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Postsynaptic SDC2 induces 
transsynaptic signaling via FGF22 
for bidirectional synaptic formation
Hsiao-Tang Hu1, Hisashi Umemori2 & Yi-Ping Hsueh1

Functional synapse formation requires tight coordination between pre- and post-synaptic termini. 
Previous studies have shown that postsynaptic expression of heparan sulfate proteoglycan syndecan-2 
(SDC2) induces dendritic spinogenesis. Those SDC2-induced dendritic spines are frequently associated 
with presynaptic termini. However, how postsynaptic SDC2 accelerates maturation of corresponding 
presynaptic termini is unknown. Because fibroblast growth factor 22 (FGF22), a heparan sulfate binding 
growth factor, has been shown to act as a presynaptic organizer released from the postsynaptic site, 
it seems possible that postsynaptic SDC2 presents FGF22 to the presynaptic FGF receptor to promote 
presynaptic differentiation. Here, we show that postsynaptic SDC2 uses its ectodomain to interact 
with and facilitate dendritic filopodial targeting of FGF22, triggering presynaptic maturation. Since 
SDC2 also enhances filopodial targeting of NMDAR via interaction with the CASK-mLIN7-MINT1 
adaptor complex, presynaptic maturation promoted by FGF22 further feeds back to activate NMDAR 
at corresponding postsynaptic sites through increased neurotransmitter release and, consequently, 
promotes the dendritic filopodia-spines (F-S) transition. Meanwhile, via regulation of the KIF17 motor, 
CaMKII (activated by the NMDAR pathway) may further facilitate FGF22 targeting to dendritic filopodia 
that receive presynaptic stimulation. Our study suggests a positive feedback that promotes the 
coordination of postsynaptic and presynaptic differentiation.

During neural development, synapse formation is one of the critical steps for the assembly of neuronal circuits. 
How pre- and post-synaptic termini coordinate and synchronize bidirectional differentiation is a critical issue. 
Transmembrane proteins that mediate transsynaptic interactions, such as neurexin–neuroligin1–4, N-cadherin5–7, 
Eph-Ephrin8–10 and the leucine-rich repeat transmembrane (LRRTM)11, have been shown to function bidirec-
tionally for synapse formation and maturation. In this report, we found that secreted fibroblast growth factor 22 
(FGF22) and postsynaptic syndecan-2 (SDC2) protein complex generate a positive feedback machinery to control 
bidirectional differentiation of synapses.

SDC2, a transmembrane heparan sulfate proteoglycan, is highly concentrated at dendritic spines12,13. The 
heparan sulfate part of SDC2 interacts with extracellular matrix proteins and growth factors14,15. Consequently, 
SDC2 is able to act as an adhesion molecule to regulate cell adhesion and as a coreceptor to facilitate signaling 
by presenting growth factors to the specific growth factor receptors14–16. In neurons, SDC2 expression levels are 
increased during development, which concurs with synapse formation in vitro and in vivo13,17. Knockdown of 
endogenous SDC2 reduces the density of dendritic spines in mature cultured neurons18. Interestingly, overex-
pression of SDC2 in immature neurons mimics intrinsic dendritic spinogenesis. SDC2 overexpression at 1–2 days  
in vitro (DIV) triggers robust dendritic filopodia formation, followed by a filopodia-spines (F-S) transition, and 
then by dendritic spine maturation at least one week earlier than for the intrinsic process13,18, strengthening the 
role of SDC2 in dendritic spinogenesis.

The molecular regulation of SDC2 in spinogenesis has been dissected. Interaction of the cytoplasmic conserved 
motif 1 (C1) of SDC2 and neurofibromin is required for dendritic filopodia formation, i.e. the initial stage of den-
dritic spinogenesis18,19. The C2 motif of SDC2 interacts with syntenin20, CASK12 and synbindin21. Via the interac-
tion with CASK, SDC2 further associates with mLIN7 and NMDAR in the filopodia-forming stage, and promotes 
the targeting of these proteins to filopodial tips. The SDC2-CASK-mLIN7-NMDAR protein complex is critical for 
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the morphological change from filopodia to spines, i.e. the F-S transition22. Moreover, CASK also links SDC2 to 
the protein 4.1-F-actin cytoskeleton to stabilize SDC2-induced dendritic spines23 (summarized in Fig. 1a).

Postsynaptic SDC2 also promotes presynaptic formation because SDC2-induced dendritic spines frequently 
associate with presynaptic synaptophysin18. However, the mechanism of transsynaptic signaling induced by 
SDC2 is unknown. Fibroblast growth factor 22 (FGF22) acts as a presynaptic organizer secreted from post-
synaptic sites to promote presynaptic differentiation24–26. More specifically, FGF22 initiates organization of 

Figure 1. SDC2 is required for presynaptic maturation. (a,b) Schematic summary of SDC2-interacting proteins 
and functions. (a) Cytoplasmic domain of SDC2 and its known interacting proteins and their corresponding 
functions. The conserved domain 1 (C1) and 2 (C2) and the variable region (V) are indicated. C1 interacts with 
neurofibromin; C2 directly binds the PDZ domain of CASK. CASK then interacts with mLIN7-NMDAR and 
MINT1-KIF17. (b) Summary of the domain structure and functions of SDC2, SDC2Δ C2 and CD8T-SDC2C 
based on literature and the results of this report. EC: extracellular domain; TM: transmembrane domain; IC: 
intracellular domain. (c) Flow chart of the experimental design. Both the intrinsic developmental process and 
SDC2-induced spinogenesis of cultured rat hippocampal neurons are indicated. Neurons were co-transfected with 
various plasmids at 2 or 12 days in vitro (DIV) and subjected to immunostaining 3, 6 or 7 days later, as indicated, 
to monitor dendritic filopodia and spine formation. (d) Compared with non-silencing control sh-Ctrl, expression 
of the SDC2 knockdown construct sh-SDC2 decreases association of presynaptic synaptophysin with dendritic 
spines in mature neurons. The heat maps show the intensities of synaptophysin. Both whole cell and enlarged 
images are shown as indicated. N, number of analyzed neurons; n, number of analyzed protrusions. Samples were 
collected from two independent experiments. Data represent the mean plus SEM. ***P <  0.001. Scale bar:  
(d) whole cell image, 20 μ m; enlarged inset, 5 μ m.
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excitatory (glutamatergic) synapses in the hippocampus25. The motor proteins KIF17 and KIF3A are involved 
in excitatory synaptic targeting of FGF2226. KIF17 also controls synaptic targeting of NMDAR through the 
CASK-mLIN7-MINT1 tripartite complex27. Similar to other FGF family members, FGF22 possesses a conserved 
region for interaction with heparan sulfate, so it is very possible that FGF22 binds SDC2 and mediates the trans-
synaptic signalling of SDC2. Here, we used cultured hippocampal neurons to investigate this possibility.

