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Development/Plasticity/Repair

Postsynaptic Density Scaffold SAP102 Regulates Cortical
Synapse Development through EphB and PAK Signaling
Pathway

Yasunobu Murata and Martha Constantine-Paton
McGovern Institute for Brain Research, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Membrane-associated guanylate kinases (MAGUKSs), including SAP102, PSD-95, PSD-93, and SAP97, are scaffolding proteins for iono-
tropic glutamate receptors at excitatory synapses. MAGUKSs play critical roles in synaptic plasticity; however, details of signaling roles for
each MAGUK remain largely unknown. Here we report that SAP102 regulates cortical synapse development through the EphB and PAK
signaling pathways. Using lentivirus-delivered shRNAs, we found that SAP102 and PSD-95, but not PSD-93, are necessary for excitatory
synapse formation and synaptic AMPA receptor (AMPAR) localization in developing mouse cortical neurons. SAP102 knockdown (KD)
increased numbers of elongated dendritic filopodia, which is often observed in mouse models and human patients with mental retarda-
tion. Further analysis revealed that SAP102 coimmunoprecipitated the receptor tyrosine kinase EphB2 and RacGEF Kalirin-7 in neonatal
cortex, and SAP102 KD reduced surface expression and dendritic localization of EphB. Moreover, SAP102 KD prevented reorganization
of actin filaments, synapse formation, and synaptic AMPAR trafficking in response to EphB activation triggered by its ligand ephrinB.
Last, p21-activated kinases (PAKs) were downregulated in SAP102 KD neurons. These results demonstrate that SAP102 has unique roles
in cortical synapse development by mediating EphB and its downstream PAK signaling pathway. Both SAP102 and PAKSs are associated
with X-linked mental retardation in humans; thus, synapse formation mediated by EphB/SAP102/PAK signaling in the early postnatal

brain may be crucial for cognitive development.

Introduction

Membrane-associated guanylate kinase (MAGUK) family scaf-
folds, including SAP102, PSD-95, PSD-93, and SAP97, are pre-
dominant components of the postsynaptic density (PSD) at
excitatory synapses (Sheng and Hoogenraad, 2007). MAGUKs
interact with a wide variety of proteins including receptors, ad-
hesion, cytoskeletal, and signaling molecules, and serve an im-
portant role in structural and functional synaptic plasticity
(Funke et al., 2005; Elias and Nicoll, 2007).

During postnatal brain development, the MAGUKSs show dif-
ferent expression profiles. SAP102 is the dominant scaffold in the
fetal and neonatal brain, while PSD-95 and PSD-93 are expressed
increasingly with age (Sans et al., 2000; van Zundert et al., 2004;
Petralia et al., 2005). In the rodent visual cortex, PSD-95 and
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SAP102 are rapidly increased at synapses after eye opening, sug-
gesting crucial roles of MAGUKSs in experience-dependent corti-
cal development (Yoshii et al., 2003). In addition, MAGUKs
show different functional properties, such as synaptic versus
extrasynaptic localization and preferential interaction with
GluN2A and GluN2B subunits of the NMDA receptor
(NMDAR) (van Zundert et al., 2004; Zheng et al., 2011). How-
ever, whether each MAGUK has a distinct role in early cortical
synapse development remains largely unknown.

The importance of SAP102 function in brain development is
demonstrated by the fact that SAP102 mutations have been iden-
tified in human patients with nonsyndromic X-linked mental
retardation (XLMR) (Tarpey et al., 2004; Zanni et al., 2010).
Human patients with inherited forms of mental retardation often
show abnormal dendritic spine morphology (Ramakers, 2002).
Dendritic spines are rich in actin filaments, and small GTP-
binding protein (Rac/Rho/cdc42) signaling is a key determinant
for actin cytoskeleton dynamics. Among many upstream modu-
lators of Rac signaling, the receptor tyrosine kinase EphB and the
neuronal Racl GDP/GTP exchange factor (GEF) Kalirin-7 have
been well characterized for their roles in synaptogenesis and spine
morphogenesis (Penzes and Jones, 2008; Klein, 2009; Lai and Ip,
2009; Ma, 2010). Several proteins in the Rac signaling pathway,
including downstream p21-activated kinase 3 (PAK3), have been
identified as causal genes for mental retardation, implicating Rac
and PAK signaling in the etiology of neurodevelopmental disor-
ders (Humeau et al., 2009; Nadif Kasri et al., 2009; Boda et al.,
2010).
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Here we describe the developmental role of SAP102 in cortical
synapse formation and maturation. Using lentivirus-mediated
RNA interference, we found that SAP102 and PSD-95 play im-
portant roles in excitatory synaptogenesis and glutamate receptor
trafficking in young cortical neurons. Interestingly, only SAP102
knockdown (KD) increased long dendritic filopodia as is often
observed in model mice and human patients with XLMR (Ra-
makers, 2002). Our further analysis revealed that SAP102 is in a
complex with EphB2 and Kalirin-7, and that their downstream
PAK activity is suppressed in SAP102 KD neurons. Although
MAGUKSs are highly similar in amino acid sequence, they show
differential association with neuropsychiatric diseases. Our study
documents functional association between two causal genes for
XLMR: SAP102 and PAK3, and shows that SAP102 has critical
roles in early cortical synapse development.

Materials and Methods

Construction of lentiviral shRNA vector. The lentiviral shRNA plasmid pLL
3.7 (gift from Carlos Lois, University of Massachusetts, Worcester, MA) was
modified to enhance neuronal expression of GFP or tdTomato by replacing
the CMV promoter with the human synapsin 1 promoter (Rubinson et al.,
2003; Dittgen et al., 2004). The following oligonucleotides encoding short
hairpin RNAs (shRNAs) were inserted under the U6 promoter between
Hpal and Xhol sites. For all three MAGUKSs, the two shRNAs were equally
effective and used interchangeably in some experiments. All these sShRNAs
were designed to knock down all known splice variants. Scrambled shRNA
sequences in which nucleotides were shuffled were used as negative controls
as follows: PSD95 shRNA 1: 5'-tGTCAGACGGTCACGATCATttcaagagaA
TGATCGTGACCGTCTGACtttttc-3" 5'-tcgagaaaaaaGTCAGACGG
TCACGATCATtctcttgaaATGATCGTGACCGTCTGACa-3";  PSD95
scrambled shRNA 1: 5'-tGTCAGACGTGCACGATCATttcaagagaATGAT
CGTGCACGTCTGACtttttc-3" 5'-tcgagaaaaaaGTCAGACGTGCACGAT
CATtctcttgaaATGATCGTGCACGTCTGACa-3"; PSD95 shRNA 2: '-tGAT
GAAGACACGCCCCCTCttcaagagaGAGGGGGCGTGTCTTCATCrttttt
c-3'5'-tcgagaaaaaaGATGAAGACACGCCCCCTCtctcttgaaGAGGGGGCG
TGTCTTCATCa-3"; PSD95 scrambled shRNA 2: 5'-tGCCCTACCACCGA
GGTCAAttcaagagaTTGACCTCGGTGGTAGGGC ttttttc-3" 5'-tcgagaaaaa
aGCCCTACCACCGAGGTCAAtctcttgaaTTGACCTCGGTGGTAGGGC
a-3'; SAP102 shRNA 1: 5'-tGCCAGTGACACGACAAGAAttcaagagaTTC
TTGTCGTGTCACTGGCttttttc-3" 5'-tcgagaaaaaaGCCAGTGACACGAC
AAGAAtctcttgaaTTCTTGTCGTGTCACTGGCa-3'; SAP102 scrambled
shRNA 1: 5'-tGCCAGTGAACCGACAAGAAttcaagagaTTCTTGTCGGTT
CACTGGCttttttc-3' 5'-tcgagaaaaaaGCCAGTGAACCGACAAGAAtctcttga
aTTCTTGTCGGTTCACTGGCa-3'; AP102 shRNA 2: 5'-tGGTTAAGTG
ACGATTATTAttcaagagaTAATAATCGTCACTTAACCttttttc-3" 5'-tcgaga
22aaaGGTTAAGTGACGATTATTAtctcttgaaTAATAATCGTCACTTAAC
Ca-3"; SAP102 scrambled shRNA 2: 5'-tGGTTAAGTAGCGATTATTAttca
agagaTAATAATCGCTACTTAACKC tttttc-3 5'-tcgagaaaaaaGGTTAAGTA
GCGATTATTAtctcttgaaTAATAATCGCTACTTAACCa-3"; PSD-93
shRNA 1: 5'-tGCCAAAGCGTGACTACGAAGTcgaaACTTCGTAGTCA
CGCTTTGGCttttttc-3'5'-tcgagaaaaaaGCCAAAGCGTGACTACGAAGT tt
cgACTTCGTAGTCACGCTTTGGCa-3"; PSD-93 scrambled shRNA 1: 5'-
tGCCAAAGCGGTACTACGAAGTcgaaACTTCGTAGTCACGCTTTGG
Cttttttc-3" 5'-tcgagaaaaaaGCCAAAGCGGTACTACGAAGTttcgACTTCG
TAGTCACGCTTTGGCa-3; PSD-93 shRNA 2: 5'-tGTGAATAAACTGT
GTGATAttcaagagaTATCACACAGTTTATTCACttttttc-3'5'-tcgagaaaaaaG
TGAATAAACTGTGTGATAtctcttgaaTATCACACAGTTTATTCACa-3';
PSD-93 scrambled shRNA 2: 5'-tGTGAATAACATGTGTGATAttcaagagaT
ATCACACATGTTATTCACtttttc-3" 5'-tcgagaaaaaaGTGAATAACATGT
GTGATAtctcttgaaTATCACACATGTTATTCACa-3'.

