mushroom-like
shapes with conspicuous heads (Fig. 6 A; arrowheads).
Spines with these types of morphologies are typically
found in mature neurons after 3 wk in vitro (Fig. 6, E and
J; see also Papa et al., 1995), but are rarely observed in
young neurons before 2 wk in vitro (Fig. 6 D and Table I).
Immunofluorescent staining revealed that exogenous syn-
decan-2 was expressed as numerous dots along the den-
drites, tightly associated with these spine-like structures
(Figs. 6 A and 7 A). This pattern of distribution was simi-
lar to that of endogenous syndecan-2 after 3 wk in vitro
(see Fig. 4, E and F). In contrast, dendritic protrusions
of control transfected neurons showed no morphological
changes. They showed thin, filopodia-like shapes (Fig. 6
C) as seen in normal nontransfected hippocampal neurons
at the same stage in culture (Fig. 6 D).

To examine the specificity of the effect, we compared
the morphological changes between syndecan-2—express-
ing and syndecan-2-nonexpressing cells in the same
culture (Table I). When syndecan-2 and GFP expression
vectors were cotransfected in a 1:1 ratio, ~30% of the
GFP-positive neurons also expressed syndecan-2, while
the others expressed GFP but not syndecan-2. These cells
expressing only GFP served as an internal control for pos-
sible nonspecific effects of transfection. We found that neu-
rons showing GFP fluorescence, but not syndecan-2 im-
munoreactivity, had dendritic protrusions with immature
morphology similar to those seen in normal nontrans-
fected neurons (Fig. 6, D and I), whereas neurons in the
same culture that showed both GFP fluorescence and syn-
decan-2 immunoreactivity had spines with mature mor-
phology (Table I). These results indicate that the effect of
syndecan-2 transfection on spine morphology is not a non-
specific effect of transfection, but a specific effect of syn-
decan-2 expression.

Despite the changes in protrusion length and shape, the
total number of dendritic protrusions was not altered by
syndecan-2 transfection (12.2 = 1.3 and 10.2 * 1.6 protru-
sions per 50-um segment of dendrite for syndecan-2 and
control transfected neurons, respectively). Hence, these
results indicate that the observed changes were due to
morphological transformation of long filopodia into spines
with mature morphologies, rather than the selective elimi-
nation of filopodia.

To examine whether these morphological changes in
dendritic protrusions were accompanied by an increase in
the number of synaptic contacts, we quantitated the num-
ber of synapsin I-positive presynaptic boutons in synde-
can-2 transfected and control transfected neurons. Nor-
mally, the morphological changes from long, thin filopodia
to mature spines occur after the formation of synaptic con-
tacts with presynaptic axons. However, spine maturation
induced by the early introduction of syndecan-2 into
young neurons was not due to an acceleration of synapto-
genesis. As shown in Table II, the number of synapsin
I-positive presynaptic boutons did not increase in syn-
decan-2 transfected neurons. Moreover, only a portion of
syndecan-2—positive protrusions with the mature spine-
like morphology received presynaptic boutons (Table II).
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These results suggest that the early introduction of synde-
can-2 into young neurons, before they establish synapses,
circumvented this process and caused premature initiation
of a spine maturation program.

Syndecan-2—-induced Maturation of Dendritic Spines
Requires the COOH-terminal EFYA Motif

Syndecan-2 has been shown recently to interact with at
least two PDZ domain proteins, syntenin (Grootjans et al.,
1997) and CASK (Cohen et al., 1998; Hsueh et al., 1998),
through its COOH-terminal EFY A motif. The importance
of PDZ domain proteins in synaptic organization has at-

Table 1. Quantitative Analysis of the Effects of
Syndecan-2/Syndecan-2 AEFYA Transfections on Synapse
Formation and the Clustering of Syndecan-2

Syndecan-2
Transfection (full-length) Syndecan-2 AEFYA GFP alone
Synapsin I-pos- 155.7 = 20.8 1358 = 17.0 125.0 = 20.3
itive presynaptic
boutons*
Syndecan-2 clusters* 1,955 * 235 1,882 = 371 Not applicable

*Hippocampal neurons were transfected with full-length syndecan-2 and GFP or syn-
decan-2 AEFYA and GFP at a 10:1 ratio, or GFP alone as described in Materials and
Methods. 7 d after transfection, neurons were stained with anti—synapsin I or anti—syn-
decan-2 antibodies. For each experiment, we analyzed 10 sampling windows (150
wm?), each containing a single GFP-positive pyramidal neuron with its cell body and
proximal dendrites, as seen in Fig. 7. The number of synapsin I-positive boutons and
syndecan-2 clusters was digitally counted using MetaMorph software. Results repre-
sent the mean = 1 SD (n = 10).
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Syndecan-2 Acyto

.