Results
Postsynaptic SDC2 promotes pre- and post-synaptic differentiation. For this report, SDC2 knock-
down and several various expression constructs were used to study the role of SDC2 in presynaptic maturation 
(Fig. 1b). Under our culturing conditions, mature dendritic spines are typically formed after around 18 days  
in vitro (DIV). To monitor or manipulate intrinsic dendritic spine formation, transfection was usually performed 
at 12 DIV and immunostaining was carried out at 18 DIV (Fig. 1c, intrinsic stage). The role of SDC2 in presyn-
aptic maturation of the intrinsic developmental stage was first evaluated by RNA knockdown in mature neurons. 
Similar to our previous findings18, knockdown of SDC2 using a previously-established knockdown construct 
(sh-SDC218) reduced dendritic spine density compared with a non-silencing control sh-Ctrl (Fig. 1d). Note that 
remaining spines in SDC2 knockdown neurons showed a decrease in the percentage of synaptophysin-positive 
dendritic protrusions, as well as a lower intensity of synaptophysin surrounding the tips of dendritic protrusions 
at 18 DIV (Fig. 1d). These data suggest that postsynaptic SDC2 regulates both postsynaptic spine formation and 
presynaptic differentiation.

To further confirm that postsynaptic SDC2 is actively involved in presynaptic maturation, SDC2 transfection 
was performed at 2 DIV, which induces dendritic filopodia formation at 5 DIV and dendritic spine formation 
at 9 DIV (Fig. 1c, SDC2-induced spinogenesis). At 5 DIV, we noticed that the postsynaptic marker, PSD-95, 
tended to accumulate at tips of SDC2-induced dendritic filopodia (Fig. 2a, left panel). Because PSD-95 is an 
important adaptor of NMDAR, filopodial distribution of PSD-95 is consistent with our previous finding that 
NMDAR is enriched at the tips of SDC2-induced filopodia22. In addition to this postsynaptic marker, we found 
that SDC2 also effectively recruited the presynaptic marker synaptophysin adjacent to postsynaptic filopodia 
(Fig. 2a, right panel). In the filopodial tips containing PSD-95 or adjacent to synaptophysin puncta (defined 
by an intensity > 20 units), the intensities of individual PSD-95 and synaptophysin puncta were also greater in 
SDC2-expressing neurons compared with vector controls (Fig. 2a). Together, these results suggest that even at 
the dendritic filopodia-forming stage, postsynaptic expression of SDC2 can accelerate the accumulation of both 
post- and pre-synaptic markers at synaptic contact sites.

To investigate whether postsynaptic SDC2-induced presynaptic termini are functional, we performed a synap-
totagmin antibody uptake assay28,29, which is based on the rationale that active presynaptic termini contain inter-
nalized synaptotagmin labeled with specific antibody. We first used mature hippocampal neurons to validate the 
specificity of synaptotagmin antibody uptake at synaptic sites. Neurons were transfected with GFP-actin at 12 DIV 
to outline morphology and incubated with Oyster-550-conjugated synaptotagmin antibody for 1 hr at 18 DIV.  
As expected, the signals of synaptotagmin antibody were punctate and adjacent to the majority (~90%) of den-
dritic spines of mature hippocampal neurons (Fig. 2b, left panel). We then applied synaptotagmin antibody to 
SDC2-transfected neurons at 5 and 9 DIV. In general, we found fewer synaptotagmin puncta at 5 DIV compared 
to with those at 9 and 18 DIV (Fig. 2b, middle panel vs. left and right panels), consistent with the expectation 
that neurons at 5 DIV were still immature. For SDC2-transfected neurons at 5 DIV, similar to synaptophysin, 
synatotagmin puncta were adjacent to the tips of SDC2-induced filopodia (Fig. 2b, middle panel). We found 
that ~40% and ~33% of SDC2-induced filopodia were synaptophysin- and synaptotagmin antibody-positive, 
respectively, at 5 DIV (Fig. 2a, right panel vs. Fig. 2b, middle panel). It suggests that ~80% of presynaptic termini 
that contact with SDC2-induced filopodia are able to release neurotransmitters during a 1-hr antibody incuba-
tion period. At 9 DIV, ~80% of SDC2-induced protrusions were adjacent to synaptotagmin, which was similar 
to that of mature neurons at 18 DIV (Fig. 2b, left panel vs. right panel). Taken together, these results suggest 
that postsynaptically-expressed SDC2 is able to induce presynaptic differentiation, even in immature cultured 
neurons.

SDC2 binds and facilitates FGF22 targeting to dendritic filopodia and spines. Because FGF22 
acts as a presynaptic organizer released from postsynaptic sites24 and because, like other FGF members, FGF22 
contains a conserved heparan sulphate binding motif, we wondered whether SDC2 binds and presents FGF22 
to presynaptic sites and, thus, induces presynaptic maturation. First, the interaction between SDC2 and FGF22 
was confirmed by immunoprecipitation. In Neuro2A cells, immunoprecipitation using SDC2 antibody that rec-
ognizes the ectodomain of SDC218 readily precipitated SDC2 as well as FGF22 (Fig. 3a), indicating a physical 
association between SDC2 and FGF22.