Production of lentivirus. Lentiviruses were produced as previously de-
scribed (Lois et al., 2002). Briefly, human embryonic kidney 293 T
(HEK293T) cells were transfected using Lipofectamine 2000 (Invitro-
gen) with lentiviral sShRNA plasmid, A8.9 plasmid and vesicular stoma-
titis virus G-protein plasmid at 20, 15, and 10 g of DNA per 15 cm plate.
Forty-eight hours after transfection, culture medium was collected and
centrifuged at 2000 X g for 10 min. Supernatants were filtered through a
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0.45 pm filter and centrifuged at 83,000 X g for 1.5 h, and the resulting
pellets were resuspended in PBS. The titer of lentivirus was between 5 X
10 to 1 X 10° infectious units per microliters.

Evaluation of efficacy and specificity of shRNA sequences in HEK293T
cells. HEK293T cells were cotransfected using Lipofectamine 2000 with
the shRNA plasmids as well as the expression plasmids of SAP102-GFP,
PSD-95-GFP, and myc-PSD-93 (gift from Morgan Sheng, Genentech).
Forty-eight hours after transfection, cell lysates were prepared and ana-
lyzed by Western blotting.

Primary cortical neuron culture. All manipulations were performed in
accord with the guidelines of the Massachusetts Institute of Technology
Institutional Animal Care and Use Committee. Primary cortical neuron
cultures were prepared from male and female embryonic day 15 (E15)
mice or E18 rats (Banker and Goslin, 1991; Yoshii and Constantine-
Paton, 2007). Most cultures were derived from mouse occipital cortices
and a few were from mouse or rat whole cortex. We detected no differ-
ence in the results reported between mice and rats nor between whole
and occipital cortex culture. Cortices were dissected out and treated with
papain (Worthington) and DNasel (Sigma) for 10 min at 37°C and trit-
urated with a fire-polished Pasteur pipette. Cells were plated at the den-
sity of 5 X 10* cells/cm?® on coverslips or plastic dishes that were
precoated with a-laminin and poly-p-lysine, and cultured in Neurobasal
medium supplemented with B-27 and 200 mm glutamine. Cultured cor-
tical neurons were infected with lentiviruses at day in vitro (DIV) 2 or
DIV 14. The ratios of infectious viral particles to cells were 2 for biochem-
ical analyses whereas 0.1 for immunocytochemical analyses for ease of
visualization of dendritic morphology.

For activation of EphB signaling, EphrinB2-Fc or Fc recombinant
proteins (R&D Systems) were dimerized with anti-human Fc anti-
body (Jackson ImmunoResearch Laboratories) at a 2:1 ratio in Neu-
robasal medium at room temperature for 1 h. Dimerized ephrinB2-Fc
or Fc were bath applied to cultured neurons at 500 ng/ml and incu-
bated at 37°C for 1 h.

Preparation of homogenate, synaptosomal membrane, and PSD fraction.
PSD and synaptosomal fractions were isolated from cultured cortical
neurons as previously described (Ehlers, 2003). All buffers contained a
protease inhibitor cocktail (Roche) and all procedures were performed
on ice or at 4°C. Briefly, cultured neurons were homogenized in 0.32 m
sucrose and 4 mm HEPES, pH 7.4, and centrifuged at 1000 X gto remove
the pelleted nuclear fraction and debris. The resulting supernatant was
collected as homogenate. Homogenate was centrifuged at 10,000 X g for
15 min; the supernatant was collected as cytosolic fraction and the pellet
was collected as crude membrane fraction. The membrane fraction pellet
was lysed by hypo-osmotic shock in 4 mm HEPES, pH 7.4, and centri-
fuged at 25,000 X gfor 20 min. The resulting pellet was resuspended in 50
mwm HEPES, pH 7.4, and 2 mm EDTA, and collected as synaptosomal
membrane fraction. To obtain PSD fractions, Triton X-100 (final con-
centration 0.5%) was added to the solution, rotated for 15 min, and
centrifuged at 32,000 X g for 20 min to obtain the pellet. The pellet was
resuspended in ice-cold 50 mm HEPES, pH 7.4, and 2 mm EDTA, then
Triton X-100 (final concentration 0.5%) was added to the solution, ro-
tated for 15 min, and centrifuged at 200,000 X g for 20 min. The pellet
was resuspended in 50 mm HEPES, pH 7.4, and 2 mm EDTA and collected
as PSD fraction.

Surface biotinylation assay. All buffers contained a protease inhibitor
cocktail and all procedures were performed on ice or at 4°C. Cultured
neurons were washed with ice-cold PBS and incubated with 1.5 mg/ml
sulfo-NHS-biotin (Thermo Scientific) in PBS for 30 min. After washing
(3X) with 50 mm glycine in PBS, neurons were lysed with radioimmu-
noprecipitation assay (RIPA) buffer (50 mwm Tris, pH 7.8, 150 mm NaCl,
1% Triton X-100, 0.5% deoxycholate, 0.1% SDS), sonicated, and centri-
fuged at 10,000 X g for 10 min to obtain the cell lysates. Cell lysates (300
ug) were incubated with 70 ul of NeutrAvidin agarose resins (Thermo
Scientific) overnight. Proteins unbound to NeutrAvidin agarose resins
were collected as cytosolic fractions. After washing (3X) with RIPA buf-
fer, bound proteins were eluted with SDS sample buffer, collected as
surface fraction, and analyzed by Western blotting.

Immunoprecipitation. All buffers contained a protease inhibitor cock-
tail and all procedures were performed on ice or at 4°C. Visual cortical
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tissue from postnatal 14 (P14) or adult male and female rats were homoge-
nized and centrifuged at 710 X gfor 10 min to remove debris and nuclei. The
resulting supernatants were suspended in lysis buffer (1% Triton X-100 in 50
mu Tris, pH 7.5, 150 mm NaCl), rotated for 1 h, and centrifuged at 10.000 X
gat for 10 min. Since the PSD is not completely formed at P14 in the visual
cortex, most PSD proteins, including SAP102 and PSD-95, were solubilized
under this condition. The resulting supernatants were mixed with antibody-
bound Dynabeads, protein G (Invitrogen), and incubated overnight. After
washing (3 X) with lysis buffer, bound proteins were eluted with SDS sample
buffer and analyzed by Western blotting.

For coimmunoprecipitation assay in HEK293 cells, cells were cotrans-
fected with SAP102-GFP and GIluN2B or flag-EphB expression plasmids
using Lipofectamine 2000. After 48 h of incubation, harvested cells were
lysed with 1% Triton X-100 in PBS and centrifuged at 10.000 X g for 10
min. The resulting supernatants were mixed with Dynabeads protein G
bound with the anti-GFP antibody and incubated overnight. After wash-
ing (3X) with 1% Triton X-100 in PBS, bound proteins were eluted with
SDS sample buffer and analyzed by Western blotting.