Figure 7. Cytoplasmic domain
of syndecan-2, but not COOH-
terminal PDZ binding motif, is
required for the targeting of
syndecan-2 to dendritic spines.
Hippocampal neurons were
transfected with full-length syn-
decan-2 (A), with the synde-
can-2 AEFYA deletion mutant
(B), or with the syndecan-2
Acyto mutant (C). Neurons
were cotransfected with GFP as
in Fig. 6. Cells were analyzed 7 d
after transfection by confocal
microscopy after immunostain-
ing with anti-syndecan-2 anti-
bodies which recognize the
extracellular domain of synde-
can-2 (red). Both full-length
syndecan-2 (A) and the synde-
can-2 AEFYA deletion mutant
(B) are sorted and expressed on
dendritic spines/protrusions. In
contrast, the syndecan-2 Acyto
deletion mutant does not show
any specific sorting, being dis-
tributed diffusely on entire neu-
ronal surfaces (C). Note: correct
cell surface folding of syndecan-2
Acyto deletion mutant was con-
firmed (see Results). Bars, 20 pm.

tracted increasing attention. The subsynaptic molecular
lattice involving PSD-95 and CASK is thought to play a
critical role in the organization of postsynaptic special-
ization by localizing signal transduction molecules and
ligand-gated ion channels to the postsynaptic membrane
(Naisbitt et al., 1997; reviewed in Craven and Bredt, 1998).

To investigate whether the syndecan-2-mediated matu-
ration of dendritic spines involves the interaction of synde-
can-2 with PDZ domain proteins, we transfected neurons
with a syndecan-2 deletion mutant that lacked the COOH-
terminal EFYA motif (syndecan-2 AEFYA). It has been
shown that the EFYA motif is critical for binding to both
syntenin and CASK (Grootjans et al., 1997; Cohen et al.,
1998; Hsueh et al., 1998). We found that deletion of this
PDZ domain binding motif abolished the ability of synde-
can-2 to induce the morphological maturation of spines.
In syndecan-2 AEFY A-transfected neurons, the majority
of dendritic protrusions showed immature morphologies
(Fig. 6 B) and were highly variable in length (Fig. 6 G, syn-
decan-2 AEFYA transfectants, 8 DIV), similar to those of
control transfected neurons (Fig. 6, C and H, control trans-
fected, 8 DIV). These results indicate that the effect of
syndecan-2 on spine maturation requires the interaction of
syndecan-2 with PDZ domain proteins expressed in hip-
pocampal neurons.

Targeting of Syndecan-2 to Dendritic Protrusions
Requires the Cytoplasmic Domain But Not the
EFYA Motif

Interestingly, although deletion of the PDZ domain bind-
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ing motif abrogated the ability of syndecan-2 to induce
spine maturation, it did not affect the targeting of synde-
can-2 into dendritic protrusions. Syndecan-2 that lacked
the EFY A motif was still sorted to dendrites and showed a
punctate distribution (Fig. 7 B), similar to that of full-
length syndecan-2 (Fig. 7 A). High-power views revealed
the clustering of truncated syndecan-2 on dendritic protru-
sions that had immature morphologies (Fig. 6 B). In some
instances, clusters of truncated syndecan-2 were found at
the tips of the protrusions. Quantitative analysis showed
that the numbers of syndecan-2 clusters in dendrites were
essentially the same between full-length syndecan-2 and
syndecan-2 AEFYA transfected neurons (Table II). How-
ever, clustering of syndecan-2 in dendritic protrusions was
completely abolished in neurons transfected with another
syndecan-2 mutant that lacked most of the cytoplasmic do-
main, except three juxtamembrane amino acids (synde-
can-2 Acyto). This three amino acid tail was left to ensure
correct folding of the deletion mutant. A similar strategy
was used by Carey et al. (1996) with a syndecan-1 deletion
mutant that shares 100% homology with other syndecans
in transmembrane and juxtamembrane cytoplasmic domains.
Cell surface anchoring of our mutant was also confirmed
by confocal microscopy in Z-plane (data not shown). Syn-
decan-2 Acyto was diffusely distributed on the surface of
neurons without any specific sorting pattern (Fig. 7 C).
Together, these results demonstrate that the clustering of
syndecan-2 on the dendritic protrusions is mediated, at
least in part, by the cytoplasmic domain, but is indepen-
dent of interactions with PDZ domain proteins, suggesting
that a part of the cytoplasmic domain other than the
EFYA motif is involved in the targeting of syndecan-2 to
dendritic protrusions.