We then investigated whether FGF22 is targeted to the filopodial tips via SDC2. In the intrinsic developmental 
process, around 90% of dendritic spines of sh-Ctrl-transfected neurons were FGF22-positive at 18 DIV (Fig. 3b). 
Knockdown of endogenous SDC2 at 12 DIV noticeably reduced the FGF22-positive dendritic spines to less than 
70% at 18 DIV (Fig. 3b). Moreover, SDC2 knockdown also reduced the intensity of FGF22 to around 50% com-
pared with a non-silencing control (Fig. 3b). In immature neurons, more than 90% of SDC2-induced dendritic 
filopodia contained FGF22 aggregates (Fig. 3c). Furthermore, FGF22 was concentrated at the tips of these filopo-
dia (Fig. 3c). There were much fewer dendritic filopodia in neurons that were transfected with a vector control22 
and, of these spontaneously-formed filopodia, even fewer were FGF22-positive and the intensity of FGF22 at 
the filopodial tips was also noticeably lower (Fig. 3c). Taken together, these results suggest that SDC2 facilitates 
dendritic filopodial and spine targeting of FGF22.
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FGF22 mediates the transsynaptic signal of SDC2 to promote presynaptic differentiation. We 
then knocked down endogenous FGF22 to investigate whether FGF22 is indeed involved in SDC2-induced syn-
aptophysin accumulation. An artificial shRNA, sh-FGF22, was used to downregulate FGF22 expression (Fig. 4a). 
A FGF22 silent mutant, FGF22(res), that is resistant to sh-FGF22 (Fig. 4a) was also generated. Compared with 
a non-silencing control sh-Ctrl, expression of sh-FGF22 noticeably reduced the percentage of SDC2-induced 
synaptophysin-positive filopodia, as well as the intensity of individual synaptophysin puncta associated with 
SDC2-induced dendritic filopodia (Fig. 4b). These effects were specific to FGF22 knockdown because synapto-
physin accumulation induced by postsynaptic SDC2 was rescued by coexpression of FGF22(res) mutant (Fig. 4b). 
These results suggest that FGF22 is critical for SDC2 to promote accumulation of presynaptic synaptophysin.

Extracellular domain and heparan sulfate modification of SDC2 are required for the interaction 
with FGF22. We then evaluated our model by mapping the motifs of SDC2 required to induce transsynaptic 
signaling. SDC2 binding partners and their related functions are summarized in Fig. 1a (see Fig. 1b for the SDC2 
constructs used in this report). If SDC2 indeed binds and targets FGF22 to dendritic filopodia and spines, we 

Figure 2. Postsynaptic expression of SDC2 promotes both pre- and post-synaptic maturation. (a) SDC2-
induced accumulation of PSD-95 (left panel) and synaptophysin (SVP38, right panel) at or adjacent to filopodia 
compared with a vector control. Whole cells, enlarged dendrite fragments and individual dendritic filopodia are 
shown as indicated. In the images of enlarged dendritic fragments, white arrows indicate dendritic protrusions 
containing PSD-95 or adjacent synaptophysin. In the right panel, circles indicate the regions for synaptophysin 
quantification. Heat maps show the intensities of indicated proteins. N, number of analyzed neurons; n, number 
of analyzed protrusions. (b) Synaptotagmin antibody uptake assay. Cultured rat hippocampal neurons were 
transfected with GFP-actin alone at 12 DIV or a combination of GFP-actin and SDC2 at 2 DIV and subjected to 
synaptotagmin antibody uptake assay at 18 (left), 5 (middle) and 9 DIV (right). Mature neurons at 18 DIV were 
used as a positive control for synaptotagmin antibody uptake assays. The experiment of 5 and 9 DIV showed 
that postsynaptic SDC2 promotes presynaptic vesicle recycling at both dendritic filopodia- and spine-forming 
stages. The percentages of synaptotagmin antibody-positive protrusions are indicated. Samples were collected 
from two independent experiments. A total of 20 neurons and 400 protrusions for each group were analysed. 
Data represent the mean plus SEM. ***P <  0.001. Scale bar: (a) whole cell image, 10 μ m; enlarged inset, 1 μ m;  
(b) whole cell image, 20 μ m; enlarged inset, 0.5 μ m.
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expected that the ectodomain of SDC2 would be required for FGF22 binding and targeting because SDC2 has 
a heparan sulfate modification at its ectodomain. To examine this possibility, we first investigated involvement 
of the SDC2 ectodomain in the interaction with FGF22. CD8T-SDC2C–a fusion of the ectodomain and trans-
membrane domain of CD8 and the cytoplasmic domain of SDC2 (Fig. 1b)–was used for coimmunoprecipitation. 
Because both SDC2 and CD8 form dimer through the transmembrane domain, CD8T-SDC2C is expected to 
form dimer, which is similar to SDC2. We found that FGF22 coprecipitated with WT SDC2, as well as SDC2Δ C2 
(a SDC2 mutant lacking the C2 motif), but not CD8T-SDC2C (Fig. 4c). We noticed that SDC2Δ C2 seemed to 
precipitate less FGF22 than WT SDC2, but because SDC2Δ C2 presented multiple bands on the blot (as did WT 
SDC2), it was impossible for us to effectively quantify coimmunoprecipitation levels. Lack of interaction between 
CD8T-SDC2C and FGF22 is less likely due to misfolding of chimera proteins because CD8T-SDC2C was able to 
precipitate CASK, a C2-binding protein (Fig. 4c).