Antibodies used for Western blotting. The following antibodies were
used: anti-PSD-95 (NeuroMab, 75-028), anti-SAP102 (gift from Jo-
hannes Hell, University of California, Davis, Davis, CA; NeuroMab, 75—
058), anti-PSD-93 (NeuroMab, N18/30), SAP97 (gift from Morgan
Sheng, Genentech; NeuroMab, 75-030; Affinity BioReagent, PA1-741),
anti-pan-MAGUK (mouse, NeuroMab, K28/86), anti-tubulin B III
(Covance, MMS-435P; Abcam, ab6046), anti-3 actin (Sigma, AC-40;
Abcam, ab8226), anti-GluN1 (BD Biosciences, 54.1 or NeuroMab,
N308-48), anti-GluN2A (Millipore, 04-901 and 05-901R), anti-
GluN2B (NeuroMab, 75-097 and 75-101), anti-GluA1l (Millipore,
AB1504), anti-GluA2 (Millipore, MAB397; NeuroMab, 75-002), anti-
transferrin receptor (Invitrogen, 13—6800), anti-EphB2 (gift from Mi-
chael Greenberg, Harvard Medical School, Boston, MA), anti-FLAG
(Sigma, F1804), anti-GFP (Abcam, ab290), anti-pan-Kalirin (Millipore,
07-122), anti-PAK1 (Cell Signaling Technology, 2602), anti-PAK3 (Cell
Signaling Technology, 2609), anti-phospho PAK 144/141/139 (Cell
Signaling Technology, 2606), horseradish peroxidase-conjugated
anti-mouse, anti-rabbit and anti-rat secondary antibodies (Jackson
ImmunoResearch and Pierce).

We tested three different anti-SAP97 antibodies that have been shown
to work in hippocampus (Nakagawa et al., 2004; Schliiter et al., 2006),
but none of these antibodies was able to detect clear bands on immuno-
blots of young cultured cortical neurons (data not shown).

Quantification of band intensities in Western blotting was performed
by Image] software. The signal intensities of bands were normalized to
loading controls. All data presented are from at least three independent
experiments described in the text.

Immunocytochemistry. Cultured neurons were fixed with 4% parafor-
maldehyde in PBS for 10 min and permeabilized and blocked with 5% goat
serum and 0.3% Triton X-100 in PBS for 1 h. After incubation with primary
antibodies for overnight at 4°C and with secondary antibodies for 1 h
at room temperature, coverslips were mounted with Fluoromount-G
(electron microscopy). The following primary antibodies or fluorescent dyes
were used for immunocytochemistry: anti-GFP (Nacalai, GFO90R, 1:5000),
anti-Bassoon (Stressgen, VAM-PS003E, 1:1000), anti-VGLUT1 (Synaptic
Systems, 135 303, 1:1000), anti-VGAT (Synaptic Systems, 131 011, 1:1000),
ephrinB2-Fc (R&D Systems, 5 ug/ml) (Tolias et al., 2007), and phalloidin-
Alexa 543 (Invitrogen, 1:500). All secondary antibodies, including goat anti-
mouse, anti-rabbit, anti-rat. or anti-human conjugated with Alexa 488,
Alexa 543, or Alexa 633 (Invitrogen), were used at 1:1000.

The confocal z-stack images were taken with a Nikon PCM 2000 with
a 60X oil objective (NA 1.4) at 0.5 wm z-interval using the same laser
intensity and parameters for each experiment. Figures present a projec-
tion from these confocal z-stacks. Image analysis was performed with
Image] software. Puncta with >4 pixels (0.16 wm?) associated with GFP
or tdTomato-expressing dendrites and dendritic protrusions were ana-
lyzed after thresholding at a constant value for each experiment. Only
phalloidin signals inside GFP-positive dendrites and dendritic protru-
sions were analyzed. Dendritic protrusion length was defined as the dis-
tance from the edge of the dendritic shaft to the tip of the protrusion.
Image acquisition and analysis were performed in a blind manner.
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Statistical analysis. All statistical analyses were performed with SPSS
software using either paired t tests or ANOVA with a post hoc Tukey’s or
Bonferroni test. All data are presented as mean = SEM. A value of p <
0.05 was accepted as statistically significant. Only significant ANOVA
results are shown with asterisks in the figures: *p < 0.05, **p < 0.01. Inall
experiments, no significant differences were found between neurons in-
fected with scrambled control shRNA lentiviruses and GFP (only) lenti-
viruses. Therefore, the fluorescently tagged lentiviruses are shown as the
control in most experiments.

Results

SAP102 and PSD-95 are major postsynaptic scaffolds of
glutamate receptors in developing visual cortex

We examined developmental expression changes of MAGUKSs in
vitro by analyzing cortical culture homogenates prepared at dif-
ferent ages from DIV 10-26. Quantitative immunoblot analyses
showed that SAP102 appeared from an early developmental stage
whereas PSD-95 gradually increased during development.
PSD-93 remained at relatively low expression levels until DIV 18
and then rapidly increased (Fig. 1A, B). Consequently, because
our focus was on the developmental function of these MAGUKs,
we define DIV 14 synapses as “developing synapses” for most
subsequent culture experiments: This stage in culture represents
a time point where cortical synapses have begun to mature but
have not yet attained their full complement of MAGUKs. These
developmental expression profiles of SAP102, PSD-95, and
PSD-93 in vitro are similar to our observations in the rodent
visual cortex in vivo (Y. Murata and M. Constantine-Paton, un-
published observations).

We used lentivirus-delivered shRNAs to study the roles of
each MAGUK in cortical synapse development. We designed two
different shRNA sequences for each MAGUK (SAP102, PSD-95,
and PSD-93). Since two different shRNA sequences showed very
similar results, we did not show the results of second shRNA in
some subsequent experiments to avoid repetition. As negative
controls, we created corresponding scrambled shRNA sequences
within which nucleotides were shuffled. Target specificity of each
shRNA sequence was verified in HEK293 cells using cotransfec-
tion of shRNA constructs and expression plasmids of SAP102,
PSD-95, and PSD-93, followed by Western blotting. Each shRNA
sequence specifically knocked down the target protein and had
no effect on expression of other MAGUKSs (data not shown).
Next we validated efficacy and specificity of MAGUK KD in cul-
tured cortical neurons (Fig. 1C). Neurons were infected at DIV 2
with lentivirus-expressing shRNA or the control scrambled
shRNA (scr.sh). In addition, GFP lentivirus control infections
were included for each experiment. Knockdown was effective by
7 d after lentivirus infection for all shRNAs and lasted for >4
weeks (data not shown). Scrambled control shRNAs did not af-
fect expression of any MAGUKSs (Fig. 1C), and were identical on
Western blotting to the lentivirus control (GFP lentivirus) for
each MAGUK (data for PSD-95 and PSD-93 not shown). Nota-
bly, knockdown of each MAGUK caused upregulation of other
MAGUKSs (Fig. 1E); a probable compensatory mechanism that
hasbeen previously reported in knock-out mice (Elias et al., 20065
Cuthbert et al., 2007).