Discussion

In this paper, we present evidence that the cell surface
heparan sulfate proteoglycan syndecan-2 plays a signifi-
cant functional role in the structural transformation of
dendritic protrusions into mature spines. We demonstrate
that syndecan-2 is specifically localized on the dendritic
spines of cultured hippocampal neurons, coinciding with
the morphological maturation of the spines. Syndecan-2
introduced by transfection into young hippocampal neu-
rons is targeted to dendritic protrusions, and induces their
early morphological maturation into spine-like structures.
The COOH-terminal EFY A motif of syndecan-2, the bind-
ing site for PDZ domain proteins, is required for the matu-
ration-inducing effect of syndecan-2, but is not essential
for the targeting of syndecan-2 to dendritic protrusions.
These results suggest that molecular interactions involving
syndecan-2 play a significant role in the organization of
postsynaptic structures.

The interaction of syndecan-2 with PDZ domain pro-
teins has been reported recently by different groups.
Grootjans et al. (1997) identified a novel PDZ domain
protein called syntenin by yeast two-hybrid screening, us-
ing the cytoplasmic domain of syndecan-2 as a bait. More
recently, yeast two-hybrid screening identified the cyto-
plasmic domain of syndecan-2 as a ligand for CASK (Co-
hen et al., 1998; Hsueh et al., 1998). Hsueh et al. (1998)
have further demonstrated that syndecan-2 is present in
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the vicinity of synapses in adult rat brain. By using cultures
of rat hippocampal neurons, we have been able to localize
syndecan-2 to the dendritic spines of mature hippocampal
pyramidal neurons. Moreover, we showed that the accu-
mulation of syndecan-2 on dendritic spines occurs con-
comitant with their structural maturation. These observa-
tions indicate that syndecan-2 is actively targeted to, and
accumulated on, dendritic spines by a developmentally
regulated mechanism.

The most intriguing finding of our study is that syn-
decan-2, when transfected into young neurons, directly
influences the morphology of dendritic protrusions, trans-
forming them into mature spine-like structures with
characteristic shapes. This effect was clearly due to synde-
can-2, as syndecan-2 deletion mutants did not show these
changes. Transfected full-length syndecan-2 was indeed
expressed on the dendritic protrusions that had undergone
morphological reorganization. Abnormalities in dendritic
spine development have been found in some forms of
mental retardation and autism (Rudelli et al., 1985; Hinton
et al., 1991; Comery et al., 1997). Interestingly, recent find-
ings have shown that the syndecan-2 gene may be inacti-
vated by positional effects in a patient with autism, mental
retardation, and multiple exostoses (Ishikawa-Brush et al.,
1997). It is tempting to speculate that the deficiency in
dendritic spine maturation, seen in patients with these
neurodevelopmental disorders, might be caused by misex-
pression of syndecan-2.

As to how syndecan-2 induces the formation of morpho-
logically mature spines is now an important question in
understanding the mechanism of spine development. Our
results have provided some preliminary insight into this
process. We found that the COOH-terminal EFYA motif
of syndecan-2 is required for the induction of spine matu-
ration by syndecan-2. These results strongly suggest that
interaction with PDZ domain proteins is essential for this
effect. CASK, which has been shown to be expressed in
synapses, is the most likely candidate for the syndecan-2
ligand in spines, although other PDZ domain proteins may
also be involved.