We further investigated the involvement of heparan sulfate modification in the interaction between SDC2 
and FGF22 by addition of chlorate into cultures. Sulfation is one of the essential reactions of heparan sulfate 

Figure 3. SDC2 facilitates FGF22 targeting to dendritic filopodia and spines. (a) Coimmunoprecipitation of SDC2 
and FGF22-myc. Neuro2A cells were cotransfected with indicated constructs and subjected to immunoprecipitation 
and immunoblotting using the indicated antibodies. Because of heparan sulfate modification and SDS-resistant 
dimerization via the transmembrane domain, multiple SDC2 bands are present in SDS-PAGE. dSDC2: SDC2 dimer; 
mSDC2: SDC2 monomer. Asterisk indicates non-specific signal. (b) Knockdown of SDC2 in mature neurons reduces 
the synaptic distribution of FGF22-mCherry. Whole cells and enlarged dendrite fragments are shown as indicated. The 
heat maps of individual protrusion show the intensities of FGF22-mCherry. (c) FGF22-mCherry is distributed to the 
tips of SDC2-induced filopodia. The results of the percentages of FGF22-positive filopodia and line scanning from the 
tips of filopodia to dendritic shafts are shown. The fluorescence intensities at tips indicated by the light blue area in the 
chart were used for statistical analysis. Data represent the mean plus SEM. N, number of analyzed neurons; n, number 
of analyzed protrusions. Samples were collected from two independent experiments. ***P <  0.001. Scale bar: (b) whole 
cell, 20 μ m; dendrite, 5 μ m; (c) lower magnification, 10 μ m; high magnification, 1 μ m.
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biosynthesis. Chlorate inhibits the formation of 3′  phosphoadenosine-5′ -phosphosulfate—the high energy 
sulfate donor for cellular sulfate reactions—and consequently prevents sulfation in heparan sulfate biosynthe-
sis30,31. Through inhibition of heparan sulfate biosynthesis, chlorate treatment disrupts the activity of heparan 
sulfate proteoglycans to transduce FGF2 signaling32. Based on this rationale, we examined whether chlorate 
treatment disrupts coimmunoprecipitation of SDC2 and FGF22. Indeed, addition of chlorate completely abol-
ished the coimmunoprecipitation of FGF22 with SDC2 (Fig. 4d). We also performed the coimmunoprecipita-
tion using HEK293T cells, but failed to find an association between SDC2 and FGF22. It seems very likely that 
neuron-specific glycosylation influences the association of SDC2 and FGF22.

Both the extracellular and C2 domains of SDC2 are involved in presynaptic maturation. The 
contributions of different SDC2 domains in presynaptic differentiation were further investigated. We first 

Figure 4. FGF22 interacts with SDC2 via heparan sulfate conjugates and contributes to SDC2-induced 
presynaptic differentiation. (a) The knockdown effect of sh-FGF22. Neuro2A cells were transfected with various 
plasmids as indicated and subjected to immunoblotting using indicated antibodies. FGF22(res) is a silent mutant 
of FGF22 resistant to sh-FGF22 knockdown. Lower panel indicates relative intensity of Myc-tagged FGF22 
normalized with tubulin. Data represent mean plus SEM. (b) Knockdown of FGF22 impairs the presynaptic 
differentiation induced by SDC2 at 5 DIV. The heat maps show the intensities of synaptophysin. Four hundred 
filopodia collected from 20 neurons were analyzed for each group. Samples were collected from two independent 
experiments. Error bar indicates mean plus SEM. ***P <  0.001. Scale bar: 1 μ m. (c) The extracellular domain 
of SDC2 is required for FGF22 interaction. Neuro2A cells were co-transfected with indicated constructs and 
subjected to immunoprecipitation and immunoblotting using the indicated antibodies. (d) Inhibition of heparan 
sulfation by sodium chlorate (30 mM) impairs SDC2-FGF22 interaction. dSDC2: SDC2 dimer; mSDC2: SDC2 
monomer. Arrows indicate the coprecipitated FGF22. Asterisk indicates the non-specific signal.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:33592 | DOI: 10.1038/srep33592

examined the ability of CD8T-SDC2C to promote dendritic spine formation. Because CD8T-SDC2C contains 
the C1 motif–a region involved in filopodia formation (Fig. 1a)–CD8T-SDC2C was able to promote dendritic 
filopodia formation at 5 DIV (Fig. 5a); though CD8T-SDC2C-induced filopodia did not transform into dendritic 
spines at 9 DIV (Fig. 5a). Consistent with the failure to bind FGF22, CD8T-SDC2C could not promote filopo-
dial targeting of FGF22, as the percentage of FGF22-positive filopodia and the FGF22 intensity at the filopodial 
tips were both reduced (Fig. 5b). These data suggest that interaction of the ectodomain of SDC2 with FGF22 is 
required for filopodial targeting of FGF22. These results also imply the involvement of the SDC2 ectodomain in 
the F-S transition.

Although SDC2Δ C2 interacted with FGF22 (Fig. 4c), we found that SDC2Δ C2 could not target FGF22 to 
filopodial tips (Fig. 5b), suggesting that the C2 motif, i.e. the CASK binding site, still indirectly influences FGF22 
targeting. To further investigate the role of the C2 motif in presynaptic maturation, we performed two additional 

Figure 5. Both the ectodomain and cytoplasmic tail of SDC2 contribute to SDC2-induced synaptic 
differentiation. (a) CD8T-SDC2C does not induce the F-S transition. The protrusion density and the ratio 
of width to length of individual protrusions are shown. (b) CD8T-SDC2C and the SDC2Δ C2 mutant reduce 
FGF22-mCherry signals at filopodial tips. The percentage of FGF22-positive filopodia and the line scanning 
for the FGF22 intensity along filopodia are shown. The light blue area in the chart was used for statistical 
analysis. (c) Expression patterns of SDC2 and the SDC2Δ C2 mutant. The SDC2Δ C2 mutant displayed lower 
filopodial targeting. Line scanning from the tips of filopodia to dendritic shafts and the average intensity of 
SDC2 immunoreactivity at filopodial tips are shown. (d) Expression of the SDC2Δ C2 mutant decreased PSD-
95 accumulation and surrounding synaptophysin at filopodial tips. Heat maps show the intensities of indicated 
proteins. Samples were collected from two independent experiments. In (a), N, the number of analyzed dendrites, 
n, the number of analyzed dendritic protrusions; in (b–d), N, the number of analyzed neurons; n, the number of 
analyzed dendritic protrusions. Data represent the mean plus SEM. *P <  0.05; **P <  0.01; ***P <  0.001; ns, not 
significant. Scale bar: (a) 5 μ m; (b–d) 1 μ m.
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experiments. Our previous studies had indicated that the SDC2Δ C2 mutant promotes filopodia formation at 5 
DIV18,22. Consistent with that ability to promote filopodia formation, here we found that both SDC2 and SDC2Δ 
C2 show a filopodial targeting pattern (Fig. 5c), although SDC2Δ C2 exhibited a lower intensity at filopodia 
compared to WT SDC2 (Fig. 5c). Moreover, the ability of SDC2Δ C2 to induce accumulation of postsynaptic 
PSD-95 and presynaptic synaptophysin was much weaker than that of SDC2 (Fig. 5d). The results suggest that 
although the C2 motif of SDC2 is not involved in FGF22 binding, it is still critical for both post- and pre-synaptic 
maturation.