Next we analyzed whether knockdown of each MAGUK affects
the total amount of all MAGUKSs by using an anti-pan-MAGUK
antibody recognizing SAP102, PSD-95, PSD-93, and SAP97. At DIV
14, SAP102 shRNA and PSD-95 shRNA decreased the total
MAGUK expression level by 34 and 38%, respectively, whereas
PSD-93 shRNA had no significant effects on the total MAGUK level,
suggesting that SAP102 and PSD-95 are the two abundant MAGUKSs
in developing cortical neurons. No clear band was detected with the
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Figure 1. SAP102 and PSD-95 are the two major postsynaptic MAGUKs in developing cortical neurons. 4, B, Different developmental
expression profiles of SAP102, PSD-95, and PSD-93 in cultured cortical neurons. Homogenates (1 .g) from cultured cortical neurons at DIV
10, 14,18, 22, and 26 were analyzed by quantitative Western blotting. These blots were quantified and plotted as a percentage of each
MAGUK's level at DIV 26. Total MAGUK levels were analyzed with an anti-pan-MAGUK antibody recognizing SAP102, PSD-95, PSD-93, and
SAP97. SAP102 was expressed at relatively high levels from the earliest developmental stage examined, and PSD-95 levels were gradually
increased whereas PSD-93 remained at relatively low levels until DIV 18 and increased very rapidly between DIV 18 and 22. No clear band
was detected with the anti-SAP97 antibodies (see Materials and Methods). (n = 6 immunoblots from three separate sets of cultures, data
are presented as mean == SEM.) C, Lentivirus-delivered shRNAs effectively knocked down specific MAGUKs in DIV 14 cultured cortical
neurons. Neurons were infected with lentiviruses expressing shRNA or the corresponding control scrambled ShRNA (scr.sh) at DIV 2. For each
MAGUK two different shRNA and scrambled shRNA lentiviruses were used. The shRNA specifically reduced the target protein to a point that
it was undetectable or barely detectable on immunoblots, and the knockdown lasted for at least four weeks in the cultures (data not
shown). Asillustrated for SAP102, the GFP lentivirus control was not different from the SAP102 scr.sh. This was tested in one-way ANOVAs
(datanot shown). The same ANOVA test was used for GFP lentivirus or tdTomato lentivirus and the scrambled shRNAs for each MAGUK in all
subsequent experiments and no significant differences were found. Therefore, GFP or tdTomato lentivirus is shown as the control in most
experiments. D, E, SAP102 shRNA and PSD-95 shRNA, but not PSD-93 shRNA, significantly decreased the amount of total MAGUK expres-
sion levels in developing cultured cortical neurons. Total MAGUK levels were analyzed with an anti-pan-MAGUK antibody recognizing
SAP102, PSD-95, PSD-93, and SAP97. Knockdown of SAP102 or PSD-95, but not PSD-93, significantly reduced the total MAGUK levels,
suggesting SAP102 and PSD-95 are predominant MAGUKs in these developing neurons. Triple knockdown of SAP102, PSD-95, and PSD-93,
was achieved by coinfection with a lentivirus against each MAGUK. Triple KD decreased the total MAGUK levels by 95%, indicating that the
last member of MAGUKSs, SAP97, is far less abundant than SAP102, PSD-95 or PSD-93 in young cortical neurons. (n = 6immunoblots from
three separate sets of cultures.) One-way ANOVA tests were used in this and all subsequent data presented. Data are presented as mean =
SEM, and asterisks are p values comparing to the shRNA lentivirus infected neurons to the GFP lentivirus infected control neurons; *p <
0.05,**p < 0.01.
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chemistry with a presynaptic marker Bas-
soon at DIV 14 (Fig. 2A). The effects of
scrambled shRNA lentiviruses and GFP
lentivirus were not significantly different
in all experiments; therefore, GFP lentivi-
rus was used as the control in all figures.
SAP102 shRNAs and PSD-95 shRNAs,
but not PSD-93 shRNAs, significantly re-
duced the density of Bassoon puncta asso-
ciated with GFP-positive lentivirus-
infected dendrites (Fig. 2B). Control
shRNAs had no effect on the density of Bas-
soon puncta (Fig. 2B). We confirmed that
the two shRNA sequences for each MAGUK
resulted in comparable reductions in Bas-
soon puncta density to ensure the validity of
the knockdown effects.

Next, we examined the role of MAGUKs
on excitatory and inhibitory synapse forma-
tion by immunostaining cortical neurons
with an excitatory presynaptic marker:
anti-vesicular glutamate transporter 1
(VGLUT1) and with an inhibitory presyn-
aptic marker: anti-vesicular GABA trans-
porter (VGAT) (Fig. 2C). Knockdown of
SAP102 or PSD-95, but not PSD-93, caused
a selective decrease in the density of
VGLUT1 in DIV 14 cortical neurons (Fig.
2D). However, the densities of VGAT
puncta were not significantly altered by any
of the MAGUK KDs (Fig. 2D).

The function of MAGUKSs in glutamate
receptor trafficking has been characterized
in hippocampal neurons. Manipulation of
SAP102 affects AMPA receptor (AMPAR)
currents during the early postnatal period
while PSD-95 and PSD-93 regulate AMPAR
trafficking upon maturation (Elias and
Nicoll, 2007). To distinguish the role of each
MAGUK in synaptic localization of gluta-
mate receptors in developing cortical neu-
rons, we analyzed the levels of NMDAR and
AMPAR subunits in the PSD fraction at
DIV 14 (Fig. 2F, G). The quality of PSD iso-
lation was validated by the absence of Syn-
aptophysin, a presynaptic vesicle related
protein, in the PSD fraction (Fig. 2H).
Knockdown of SAP102 or PSD-95, but not

anti-SAP97 antibodies (see Materials and Methods). Further-
more, triple knockdown of SAP102, PSD-95, and PSD-93 de-
creased the total MAGUK level by >95% (Fig. 1D, E) suggesting
that SAP97 is a minor MAGUK in young cortical neurons.

SAP102 and PSD-95, but not PSD-93, are necessary for
excitatory synaptogenesis and synaptic AMPA receptor
localization

Among MAGUKSs, PSD-95 has been extensively studied and its
roles in excitatory synapse formation have been previously doc-
umented (El-Husseini et al., 2000; Gerrow et al., 2006). To exam-
ine and compare the function of each MAGUK in cortical
synapse development, we used two different shRNAs for each
MAGUK to knock down either SAP102, PSD-95, or PSD-93 in
cultured cortical neurons at DIV 2 and performed immunocyto-

PSD-93, reduced the amount of the GluAl (GluR1) and GluA2
(GluR2) subunit of the AMPAR in PSD fractions. There were not
large differences in GluA1 and GluA2. We therefore used GluA2 as a
proxy for AMPARs for the rest of the study. None of the MAGUK
knockdowns significantly altered NMDAR subunit levels in the PSD
fractions. These findings are consistent with most previous electro-
physiological studies showing MAGUK knockdown or knock-outs
have greater effects on AMPAR than NMDAR currents in hip-
pocampal synapses (Béique et al., 2006; Elias et al., 2006, 2008;
Schliiter etal., 2006; Ehrlich et al., 2007; Futai et al., 2007), suggesting
a compensation mechanism to maintain NMDAR levels at synapses
when a MAGUK is absent. For example, in SAP102 knock-out (KO)
mice, an increased amount of PSD-95 associates with GluN1
(Cuthbert et al., 2007). Given that triheteromeric GluN1-GluN2A-
GluN2B NMDARs are present at synapses (Gray et al., 2011; Rauner
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Figure2.  SAP102and PSD-95 playimportant roles in excitatory synapse formation and synaptic AMPAR localization in developing cortical neurons. 4, B, SAP102 shRNAs and PSD-95 shRNAs, but not PSD-93
shRNAs, reduced puncta of the presynaptic marker Bassoon. Cortical neurons were infected with lentiviruses containing shRNA or scrambled shRNA (scr.sh) at DIV 2 and immunostained with an anti-Bassoon
antibody at DIV 14. The density of Bassoon puncta on dendrites showed a 40% decrease in SAP102 KD and PSD-95 KD neurons compared with their appropriate scrambled control, but remained constant in
PSD-93 KD neurons. Note that similar results were obtained from two different shRNA lentiviruses for each MAGUK, which ensure the validity of the knockdown effects. Since two different shRNA sequences
showed very similarresults, we did not show the results of second shRNAin some subsequent experiments to avoid repetition. Scrambled shRNAs had nosignificant effect on the densities of Bassoon puncta. Scale
bar, 5 um. (n = >15 dendrites from 8 neurons). ¢, D, SAP102 shRNA and PSD-95 shRNA reduced the excitatory presynaptic marker VGLUT1. DIV 14 neurons were doubly immunostained with anti-VGLUT1
(excitatory presynaptic marker, red) and anti-VGAT (inhibitory presynaptic marker, blue). The densities of VGLUTT puncta were significantly reduced in SAP102 KD and PSD-95 KD neurons whereas the density
of VGAT puncta was not significantly altered in any of MAGUK KDs. Scale bar, 5 um. (n = 15 dendrites from 8 neurons). E-G, SAP102 and PSD-95 play major roles in maintaining synaptic AMPAR levels in
developing cortical neurons. The PSD fraction was prepared from DIV 14 cortical cultures and analyzed by Western blotting. The levels of NMDAR and AMPAR subunits in homogenate were not altered by any of
MAGUKKDs (E). The levels of glutamate receptor subunits in the PSD fraction (F) were plotted as a histogram (G). SAP102 shRNAs and PSD-95 shRNAs, but not PSD-93 shRNAS, significantly reduced the levels of
the GluAT and GluA2 AMPAR subunits in the PSD fraction. None of MAGUK KDs changed the levels of NMDAR subunits in the PSD fraction, thereby indicating a greater effect of MAGUK KDs on AMPARs than
NMDARs atthe PSD. (n = 6immunoblots from 3 independent sets of cultures.) H, The subcellular fractions from DIV 14 cultured cortical neurons, including homogenate, cytosol, crude membrane, synaptosome,
and PSD fraction, were analyzed by Western blotting. SAP102, PSD-95, GluN1, and GluA2 were strongly enriched in the PSD fraction. The absence of Synaptophysin, presynaptic vesicle related protein, in the PSD
fraction validates the isolation of PSD fraction.

and Kohr, 2011), such a compensation mechanism could mask the
effects of MAGUK KD on NMDAR subunits at the PSD. There was
no decrease in the total expression level of NMDAR and AMPAR
subunits after any MAGUK KD (Fig. 2E). Therefore, the results
above indicate that in developing cortical neurons, SAP102 and
PSD-95, but not PSD-93, are necessary for excitatory synapse devel-
opment including both presynaptic specialization and AMPAR in-
corporation at the PSD.