While syndecan-2 is specifically localized in the synaptic
junctions of mature neurons, CASK is not exclusively con-
centrated at synapses, but is also present in a variety of
membrane compartments in neurons, and its compartmen-
talization between membrane and cytoplasm may be regu-
lated by an as yet unknown mechanism (Hsueh et al.,
1998). Our transfection experiments with syndecan-2 lack-
ing the EFYA motif (syndecan-2 AEFYA) illuminates a
new view on this matter. While the EFY A motif (PDZ do-
main binding site) is required for the morphological matu-
ration of spines in syndecan-2 transfected neurons, a mu-
tant lacking the EFYA motif still clustered in dendritic
protrusions. Therefore, clustering of syndecan-2 in spines
occurs independent of (or before) its interaction with PDZ
domain proteins. However, deletion of the cytoplasmic
domain of syndecan-2 abolished its clustering in dendritic
protrusions. This finding indicates that a region of the cy-
toplasmic domain, excluding the EFY A motif, is necessary
for this process. Thus, it appears more likely that synde-
can-2 first clusters on dendritic membranes and then re-
cruits CASK and/or other PDZ domain proteins to mem-
brane compartments within the vicinity of synapses.
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The cytoplasmic domain of syndecan-2 contains four
potential tyrosine phosphorylation sites shared by all syn-
decans (Asundi and Carey, 1997), and unique serine phos-
phorylation sites that can be phosphorylated by Ca?*-de-
pendent and conventional isoforms of PKC «, 8 and vy (Oh
et al., 1997). It is conceivable that phosphorylation of some
of these residues is involved in the clustering of syndecan-
2 on the spines. A role for PKC in synaptic plasticity and
memory storage has been proposed (Wang and Feng,
1992; Klann et al., 1993; Van der Zee and Douma, 1997,
Zeeuw et al., 1998). It has been shown that the postsynap-
tic substrates for PKC activity, RC3/neurogranin and ad-
ducin, are targeted to dendritic spines and are involved in
their development (Neuner-Jehle et al., 1996; reviewed in
Gerendasy and Sutcliffe, 1997; Matsuoka et al., 1998).
Matsuoka et al. (1998) have suggested that external signals
cause the PKC-dependent phosphorylation of adducin in
dendritic spines that results in reorganization of cytoskele-
tal structures and morphological changes of spines. Thus it
is possible that the phosphorylation of syndecan-2 by PKC
may also be involved in its sorting and clustering on den-
dritic spines in response to extracellular ligands, such as
components of the extracellular matrix or growth factors.

It is interesting to note that extracellular interactions are
essential for the clustering of syndecan-1 on the cell sur-
face (Carey et al., 1994). In this vein, we found that the
number of syndecan-2 clusters that appeared on dendrites
of syndecan-2 transfected neurons correlates well with the
cell density of transfected neurons. When the cell density
was reduced to 25 and 50% of the regular plating condi-
tion (from 200,000 cells per 12-mm coverslip to 50,000 and
100,000 cells per coverslip), the number of syndecan-2
clusters decreased to 28 * 8% and 54 = 10%, respectively.
As the frequency of axo-dendritic contacts is thought to
increase in parallel with the cell density in the culture, this
observation suggests that the formation of syndecan-2
clusters may be contact dependent. Thus it is tempting to
speculate that the targeting and clustering of syndecan-2
may be triggered by extracellular ligands for syndecan-2.
Such putative ligands may be presented by axons making
contact with dendrites and those extracellular interactions
work in conjunction with cytoplasmic phosphorylation to
localize syndecan-2 to dendritic spines.

Further studies will be required to fully understand the
roles of phosphorylation and the putative extracellular
ligand(s) in the process of syndecan-2-induced spine mat-
uration. Nevertheless, the current knowledge suggests the
following scenario. Upon the initiating signal, which might
be provided by the contact between dendritic protrusions,
and axons, syndecan-2 is translocated to immature den-
dritic protrusions, and forms clusters by a mechanism that
probably involves the phosphorylation of its cytoplasmic
domain. Clustered syndecan-2 then recruits CASK and/or
other PDZ domain proteins to dendritic protrusions. The
recruitment of PDZ domain proteins to the inner surface
of dendritic membranes would lead to the organization of
cytoskeletal and signaling molecules at these sites, result-
ing in the formation of mature dendritic spines.

We have shown here the first evidence that a cell surface
HSPG can cause structural modifications to dendritic
spines. Our results suggest that molecular interactions in-
volving syndecan-2 play a critical role in the organization
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of postsynaptic structures. Elucidation of the molecular
mechanism by which syndecan-2 modifies postsynaptic
sites will provide insight into the functional relationship
between cell surface adhesion events and intracellular cy-
toskeletal signaling complexes in the regulation of synap-
tic plasticity.
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