CaMKII and KIF17 regulate FGF22 targeting to SDC2-induced filopodial tips. We then investi-
gated how the C2 motif regulates FGF22 targeting. The C2 region of SDC2 interacts with the PDZ domain of 
CASK12. CASK is able to use its N-terminal CaMK-like and L27 domains to interact with MINT1 and mLIN7, 
respectively33,34, which further link the SDC2-CASK complex to the motor protein KIF1727 and NMDAR22. These 
interactions and functions are summarized in Fig. 1a. We previously showed that SDC2 expression facilitates 
dendritic filopodial targeting of NMDAR22. In addition, KIF17 also participates in synaptic targeting of FGF2226, 
though the mechanism is unclear. Based on our observations and information in the literature, we speculated 
that SDC2 links FGF22 to the KIF17 motor via the CASK-mLIN7-MINT1 tripartite complex, thereby regulating 
FGF22 targeting to filopodail tips. C2 deletion disrupts the association of the SDC2-FGF22 complex with the 
CASK-mLIN7-MINT1 tripartite complex and KIF17, hence attenuating filopodial targeting of FGF22. To inves-
tigate this scenario, we assessed whether KIF17 is involved in SDC2-dependent FGF22 targeting. We inactivated 
KIF17 by expressing a motor domain-deleted mutant KIF17Δ MD26,35. In SDC2-transfected neurons, KIF17Δ 
MD noticeably reduced the percentage of FGF22-positive filopodia and the intensity of FGF22 puncta in filopo-
dial tips (Fig. 6a). Our results support the notion that KIF17 regulates SDC2-mediated FGF22 targeting.

A previous study showed that CaMKII receives synaptic calcium influx signals and phosphorylates KIF17. It 
then reduces the interaction of KIF17 and MINT136. Disruption of KIF17-MINT1 interaction by CaMKII phos-
phorylation results in the release of the cargo from its microtubule-based transport machinery to local dendritic 

Figure 6. KIF17 and CaMKII are required for SDC2-mediated filopodial targeting of FGF22. (a) The KIF17Δ 
MD mutant reduces FGF22-mCherry distribution to filopodial tips. (b) Impairment of calcium influx and 
CaMKII inactivation reduces the filopodial distribution of FGF22-mCherry. Cultured rat hippocampal neurons 
were transfected with indicated plasmids at 2 DIV and subjected to immunostaining at 5 DIV. 1 mM EGTA, 100 μ 
M AP5, 5 μ M KN92, 5 μ M KN93 and 10 μ M CK59 were added into cultured neurons for 2 days before harvesting. 
The results of the percentages of FGF22-positive filopodia and line scanning from the tips of filopodia to dendritic 
shafts are shown. The light blue area in the chart was used for statistical analysis. Samples were collected from two 
independent experiments. Four hundred filopodia collected from 20 neurons were analyzed for each group. Error 
bar indicates mean plus SEM. **P <  0.01; ***P <  0.001; ns, not significant. Scale bar: 1 μ m.
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spines36. We have also shown that the SDC2-CASK-mLIN7 complex facilitates filopodial targeting of NMDAR, 
thus increasing the sensitivity of dendritic filopodia to neurotransmission and leading to calcium influx at post-
synaptic sites22. We were interested to determine whether CaMKII and calcium signaling through NMDAR fur-
ther promote the targeting of FGF22 to filopodial tips. Two CaMKII inhibitors, KN93 and CK59, were applied to 
SDC2-transfected neurons. KN92, an inactive analog of KN93, was included as control. Compared with KN92, 
we found that both KN93 and CK59 reduced the percentages of FGF22-positive filopodia and the intensities 
of FGF22 puncta in filopodia (Fig. 6b). Therefore, inactivation of CaMKII does reduce SDC2-mediated FGF22 
targeting to dendritic filopodia.

To test the roles of calcium influx and NMDAR, we applied EGTA and AP5 (a NMDAR antagonist) to 
SDC2-transfected cultures. Compared with a vehicle control, both EGTA and AP5 reduced the percentages of 
FGF22-positive filopodia and the intensities of FGF22 puncta at filopodial tips (Fig. 6b). The effects of EGTA and 
AP5 were comparable to those of KN93 and CK59 (Fig. 6b). Taken together, our data suggest that calcium influx 
via NMDAR may activate CaMKII to further promote KIF17-mediated filopodial targeting of FGF22.