Increased long-thin dendritic filopodia in SAP102

KD neurons

Next we examined whether SAP102 KD or PSD-95 KD affects the
morphology of dendritic protrusions. We infected cultured cortical
neurons with lentivirus-expressing GFP only, SAP102 shRNAI,
SAP102 shRNA2, PSD-95 shRNA1, or PSD-95 shRNA2 at DIV 2.
We then fixed the cultures and imaged them with confocal micros-
copy at DIV 14 (Fig. 3A). The GFP lentivirus control neurons had
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Figure 3.  SAP102 shRNA increases dendritic filopodia length. A, Representative confocal images of dendritic protrusions in

control GFP lentivirus, SAP102 KD, and PSD-95 KD neurons at DIV 14. Cultured cortical neurons were infected with GFP control,
SAP102 shRNA1, SAP102 shRNA2, PSD-95 shRNAT, or PSD-95 shRNA2 lentivirus at DIV 2. Neurons were fixed andimaged at DIV 14.
Scalebar, 5 um. B, The density of dendritic protrusions was not significantly altered in SAP102 KD and PSD-95 KD neurons (n = 10
dendrites from 5 neurons. The number of dendritic protrusions per micrometer dendrite is presented as mean = SEM.) C, The
average length of dendritic protrusions was significantly increased in SAP102 KD neurons reflecting the prevalence of long den-
dritic filopodia caused by SAP102 shRNAs. The average length of dendritic protrusions in PSD-95 KD was slightly shorter compared
with GFP lentivirus-infected neurons because of the prevalence of small stubby protrusions in PSD-95 KD neurons, but the differ-

ence did not reach statistical significance. (n = 10 dendrites from 5 neurons.)

normal mushroom-shaped spines and a few filopodia. However,
long dendritic filopodia were prevalent in SAP102 KD neurons,
whereas small stubby protrusions are prevalent in PSD-95 KD neu-
rons. The density of dendritic protrusions was not significantly dif-
ferent between GFP lentivirus control, SAP102 KD, and PSD-95 KD
neurons (Fig. 3B). However, the average length of dendritic protru-
sion was significantly increased in SAP102 KD neurons compared
with GFP control and PSD-95 KD neurons, reflecting the prevalence
of long dendritic filopodia caused by SAP102 shRNAs (Fig. 3C).
Significantly, SAP102 mutations have been found in human patients
with mental retardation (Tarpey et al., 2004; Zanni et al., 2010), and
this aberrant protrusion morphology is a hallmark of pathology in
inherited forms of mental retardation (Ramakers, 2002).

SAP102 is in a complex with EphB2 in early postnatal cortex
and regulates surface and dendritic expression of EphB2
While both SAP102 and PSD-95 are important for normal devel-
opment of dendritic protrusions, SAP102 appears to be required
for the transition from filopodia to spines. These findings of
decreased presynaptic markers and prevalence of filopodia-like
protrusions, suggest that SAP102 is the critical MAGUK for mak-
ing initial synaptic contacts, which under normal conditions leads to
synapse stabilization and spine maturation. Type-B Eph receptors
(EphBs), especially EphB2 and its ligand ephrinB, have been shown
to regulate spine formation and maturation as well as excitatory
presynaptic and postsynaptic specialization (Dalva et al., 2000; Ethell
etal,, 2001; Henkemeyer et al., 2003; Penzes et al., 2003; Kayser et al.,

(9]
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2006, 2008). Consequently, we tested the
possibility that SAP102 and EphrinB/EphB
signaling are functionally related to each
other. We first examined the association be-
tween MAGUKSs and EphB2 in the develop-
ing visual cortex in vivo by performing
immunoprecipitations (IPs) from rat visual
cortex at P14, 1 d after eye opening. EphB2
was coimmunoprecipitated with anti-
SAP102 antibody, but not with anti-PSD-95
(Fig. 4A). In agreement, SAP102, but not
PSD-95, was coimmunoprecipitated with
anti-EphB2 antibody from developing vi-
sual cortex (Fig. 4B). To further examine
whether the association between EphB2 and
SAP102 was mediated by their direct bind-
ing, we performed coimmunoprecipitation
assay in HEK cells after cotransfection of
EphB2 and SAP102-GFP. EphB2 was not
coimmunoprecipitated with SAP102-GFP
(Fig. 4C), suggesting that the association be-
tween EphB2 and SAP102 is not mediated
by their direct binding, rather these two pro-
teins are in a complex in developing cortical
neurons. GluN2B, which is known to di-
rectly bind to SAP102, was coimmunopre-
cipitated with SAP102-GFP (Fig. 4D),
showing the validity of this assay to examine
direct binding.

In cortical neurons, a previous elec-
tron microscopic study showed that
EphB2 is frequently detected on the
surface membrane of dendritic shafts
(Bouvier et al., 2008). We hypothesized
that the membrane scaffold SAP102 may
be required for EphB2 surface expression.
Thus, we next examined whether MAGUK KD would affect sur-
face expression of EphB2 on cortical neurons. We labeled surface
proteins on DIV 14 cultured cortical neurons with sulfo-biotin,
pulled down these labeled proteins with streptavidin agarose
resin, and analyzed the surface protein expression by Western
blotting. Proteins unbound to streptavidin resin were also col-
lected as cytosolic fraction and analyzed. SAP102 KD caused a
24% decrease in the surface expression and a 16% increase in the
cytosolic expression level of EphB2 relative to GFP control (Fig.
4E-G). Neither PSD-95 KD nor PSD-93 KD changed the surface
EphB2 expression level. Although there was no change in
NMDAR levels at the PSD with MAGUK KDs (Fig. 2G), we ex-
amined the surface expression levels of NMDARSs since the sur-
face membrane includes both synaptic and extrasynaptic
membranes. The surface expression levels of GIuN1 (NR1) and
GluN2A (NR2A) subunits were not significantly affected by any
MAGUK KDs (Fig. 4G). SAP102 KD caused a reduction in sur-
face GluN2B expression by 12% although it was not statistically
significant. In contrast, in PSD-95 KD neurons, the surface ex-
pression level of the GluN2B (NR2B) subunit was significantly
increased and the cytosolic level of GluN2B was decreased (Fig.
4E-G): a result that agrees with previous studies in which knock-
out or knockdown of PSD-95 showed a greater contribution of
GluN2B-containing NMDAR currents (Béique et al., 2006; Elias
etal., 2008). Since SAP102 can preferentially bind to the GluN2B
subunit (Sans et al., 2000; Zheng et al., 2010; Chen et al., 2011), it
is likely that SAP102 holds an increased amount of GIuN2B at the
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Figure4.  SAP102isinacomplexwith EphB2,and SAP102 KD reduces surface expression and dendritic localization of EphB. 4, B, EphB2 and SAP102 were reciprocally coimmunoprecipitated from developing
(P14;1dafter completion of eye-lid opening) rat visual cortex. IP from visual cortical homogenates showed that (4) EphB2 wasimmunoprecipitated with the anti-SAP102 antibody, but not with the anti-PSD-95
antibody, and that (B) SAP102, but not PSD-95, was immunoprecipitated with the anti-EphB2 antibody. Synaptophysin and PSD-95 were used as negative controls. Normal rabbit IgG and normal mouse IgG
were used as additional negative controls of IP. €, D, Association between EphB2 and SAP102 is not mediated by their direct binding. €, HEK cells were cotransfected with EphB2 and SAP102-GFP expression
plasmids, and coimmunoprecipitated with the anti-GFP antibody. EphB2 was not pulled down with SAP102-GFP, suggesting that these two proteins do not directly bind to each other. D, GIluN2B was
coimmunoprecipitated with SAP102-GFP from HEK cells cotransfected with GIuN2B and SAP102-GFP, validating the reliability of coimmunoprecipitation assay in HEK cells. E~G, SAP102 shRNA reduced the
surface expression level of EphB2. Cultured neurons were infected with either the GFP control, SAP102 shRNA, PSD-95 shRNA, or PSD-93 shRNA lentivirus at DIV 2. Surface proteins on DIV 14 cultured cortical
neurons were biotinylated, pulled down with streptavidin agarose resin, and analyzed by Western blotting (G). The proteins unbound to streptavidin agarose resin were collected as cytosolic proteins and also
analyzed (F). The surface or cytosolic expression levels of EphB2, GluN1, GIuN2A, GluN2B, and GluA2 for each MAGUK KD were quantified and plotted as a percentage of the GFP lentivirus control. The surface
expression level of EphB2 was significantly decreased in SAP102 KD neurons. The surface expression levels of GluN1 and GluN2A were not significantly altered in any MAGUK KD neurons. However, in PSD-95 KD
neurons, the surface expression level of GIuN2B was increased (G) and the cytosolic level of GIuN2B was decreased (F), suggesting that SAP102 compensates for the absence of PSD-95 by holding more GIuN2B
on the surface of PSD-95 KD neurons. The GluA2 AMPAR subunit was significantly decreased in the surface fraction but increased in the cytosolic fraction of SAP102 KD or PSD-95 KD neurons, suggesting both
SAP102 and PSD-95 play a key role in surface AMPAR expression. Synaptophysin was used as a negative control of surface biotinylation assay. Transferrin receptor (TfR) was used as a loading control to normalize
protein levels. (n = 6immunoblots from 3 separate sets of cultures; data were presented as mean == SEM.) H, I, SAP102 shRNA reduced the number of EphB puncta on dendrites. Cortical culture neurons were
infected with lentiviruses expressing tdTomato only, SAP102 shRNA or PSD-95 shRNA at DIV 2, and fixed at DIV 14. EphBs were visualized by incubation with ephrinB2-Fc followed by anti-Fc and secondary
antibodies (see Materials and Methods). The number of EphB puncta on dendrites was quantified and plotted as a percentage of control. These data revealed a significant decrease of EphB puncta in SAP102 KD
neurons. (n = 10 dendrites from 5 neurons.) The density of EphB puncta per micrometer of dendrite is normalized to the tdTomato lentivirus control and presented as mean == SEM.