FGF22 is critical for the SDC2-induced F-S transition. The aforementioned data suggest that at the 
dendritic filopodia-forming stage, FGF22 can be targeted to filopodial tips and promotes accumulation of the pre-
synaptic marker synaptophysin. Meanwhile, NMDAR also targets to dendritic filopodial tips22. We hypothesized 
that presynaptic maturation induced by FGF22 provides a positive feedback signal to facilitate the F-S transition 
through NMDAR activation. To investigate this possibility, cultured hippocampal neurons were co-expressed 
with SDC2 and sh-FGF22 at 2 DIV and immunostaining was performed at 5 (Fig. 7a) and 9 DIV (Fig. 7b) to mon-
itor filopodia and spine formation, respectively. Compared with the control shRNA, the density and ratio of width 
to length (W/L) of SDC2-induced filopodia were not altered by FGF22 knockdown at 5 DIV (Fig. 7a), suggesting 
that FGF22 knockdown has no obvious effect on dendritic filopodia formation. At 9 DIV, FGF22 knockdown still 
did not alter the density of dendritic protrusions (Fig. 7b). However, FGF22-knockdown neurons exhibited a nar-
rower width of the filopodial protrusion head and a longer protrusion length, which reflected a lower W/L ratio 
(Fig. 7b, right panel). The effect of sh-FGF22 on the W/L ratio was specifically due to FGF22 knockdown because 
co-expression of the FGF22(res) silent mutant restored the W/L ratio to values similar to the sh-Ctrl control 
(Fig. 7b, right panel). These results indicate that reduction of FGF22 impairs the F-S transition.

We further examined whether the F-S transition is altered by KIF17Δ MD, which reduced filopodial target-
ing of FGF22 (Fig. 6a). Similar to the results of FGF22 knockdown, protrusion density was not affected by the 
KIF17Δ MD mutant (Fig. 7c), but the W/L ratio was noticeably lower in KIF17Δ MD mutant-expressing neurons 
(Fig. 7c, right panel). These data suggest the involvement of KIF17 in the F-S transition and are also consistent 
with the role of FGF22 in the F-S transition.

Discussion
In this study, we show that FGF22 is an effector of SDC2 to induce presynaptic differentiation. The ectodomain 
of SDC2 interacts with FGF22 and facilitates FGF22 targeting to dendritic filopodial tips. FGF22 is then pre-
sented to presynaptic sites to promote presynaptic differentiation, as indicated by the accumulation of synapto-
physin, a presynaptic vesicle protein. With the aggregation of presynaptic vesicles, the frequency and probability 
of stimulating the corresponding postsynaptic sites are then increased. Because SDC2 also brings NMDAR to 
filopodial tips through the interaction with the CASK-mLIN7-MINT1 complex22, filopodial distribution of 
NMDAR guarantees the susceptibility of SDC2-induced filopodia to neurotransmitter (glutamate) stimula-
tion. Calcium influx via NMDAR then triggers F-actin cytoskeleton rearrangement and promotes the F-S tran-
sition22. Thus, by combining the retrograde signal of FGF22 and anterograde neurotransmission, the positive 
transsynaptic feedback loop established by the SDC2-associated complex coordinates the differentiation of both 
pre- and post-synaptic termini (Fig. 8), explaining why postsynaptic expression of SDC2 triggers both post- and 
pre-synaptic differentiation.

It is interesting that overexpression of SDC2 is sufficient to promote dendritic spine formation in immature 
neurons. Based on previous studies and this report, we suggest that the ability of SDC2 to associate with several 
different proteins–including FGF22, CASK, mLIN7, MINT1, KIF17 and NMDAR–makes SDC2 one of key mol-
ecules for promoting dendritic spinogenesis (Fig. 8). In young cultures, i.e. before 9 DIV, levels of endogenous 
SDC2 are very low; in fact, under the detection threshold of RT-PCR13. FGF22 and NMDAR are already present 
in these young cultures but, in the absence of SDC2, they do not interact to coordinate pre- and post-synaptic 
differentiation. Thus, for the intrinsic process, dendritic filopodia formed in immature neurons are transient 
and unstable. However, in the presence of SDC2, FGF22 and NMDAR functionally interact to stabilize pre- and 
post-synaptic interactions and further promote the F-S transition.

Note that in SDC2-induced dendritic spinogenesis, filopodia and spine formation can be clearly separated, 
allowing us to easily dissect the molecular regulation of these two sequential stages. SDC2-induced filopodia 
formation is not neuron-specific; it can also happen in non-neuronal cells, such as HEK cells18. The interac-
tion between the SDC2 C1 motif and neurofibromin delivers the signal to activate PKA, to phosphorylate ENA/
VASP and consequently to promote F-actin bundling and filopodia formation18. In contrast, SDC2-induced 
dendritic spine formation is neuron-specific37. Based on our previous and current studies22,37, we suggest that 
NMDAR-mediated neuronal activation is critical for achieving this neuron-specific event. NMDAR located at 
the filopodia receives the feedback signal from the presynaptic site to induce calcium influx. Our previous study 
suggested that NMDAR-mediated calcium influx regulates F-actin rearrangement through cytoskeleton regula-
tors, such as gelsolin22. Activation of gelsolin promotes F-actin severing and thus shortens the length of dendritic 
protrusions, which is one of the morphological features of the F-S transition. In this report, we further suggest 
that CaMKII downstream of NMDAR plays a role in regulation of KIF17-dependent dendritic filopodial target-
ing of FGF22. Because CaMKII and KIF17 are downstream of NMDAR in release of FGF22, they are expected to 



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:33592 | DOI: 10.1038/srep33592

be more important for enhancing FGF22 targeting to dendritic filopodia that have already received presynaptic 
stimulation. Consistent with this speculation, FGF22 is not involved in formation of SDC2-induced dendritic 
filopodia (Fig. 7a), although FGF22 is required for dendritic spine maturation (Fig. 7b). Similarly, KIF17 is also 
required for dendritic spine maturation (Fig. 7c). Although our data suggest that the effect of FGF22 on post-
synaptic maturation is likely mediated by the feedback of presynaptic neurotransmission, we cannot rule out 
the possibility that postsynaptic FGF22 also cell-autonomously regulates postsynaptic maturation. FGF22 has 
been shown to release from postsynaptic site to promote presynaptic maturation. However, it is still possible that 
presynaptically-released FGF22 binds to postsynaptic SDC2 and then is presented back to presynaptic FGFR for 
presynaptic differentiation. More investigations need to be performed to address this possibility.