surface including extrasynaptic sites when PSD-95 is knocked
down. With regard to AMPARs, SAP102 KD, and PSD-95 KD,
but not PSD-93 KD, reduced surface GluA2 subunit levels (Fig.
4E,G), indicating that SAP102 and PSD-95 are responsible for
trafficking or retaining AMPARs on the cell surface.

Next we labeled EphBs using the ephrinB2-ligand complex
(Tolias et al., 2007) (see Materials and Methods) in tdTomato-
lentivirus control, SAP102 KD, and PSD-95 KD neurons at DIV
14. The density of EphB puncta on dendrites was decreased by
22% in SAP102 KD neurons compared to tdTomato lentivirus

infected or PSD-95 KD neurons (Fig. 4 H,I). Together, these re-
sults show that SAP102 KD reduces surface and dendritic expres-
sion of EphB in cultured young cortical neurons.

SAP102 KD impairs ephrinB/EphB-induced actin
reorganization, synapse formation, and synaptic

AMPAR trafficking

Next we investigated whether SAP102 KD affects EphB func-
tion. Known roles of ephrinB/EphB signaling include actin
reorganization, synapse formation, and AMPAR trafficking.
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Upon stimulation with ephrinB ligand, EphB activates its
downstream signaling cascade consisting of Kalirin-7, Racl,
and group I PAKs (PAK1-3); these in turn regulate actin cy-
toskeleton remodeling (Penzes et al., 2003). We first examined
ephrinB/EphB-induced actin reorganization. The ligand eph-
rinB2 works as a dimer; thus, to activate EphB signaling, we
used ephrinB2 fused with the Fc portion of Ig molecule, which
allows ephrinB2 to be dimerized with an anti-Fc antibody
(Dalva et al., 2000). We treated cultured cortical neurons with
dimerized ephrinB2-Fc for 1 h. As a control, we treated neu-
rons with dimerized Fc alone. which without ephrinB attached
would not be expected to activate EphB. We visualized fila-
mentous actin (F-actin) using phalloidin conjugated with flu-
orescent dye. We quantified the signal intensity of phalloidin
within GFP-positive, lentivirus-infected dendrites and den-
dritic protrusions. In the control (Fc-treated) condition, there
was no significant difference in phalloidin signal intensity be-
tween GFP lentivirus, SAP102 shRNA1, SAP102 shRNA2,
PSD-95 shRNA1, and PSD-95 shRNA2 neurons. However, af-
ter 1 h treatment with ephrinB2-Fc, phalloidin signal intensity
showed a robust increase especially in dendritic protrusions of
GFP lentivirus as well as PSD-95 KD neurons. In contrast, in
SAP102 KD neurons, there was no increase in phalloidin sig-
nal intensity after EphB activation suggesting ephrinB/EphB-
induced reorganization of actin filaments is abolished in SAP102
KD neurons (Fig. 5A,B).

Next we analyzed whether SAP102 KD affects ephrinB-
induced presynaptic formation since ephrinB treatment has been
shown to increase the density of presynaptic markers (Dalva et
al., 2000; Penzes et al., 2003). DIV 14 cortical neurons were
treated with ephrinB2-Fc or control Fc, and immunostained for
the presynaptic marker Bassoon. In the control (Fc-treated) con-
dition, SAP102 KD and PSD-95 KD neurons have a significantly
fewer number of Bassoon puncta on dendrites than GFP lentivi-
rus neurons, as seen in Figure 2A. After ephrinB2-Fc treatment,
the density of Bassoon puncta associated with lentivirus-infected
dendrites and dendritic protrusions was significantly increased in
GFP lentivirus and PSD-95 KD neurons. However, this ephrinB/
EphB-dependent increase in Bassoon puncta was not observed in
SAP102 KD neurons (Fig. 5C,D).

We also examined whether SAP102 KD impairs ephrinB/
EphB-induced AMPAR trafficking since EphB2 activation has
been shown to increase AMPAR on the cell surface (Kayser et al.,
2006). We treated cultured cortical neurons with dimerized
ephrinB2-Fc or control Fc, and then prepared PSD fractions from
GFP lentivirus, SAP102 KD, and PSD-95 KD neurons at DIV 14.
In the control (Fc-treated) condition, SAP102 KD and PSD-95
KD neurons showed 48 and 31% reductions in the amount of the
GluA2 AMPAR subunit in the PSD fraction, as seen in Figure 2, E
and F. EphB activation with ephrinB significantly increased the
level of GluA2 subunits in the PSD fraction of GFP lentivirus as
well as PSD-95 KD neurons, but not in SAP102 KD neurons (Fig.
5E,F), suggesting that SAP102 is necessary for ephrinB/EphB-
induced AMPAR trafficking. The whole lysate expression levels
of AMPAR and NMDAR receptor subunits were not significantly
altered with ephrinB-Fc treatment (data not shown).

Kalirin-7, SAP102, and GluN2B form a protein complex in
developing visual cortex

The results above suggest that EphB signaling is functionally im-
paired in SAP102 KD neurons. Next we investigated the interac-
tion between MAGUKs and the signaling molecules that can
modulate ephrinB/EphB function. Kalirin-7 is a neuronal Racl-
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GEF and characterized as a downstream mediator of the EphB
signaling pathway (Penzes and Jones, 2008; Ma, 2010). After
EphB activation with ephrinB-Fc, Kalirin-7 is recruited to syn-
apses for subsequent activation of Racl and PAK kinase, which
then promote spine morphogenesis (Penzes et al., 2003).
Kalirin-7 is also necessary for neuronal activity-dependent
AMPAR trafficking and spine maturation (Xie et al., 2007).
Kalirin-7 has a PDZ binding motif at its C terminus and can bind
to PDZ domain containing proteins including MAGUKSs (Penzes
et al., 2001). To determine whether MAGUKs interact with
Kalirin-7 in the neonatal visual cortex, we performed IP from
developing rat visual cortex at P14 after eye-lid opening with an
anti-SAP102 or anti-PSD-95 antibody. Anti-pan-Kalirin antibody
recognizes several Kalirin isoforms in Western blotting as previously
reported, and Kalirin-7 appears around 190 kDa while other iso-
forms, including Kalirin-9 and Kalirin-12, appear in the higher mo-
lecular weight regions (Penzes et al., 2000; Nolt et al., 2011). Among
several Kalirin isoforms, Kalirin-7 was specifically pulled down with
the anti-SAP102 antibody from young visual cortex, but not with the
anti-PSD-95 antibody (Fig. 6A). We also examined interactions be-
tween MAGUKs and NMDAR subunits in the intact developing
visual cortex. Both SAP102 and PSD-95 pulled down similar
amounts of the GluN1 subunit. However, SAP102 pulled down
more GluN2B subunits than PSD-95, while PSD-95 pulled down
more GluN2A subunits than SAP102 (Fig. 6A). These results con-
firmed the preferential interaction between SAP102 and GluN2B,
and between PSD-95 and GIuN2A in the early visual cortex as pre-
viously shown in the hippocampus (Sans et al., 2000).

In adult visual cortex, Karilin-7 was pulled down by both
SAP102 and PSD-95 (Fig. 6B). The difference between neonatal
and adult cortex is probably due to developmental expression
pattern of MAGUKs and NMDAR subunits. In the early postna-
tal brain, SAP102 is highly expressed and present at synapses,
whereas PSD-95 expression does not reach its highest peak and
continues to increase until adult. (Yoshii et al., 2003). GluN2B is
also highly expressed in the neonatal cortex (van Zundert et al.,
2004), binds directly to Kalirin-7 (Kiraly et al., 2011), and pref-
erentially binds to SAP102 especially in early cortex (Fig. 6A).
Therefore, it is likely that Kalirin-7 and SAP102 are in a stable
complex with GluN2B in the early brain to regulate cortex devel-
opment (see Discussion).

PAK kinase activity is downregulated by SAP102 KD

Group 1 PAKs, including PAK1, PAK2, and PAK3, are the key
downstream components of EphB signaling (Penzes et al., 2003;
Kayser et al., 2008); one of their main functions is regulation of the
actin cytoskeleton (Kreis and Barnier, 2009). Importantly, muta-
tions in PAK3, like SAP102, are found in human XLMR patients
(Allen et al., 1998; Bienvenu et al., 2000; Rejeb et al., 2008).

To analyze the activity level of Group 1 PAKs, we used anti-
PAK phospho-serine 144/141/139 antibody, which detects essen-
tial phosphorylation sites for the activation and maintenance of
their kinase activity (Kreis and Barnier, 2009). DIV 14 cortical
neurons were treated with ephrinB2-Fc or control Fc, and ho-
mogenates were analyzed by immunoblotting. Under basal (Fc-
treated) conditions, SAP102 KD neurons exhibited a 40%
decrease in PAK phosphorylation level relative to GFP lentivirus
and PSD-95 KD neurons (Fig. 7A,B). Activation of EphB with
ephrinB increased the PAK phosphorylation level in GFP lentivi-
rus control and PSD-95 KD neurons by 50%, but failed to in-
crease the PAK phosphorylation level in SAP102 KD neurons,
suggesting that SAP102 is required for PAK activity. Neither
SAP102 KD nor PSD-95 KD altered the total expression levels of
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Figure 5.  SAP102 shRNAs impaired ephrinB-induced actin reorganization, synapse formation, and AMPAR trafficking. 4, B, SAP102 shRNA impaired ephrinB-induced reorganization of actin
filaments. DIV 14 cortical neuron cultures were treated with dimerized Fc (control) or ephrinB2-Fc for 1 h, and stained with phalloidin conjugated with Alexa 543 to visualize the F-actin. In the
Fc-treated (control) conditions, phalloidin signals within GFP-positive lentivirus-infected dendrites and dendritic protrusions were comparable among neurons infected with lentivirus expressing
GFP only, SAP102 shRNA1, SAP102 shRNA2, PSD-95 shRNA1, and PSD-95 shRNA2. After ephrinB2-Fc treatment, GFP lentivirus as well as PSD-95 KD neurons showed >>2-fold increases in phalloidin
signal intensity. However, ephrinB treatment failed to increase phalloidin signal in both SAP102 shRNA1 and SAP102 shRNA2 neurons. The phalloidin signal intensity per micrometer of dendrite is
normalized to Fc-treated GFP lentivirus neurons and presented as mean 0% SEM (n = >>10dendrites from 5 neurons). C, D, SAP102 KD impaired ephrinB-induced synapse formation. DIV 14 cortical
neurons were treated with dimerized Fc (control) or ephrinB2-Fc for 1 h, and immunostained for the presynaptic marker Bassoon. EphrinB2-Fc treatment significantly increased Bassoon puncta
density by >30% in GFP lentivirus neurons as well as PSD-95 KD neurons, but did not cause a significant increase in SAP102 KD neurons. Bassoon puncta associated with GFP-positive lentivirus-
infected dendrites and dendritic protrusions were analyzed, and the density of Bassoon puncta is normalized to Fc-treated GFP lentivirus-infected neurons and presented as mean = SEM (n = >10
dendrites from 5 neurons). £, F, SAP102 KD impaired ephrinB-induced synaptic AMPAR trafficking. DIV 14 cortical culture neurons were treated with dimerized Fc (control) or ephrinB2-Fc for Th, and
PSD fractions were prepared to analyze the amount of AMPAR GluA2 subunit and of NMDAR GluN1subunit by Western blotting. In Fc-treated (control) conditions, the amounts of GluA2 subunit
in PSD fractions were significantly lower in both SAP102 KD and PSD-95 KD neurons compared with GFP lentivirus-infected neurons. EphrinB2-Fc treatment increased the amounts of GluA2 subunit
in PSD fractions of the GFP lentivirus as well as the PSD-95 KD neurons. However, in SAP102 KD neurons, this EphrinB2-Fc-induced increase in synaptic AMPARs was abolished. The levels of GluA2 in
the PSD fraction is normalized to Fc-treated GFP lentivirus infected neurons and presented as mean == SEM (n = 3 independently prepared and analyzed sets of cultures).

PAK1 and PAK3, both of which are the abundant group I PAKs in
neurons (Kreis and Barnier, 2009). These results revealed func-
tional association between two mental retardation genes, SAP102
and PAK3, and suggest that the downregulation of PAK kinase
activity underlies the impaired synapse development phenotype
observed in SAP102 KD neurons.

Discussion

This work was motivated by previous intensive studies of the
rodent visual pathway before and after eye opening where we
have been able to follow rapid in vivo changes by manipulating
the onset of pattern vision (Yoshii et al., 2003, 2011; Lu and
Constantine-Paton, 2004; Phillips et al., 2011). The move to cul-

tured neurons for this study allowed us to examine specific prop-
erties of the SAP102 MAGUK under controlled conditions. The
few experiments presented here used brain tissue from the visual
cortex after eye opening because of our familiarity with the de-
velopmental state of the intact system at this time.

SAP102 and PSD-95 are the major MAGUKSs regulating
excitatory synaptogenesis and synaptic AMPAR levels in
developing cortical neurons

The current studies based on quantitative immunocytochemistry
and immunoblotting demonstrate that knockdowns of SAP102
and PSD-95, but not PSD-93, decrease excitatory synaptogen-
esis and both synaptic and surface levels of AMPARs. The results
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developing rat visual cortex. 4, Proteins immunoprecipitated with an anti-SAP102 or an anti-PSD-95 antibody from P14 visual
cortex were analyzed by Western blotting. Anti-pan Kalirin antibody detects several isoforms: Kalirin-7 around 190 kDa and
Kalirin-9 and Kalirin-12 in the higher molecular weight region. Among Kalirin isoforms, only Kalirin-7 was preferentially pulled
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subunit. However, SAP102 pulled down more GluN2B subunit than PSD-95, in contrast, PSD-95 pulled down higher levels of the
GluN2A subunit than SAP102, showing preferential interactions between SAP102 and GluN2B and between PSD-95 and GIuN2A in
intact developing visual cortex. Asterisks indicate Kalirin-7 at 190 kDa pulled down with SAP102, GluN2A pulled down PSD-95, and
GluN2B pulled down with SAP102. Synaptophysin, a presynaptic vesicle associated protein, was shown as a negative control.
Normal rabbit IgG and normal mouse IgG were used as negative controls of IP. B, Proteins immunoprecipitated from adult visual
cortex were analyzed by Western blotting. Kalirin-7 was pulled down by both anti-SAP102 and anti-PSD-95 antibodies showing a
difference in protein interaction between developing and mature visual cortex.
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for activation and maintenance of PAK activity. DIV 14 cultured cortical neurons were treated with dimerized control Fc or
ephrinB2-Fc for 1h, and whole lysates were prepared and analyzed by Western blotting. Under the control condition (Fc-treated),
SAP102 KD neurons showed a significantly reduced level of PAK phosphorylation compared with GFP lentivirus or PSD-95 KD
neurons. After a 1 h treatment with ephrinB2-Fc, the PAK phosphorylation level was increased by >50% in GFP lentivirus as well
as PSD-95 KD neurons. However, in SAP102 KD neurons, the PAK phosphorylation levels remained unchanged and were signifi-
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indicate that SAP102 and PSD-95 are critical MAGUKSs in young
cortical neurons: a difference from conclusions reached with older
hippocampal neurons where PSD-95 and PSD-93 control synaptic
plasticity (Elias et al., 2006, 2008). This difference could be due to the
relative abundance and/or developmental expression patterns of
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MAGUKSs. During cortical development,
PSD-93 expression increases later than
SAP102 and PSD-95 (Fig. 1A,B), and
knockdown of PSD-93 does not signifi-
cantly affect the total MAGUK level in
young cortical neurons (Fig. 1D,E). The
fourth synaptic MAGUK family member,
SAP97, is not prevalent in young cortical
neurons (Fig. 1 D, E). This is consistent with
a previous quantitative proteomic study
(Cheng et al., 2006).