In this report, we unexpectedly found that SDC2 interacts with FGF22 in Neuro2A cells but not HEK293 cells. 
Because chlorate treatment abolished the interaction between SDC2 and FGF22 in Neuro2A cells, it suggests 
that cell-type specific glycosylation regulates the SDC2-FGF22 interaction. Glycosylation is a complex process 
that varies from cells to cells38,39. For heparan sulfate, a combination of epimerization, deacetylation and multiple 
sulfation reactions generates a great deal of diversity (up to 1036 types) of heparan sulfate isoforms38,40. Moreover, 
tissue-specific expression and ligand binding specificity have also been reported for heparan sulfate40–42. Thus, it 
is reasonable to speculate that neuron-specific glycosylation influences the interaction between SDC2 and FGF22. 
Although currently a difficult proposition, it would be very intriguing to explore in the future how neuron-specific 
glycosylation controls the SDC2-FGF22 interaction and synaptic differentiation.

In conclusion, our study suggests that the postsynaptic SDC2-associated complex establishes a complex yet 
elegant feedback regulatory mechanism to coordinate pre- and post-synaptic differentiation, which contains both 
retrograde and anterograde signals.

Figure 7. FGF22 triggers the F-S transition induced by SDC2. Cultured rat hippocampal neurons were co-
transfected with various plasmids at 2 DIV and subjected to immunostaining at 5 or 9 DIV as indicated. (a) 
FGF22 knockdown does not influence filopodia formation. (b) FGF22 knockdown impairs the F-S transition. 
(c) The KIF17Δ MD mutant impairs the F-S transition of SDC2-induced filopodia. Representative images, 
quantification of protrusion density and the W/L ratio of dendritic protrusions are shown. The sample sizes 
of analyzed dendrites (N) and dendritic protrusions (n) are indicated. Samples were collected from two 
independent experiments. Data represent the mean plus SEM. ***P <  0.001; ns, not significant. Scale bar: 5 μ m.
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Methods
Antibodies and chemicals. Antibodies and chemicals used in this report are as follows: rabbit poly-
clonal syndecan-2 antibody (syndecan-2G, 1:1000)18; mouse monoclonal PSD-95 (K28/43, MABN68, 1:1000, 
Millipore)43; mouse monoclonal synaptophysin (S5768, 1:1000, Sigma)44; mouse monoclonal Tubulin (B-5-1-2, 
1:5000, Sigma)43; chicken polyclonal GFP (ab13970, 1:5000, Abcam)43; mouse monoclonal GFP (JL-8, 632381, 
1:2000, Clontech); rabbit polyclonal Cherry (632496, 1:1000, Clontech); rat monoclonal CD8α  (14-0081, 1:1000, 
eBioscience)45; mouse monoclonal VCP (612183, 1:1000, BD Biosciences)46; mouse monoclonal Myc (9B11, 
#2276, 1:1000, Cell Signaling Technology)43; mouse monoclonal CASK (K56A, MAB5230, 1:500, Millipore)22; 
mouse monoclonal Oyster-550-conjugated synaptotagmin (105 311C3, 1:400, Synaptic System); Alexa Fluor-488- 
and-555-conjugated secondary antibodies (Invitrogen); Sodium chlorate (Sigma); Ethylene glycol tetraacetic acid 
(EGTA, Sigma); 2-amino-5-phosphonopentanoic acid (AP5; Sigma); KN-92 (Cayman chemical); KN-93 (Sigma); 
CK-59 (Calbiochem).

Plasmid construction. SDC2, SDC2Δ C2, SDC2 RNAi knockdown, FGF22-mCherry, FGF22-GFP and 
FGF22 RNAi knockdown constructs have been previously described (Umemori et al.24; Lin et al.18; Terauchi  
et al.25; Terauchi et al.26). For myc-tagged FGF22, full-length FGF22 cDNA was subcloned into the GW1-myc 
vector. To generate the silent mutant resistant to sh-FGF22, site-directed mutagenesis was performed using the 
following oligonucleotide: 5′ -GGCAAGGGAGACGGACTCGACGGCATCAA-3′  (bases in italics indicate the 
mutated sites). For CD8T-SDC2C fusion, the cDNA fragment corresponding to the first 220 amino acid resi-
dues of mouse CD8α  was PCR amplified and fused with the fragment containing the last 32 amino acid resi-
dues of SDC2. An extra BglII site was inserted between the fragments of CD8α  and SDC2 for cloning purposes. 
GFP-actin was purchased from Clontech.

Hippocampal neuronal culture, transfection and neuronal treatment. Hippocampal neurons from 
embryonic day 18–19 SD rat embryos were cultured and transfected as previously described (Lin et al.18; Chao 
et al.23; Hu and Hsueh22). To examine intrinsic synapse formation, a density of 200,000 neurons per well was 
transfected at 12 DIV and subjected to immunostaining at 18 DIV. To study the effect of SDC2 on synapse matu-
ration, neurons at a density of 300,000 cells per well were transfected with SDC2 at 2 DIV, and immunostaining 
was performed at 5 DIV for filopodial morphology and at 9 DIV for spine morphology. The GFP-actin construct 
was cotransfected with indicated plasmids into neurons to outline the cellular morphology. To study the effect of 
calcium influx on FGF22 targeting, EGTA (1 mM) and AP5 (100 μ M) were added into neurons for 48 hrs before 