Evidence for a SAP102, GluN2B-
NMDARs, Kalirin-7, and EphB2
complex in early cortex

The most notable knockdown phenotype
observed in the present study is the in-
creased length of dendritic protrusions
caused by SAP102 shRNAs, suggesting
that SAP102 is normally involved in regula-
tion of the actin cytoskeleton. The density of
dendritic protrusions was not significantly
altered by SAP102 shRNAs (Fig. 3B). This is
consistent with a previous study conducted
in hippocampal slices (Elias et al., 2008).
Another study showed that a particular
splice variant of SAP102 containing the L1
region plays a role in spine morphology.
Specific knockdown of the L1 region-
containing SAP102, which does not affect
other SAP102 splice variants, resulted in
shortening of dendritic protrusions (Chen
etal., 2011). However, mutations in human
mental retardation patients cause the loss of
total SAP102 expression; thus, we conse-
quently knocked down all SAP102 splice
variants and observed an increase in the
length of dendritic protrusions. It is there-
fore interesting to see a difference in the
effects on dendritic protrusion morphology
between knockdown of the L1 splice variant
alone (Chen etal., 2011) and knockdown
of all splice variants (Fig. 3). Knock-
down of all splice variants appears to
mask the effect of knockdown of the L1
splice variant alone, suggesting different,
potentially opposing, functions for the L1
and atleast one of the other splice variants of
SAP102.

We subsequently studied the relation-
ship between SAP102 and EphB/Kalirin-
7/PAK signaling. Kalirin-7 interacts with
MAGUKSs via their PDZ-binding motif
(Penzes et al., 2001), but its interaction
with SAP102 in early development had
not been addressed. Our study reveals that
Kalirin-7  selectively associates with
SAP102 in developing visual cortex and

that SAP102 binds relatively more of the GluN2B than the
GluN2A NMDAR subunit (Fig. 6A). In adult visual cortex,
Kalirin-7 associates with both SAP102 and PSD-95 as previously
shown in hippocampus (Penzes et al., 2001). One possible expla-
nation for this difference is that in the developing cortex SAP102
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is the predominant postsynaptic scaffold because PSD-95 is not
yet fully expressed. Another possible explanation is that SAP102
and Kalirin-7 are in a stable protein complex in the early brain
because of GluN2B. A recent study showed that the L1 SAP102
splice variant binds specifically to the cytoplasmic tail of GluN2B
(Chen et al., 2011). Another study showed direct binding of
Kalirin-7 to the juxtamembrane cytoplasmic region of GluN2B,
but not GIuN2A (Kiraly et al., 2011). Here we show that SAP102
and EphB2 reciprocally immunoprecipitate each other from
young visual cortex (Fig. 4A, B). SAP102 associated with GluN2B
is found on dendritic shafts in young neurons (Washbourne et
al., 2004), and EphB2 is also expressed along dendritic shafts as
well as at postsynaptic sites in cortical neurons (Bouvier et al.,
2008). Since EphB2 binds to NMDARs (Dalva et al., 2000), it is
likely that all four molecules in this pathway are present in the
same complex and organized at synapses by SAP102. Such a com-
plex may serve to control early NMDAR functions since EphB
activation regulates surface GluN2B expression (Noltetal.,2011)
and phosphorylates GluN2B, thereby increasing calcium influx
through NMDARs (Takasu et al., 2002). Thus these results sug-
gest that SAP102 mediates critical cross talk between NMDAR
function and EphB signaling to facilitate normal cortical synapse
formation and maturation.

Rac/Rho/cdc42 GEFs and GTPase activating proteins in

brain development

This study reveals that knockdown of SAP102 impairs down-
stream functions of ephrinB/EphB signaling including actin re-
organization, synaptogenesis, and AMPAR trafficking. Given the
diverse functions of Kalirin-7 including spine morphogenesis,
excitatory synaptogenesis and synaptic plasticity (Ma et al., 2003,
2008; Penzes et al., 2003; Xie et al., 2007), association between
Karilin-7 and the SAP102-NMDAR complex is likely to be critical
to developmental synaptic plasticity.

In addition to Kalirin-7, several other Rho/Rac/cdc42 GEFs,
including Tiaml, Intersectin, aPIX, and BPIX, are present in
dendrites or spines. Tiam1 and Intersectin have been shown to
interact with EphB2 and mediate spine and synapse formation
(Irie and Yamaguchi, 2002; Tolias et al., 2007). aPIX, another
causal gene for XLMR, and BPIX have been shown to interact
with Shank, GIT1, and PAK, and regulate spine morphology and
synapse formation (Zhang et al., 2005; Nodé-Langlois et al., 2006;
Saneyoshi et al., 2008). We also examined the interactions be-
tween MAGUKSs and oPIX or BPIX, but we could find no evi-
dence for a definitive interaction between these molecules in the
neonatal cortex. In this context, it is important to note that sev-
eral additional Rho/Rac/cdc42 GTPase activating proteins, such
as Oligopherenin (Nadif Kasri et al., 2009), BCR, and ABR (Oh et
al., 2010), are found in dendrites and spines so that there are
multiple mechanisms by which neurons control Rac activity and
modulate actin dynamics during dendritic spine growth and syn-
apse formation.

PAK is a downstream key player in SAP102 scaffolded
signaling and a cause of mental retardation

This study also demonstrates that knockdown of SAP102 sup-
presses the activity of group I PAKs that are downstream effectors
of EphB and Kalirin-7. It is therefore important to note that
elongated dendritic filopodia are increased after knockdown of
PAKS3 or overexpression of the mutated PAK3 found in human
mental retardation patients (Boda et al., 2004). Consequently,
perturbation of group I PAK functions is likely responsible for the
protrusion abnormalities observed in SAP102 KD neurons.
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Involvement of SAP102 and PAK3 in cognitive function was pre-
viously shown in SAP102 KO (Cuthbert et al., 2007) and PAK3
KO mice (Meng et al., 2005), both of which exhibit deficits in
learning and memory. Here we demonstrate the functional asso-
ciation between two mental retardation genes: SAP102 and
PAKS3, and the unique contribution of SAP102 to early cortical
development. It is likely that the disruption of the PAK signaling
cascade we demonstrate here is responsible for impaired synapse
formation and cognitive deficits in patients with XLMR caused by
SAP102 mutations.

Conclusion

NMDA and AMPA glutamate receptors and their associated PSD
proteins serve critical roles in the activity-dependent develop-
ment and plasticity of spines and synapses. However, the
MAGUK family scaffolds organize signaling complex of these
two major excitatory glutamate receptors, and SAP102 is the ear-
liest appearing postsynaptic scaffold. The importance of the PSD
molecules for the normal brain development has been demon-
strated by the facts that many PSD proteins, including Shank,
Neuroligin, and Neurexin, are associated with neurodevelop-
mental disorders such as autism and mental retardation (Ropers,
2010; Scherer and Dawson, 2011). However, little is known about
which PSD proteins are preferentially associated with SAP102,
when and where these protein complexes are formed, and how
these interactions modulate synapse maturation in the develop-
ing brain. Here we show that SAP102 is necessary for EphB/PAK
signaling and proper glutamate synapse development. Thus it
will be interesting to further study how neurons use the poten-
tially large number of other signaling molecules coordinated by
SAP102 to facilitate the development of normal brain circuitry.
Uncovering the developmental functions of dozens of these mol-
ecules is a formidable challenge, but it will be necessary to study
them to provide deeper understandings of early brain develop-
ment and disease etiology. There is broad agreement that identi-
fying single synaptic molecules found to be defective in human
patients is the first step in finding cures for devastating neurolog-
ical diseases. However, particularly for childhood onset disease,
identifying the complexes these molecules form and their devel-
opmental appearance is a critical next step in using this genetic
information to instruct early intervention and drug development
for the potential treatment of lifelong neurological dysfunction
that most neurodevelopmental disorders impose.
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