Figure 8. Bidirectional transsynaptic signaling promotes excitatory synapse formation. During 
development, neurons undergo filopodia formation ((a) initiation) and pre- and post-synaptic differentiation 
((b) maturation) to form excitatory synapses. At the initiation stage, expression of SDC2 induces robust 
filopodia formation by interacting with neurofibromin encoded by the neurofibromatosis type I (Nf1) gene. Our 
previous study showed that SDC2 interacts with neurofibromin to increase cAMP concentration and induce 
ENA/VASP phosphorylation. Consequently, SDC2 promotes F-actin bundling and filopodia formation. For 
synapse maturation, postsynaptic FGF22 and presynaptic neurotransmission coordinate to form a positive 
feedback loop for pre- and post-synaptic differentiation. FGF22 binds to the ectodomain of SDC2 and is co-
transported with NMDAR via the CASK-mLIN7-MINT1 adaptor and KIF17 motor. At the tips of filopodia, 
FGF22 is presented to presynaptic FGFR and promotes presynaptic vesicle accumulation. It consequently 
increases the probability of neurotransmitter release and activates NMDAR at the postsynaptic site. Calcium 
influx through NMDAR further activates CaMKII to phosphorylate KIF17 and induce SDC2-CASK-mLIN7-
NMDAR release from the microtubule to the area with a higher concentration of calcium. These sequential 
regulations establish a positive feedback mechanism to coordinate and accelerate pre- and post-synaptic 
differentiation. Using this positive feedback, dendritic filopodia can then transform into mature dendritic 
spines.
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harvesting. To examine the effect of CaMKII activity on FGF22 targeting, CaMKII inhibitor KN93 (5 μ M) and 
CK59 (10 μ M) were also added into neurons for 48 hrs before harvesting. KN92 (5 μ M) was the negative control 
of KN93.

Acquisition of immunofluorescence images. Cells were washed with phosphate-buffered saline (PBS) 
and fixed with 4% paraformaldehyde and 4% sucrose in PBS for 10 min, followed by permeabilization with 0.2% 
Triton X-100 in PBS or cold methanol for 15 min (for synaptophysin and synaptotagmin) at room temperature. 
After blocking with 10% bovine serum albumin (BSA), cells were incubated with primary antibodies diluted in 
PBS containing 3% BSA and 0.1% horse serum at 4 °C overnight, followed by extensive washes with PBS, and incu-
bated with secondary antibodies conjugated with Alexa Fluor-488 and-555 (Invitrogen) for 2 hrs at room tempera-
ture. The images were acquired at room temperature using a confocal microscope (LSM700; Carl Zeiss) equipped 
with a 63× /NA 1.4 oil objective lens and Zen 2009 (Carl Zeiss) acquisition and analysis software. For quantitation, 
the same set of experimental samples was acquired under the same confocal microscopy settings. Post-acquisition 
adjustment was avoided. To minimize personal bias, a blind test was performed for image acquisition.

Synaptotagmin antibody uptake assay. To monitor the functional recycling vesicles in presynaptic ter-
mini, synaptotagmin antibody uptake assays were performed in living neurons28,29. Oyster-550-conjugated synap-
totagmin antibody was added into cultures for 1 h at 37 °C. Cells were then washed to remove free synaptotagmin 
antibody and subjected to immunofluorescence staining as described above.

Analyses of dendritic protrusions and synaptic protein distribution. To characterize the dendritic 
protrusions, three 20 μ m-long segments of dendrites starting 20 μ m away from the soma of each neuron were 
selected to analyze the following four parameters: density, width, length and width/length (W/L) ratio of the pro-
trusions. The analyses were manually performed using ImageJ software (NIH). The filopodial tip was defined by 
the region within 1 μ m of the ends of filopodia. To quantify the distribution and immunoreactivities of postsyn-
aptic PSD-95 and FGF22 along dendritic protrusions, line scanning using ImageJ was performed. A line 0.5 μ m  
wide starting from the top of the dendritic protrusion and ending at the dendritic shaft was drawn to quantify pro-
tein intensities. Total immunoreactivities within 1 μ m of the top of protrusions defined as the postsynaptic region 
were summed for statistical analysis. To quantify the presynaptic protein synaptophysin and synaptotagmin, a 
circle of 1 μ m diameter was drawn at the top of the dendritic protrusion (Fig. 2a, right panel), and immunoreac-
tivities were quantified using ImageJ. Protrusions with an intensity > 20 units were categorized as protein-positive.

Transfection, immunoblotting and immunoprecipitation of N2A cells. Mouse neurobalstoma 
Neuro-2A (N2A) cells (ATCC CCL-131) were transfected with the indicated plasmids using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions. To inhibit sulfation, cells were treated with 30 mM sodium 
chlorate for 24 hrs before harvesting. For immunoblotting analysis, the cells were washed with PBS and lysed directly 
with SDS sample buffer. For immunoprecipitation analysis, the cells were washed with PBS and solubilized in lysis 
buffer (PBS, pH 7.4, 1% Triton X-100, 2 mM PMSF, 2 μ g/ml aprotinin, 2 μ g/ml leupeptin, 2 μ g/ml pepstatin and 10 μ M  
MG132) at 4 °C for 30 min. The lysates were centrifuged at 15,000 ×  g for 30 min to remove the cell debris. The solu-
ble extract was subjected to immunoprecipitation using specific antibodies, followed by immunoblotting.

Animals and housing. All animal experiments were performed with the approval of and in strict accord-
ance with the guidelines of the Academia Sinica Institutional Animal Care and Utilization Committee and the 
Republic of China Council of Agriculture Guidebook for the Care and Use of Laboratory Animals. Pregnant rats 
were housed individually and sacrificed using CO2 inhalation. All efforts were made to minimize animal suffering 
and to reduce the number of animals required.

Quantification and statistical analysis. The data were collected and analyzed blind by having other 
members of the laboratory relabel the samples. For each experiment, 20 neurons were randomly collected from 
two independent experiments for quantification. To analyze dendritic spine density, three clearly recognizable 
dendrites of each neuron were used for quantification. To monitor protein distribution in or surround den-
dritic protrusions, 400 dendritic protrusions were analyzed for each group. The results of the protrusion density 
and distribution of synaptic proteins were analyzed with an unpaired Student’s t test using GraphPad Prism 5.0 
(GraphPad Software). For more than two group comparisons, one-way ANOVA with Tukey’s multiple compar-
ison post-hoc test was performed. All of the results shown in the cumulative probability distribution were ana-
lyzed using the Kolmogorov-Smirnov test Kirkman, T.W. (1996). Statistics to use http://www.physics.csbsju.edu/
stats/. A P-value of less than 0.05 was considered significant.
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