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Mutations in several postsynaptic proteins have recently been implicated in the molecular pathogenesis of autism and autism spectrum
disorders (ASDs), including Neuroligins, Neurexins, and members of the ProSAP/Shank family, thereby suggesting that these genetic
forms of autism may share common synaptic mechanisms. Initial studies of ASD-associated mutations in ProSAP2/Shank3 support a role
for this protein in glutamate receptor function and spine morphology, but these synaptic phenotypes are not universally penetrant,
indicating that other core facets of ProSAP2/Shank3 function must underlie synaptic deficits in patients with ASDs. In the present study,
we have examined whether the ability of ProSAP2/Shank3 to interact with the cytoplasmic tail of Neuroligins functions to coordinate
pre/postsynaptic signaling through the Neurexin–Neuroligin signaling complex in hippocampal neurons of Rattus norvegicus. Indeed,
we find that synaptic levels of ProSAP2/Shank3 regulate AMPA and NMDA receptor-mediated synaptic transmission and induce widespread changes in the levels of presynaptic and postsynaptic proteins via Neurexin–Neuroligin transsynaptic signaling. ASD-associated
mutations in ProSAP2/Shank3 disrupt not only postsynaptic AMPA and NMDA receptor signaling but also interfere with the ability of
ProSAP2/Shank3 to signal across the synapse to alter presynaptic structure and function. These data indicate that ASD-associated
mutations in a subset of synaptic proteins may target core cellular pathways that coordinate the functional matching and maturation of
excitatory synapses in the CNS.

Introduction
Autism spectrum disorders (ASDs) are a set of neurodevelopmental disorders characterized by impairments in communication and social behavior and by repetitive or stereotyped
behaviors (Bailey et al., 1996; Miles, 2011). Although these characteristics are common across individuals with ASDs, a great deal
of heterogeneity exists, suggesting a complex etiology. Emerging
data point to a strong genetic component, with mutations in
multiple genes linked to ASDs (Polleux and Lauder, 2004; Kumar
and Christian, 2009). Many of these encode proteins found at
excitatory glutamatergic synapses, including ProSAP2/Shank3,
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ile X mental retardation protein 1 (FMRP1), and UBE3 among
others (Kumar and Christian, 2009), suggesting that phenotypic
expression of ASDs may, at least in part, be attributed to excitatory synapse dysfunction. A fundamental question raised by
these studies is how mutations in so many different genes can
elicit a shared set of behavioral phenotypes. One attractive but
untested mechanism is that they shift the functionality of neuronal circuits by subtly altering some common facet of synapse
formation, stability, maturation, or plasticity.
Recent studies offer insights into potential synaptic mechanisms underlying ASDs. For example, synaptic levels of glutamate receptors are regulated by FMRP1 and UBE3 (Dölen et
al., 2010). ASD-associated mutations in Cadherins (Cadh8 –
Cadh10), Neurexins (Nrx1–Nrx3), and Neuroligins (NL1, NL3,
NL4X, and NL4Y) imply that the strength of synaptic adhesion
may also be compromised (Kumar and Christian, 2009), a concept
supported by studies showing that Nrx/NL complexes signal bidirectionally to promote pre/postsynaptic differentiation (Scheiffele et al.,
2000; Graf et al., 2004). It remains unclear how Nrx/NL complexes
signal across the synapse, although a variety of binding partners have
been identified, including PSD-95 (Irie et al., 1997; Futai et al., 2007)
and the ProSAP/Shank protein family (Boeckers et al., 2002; Meyer
et al., 2004).
ASD-associated mutations have been found in ProSAP2/
Shank3 and ProSAP1/Shank2 (Durand et al., 2007; Moessner et
al., 2007; Gauthier et al., 2009; Berkel et al., 2010; Grabrucker et
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al., 2011b) and more recently in ProSAP3/Shank1 (Kumar and
Christian, 2009; Sato et al., 2012). Intriguingly, patients with
Phelan McDermid syndrome, a syndrome with autism-like features, is associated with the loss of one copy of ProSAP2/Shank3
(Wilson et al., 2003; Phelan, 2008), whereas three copies of ProSAP2/Shank3 has been linked to Asperger’s syndrome (Moessner
et al., 2007). Structure–function studies have shown that ProSAP/
Shank family members interact with numerous postsynaptic density
proteins, including Homer, ionotropic and metabotropic glutamate
receptors, and components of the actin cytoskeleton (Kreienkamp,
2008). Both ProSAP2/Shank3 and ProSAP3/Shank1 regulate spine
morphology and AMPA/NMDA receptor signaling. However,
isoform-specific functions that can account for the prominent role
of ProSAP2/Shank3 in ASD-related synaptic dysfunction have not
been identified.
In the present study, we have examined the effects of modulating ProSAP2/Shank3 levels on excitatory synapses. Our data
show that ProSAP2/Shank3 levels trigger changes in pre/postsynaptic function that requires transsynaptic signaling through
Nrx/NL complexes. Moreover, ProSAP2/Shank3 carrying ASDassociated mutations equally impair coordinated changes in pre/
postsynaptic function. These data indicate that the maintenance
of synaptic maturation mediated by Nrx/NL transsynaptic signaling may be a core cellular function targeted by ASD-associated
mutations in ProSAP2/Shank3.

Materials and Methods
Neuronal cultures. The preparation of hippocampal cultures from both
male and female Wistar rat embryos was performed essentially as described by Goslin et al. (1988). Cell culture experiments of hippocampal
primary neurons from rat embryos (embryonic day 18) were performed
as described previously (Leal-Ortiz et al., 2008). All animal experiments
were performed in compliance with the guidelines for the welfare of
experimental animals issued by the National Institutes of Health. All of
the experiments were conducted in strict compliance with Administrative Panel on Laboratory Animal Care-approved animal protocols from
Stanford University and the University of Auckland.
Expression constructs and transfection. The pEGFP (C1–3) vector system (Clontech) was used for the ProSAP2/Shank3 expression constructs.
Full-length ProSAP2/Shank3 rat cDNAs were cloned into these vectors.
ProSAP2/Shank3 target sequences were used as described previously
(Roussignol et al., 2005; Grabrucker et al., 2011a), and short-hairpin
RNA (shRNA) oligonucleotides were synthesized and cloned into a pSUPER and pFUGW H1 via a pZOff vector (Leal-Ortiz et al., 2008). The
four ProSAP2/Shank3 autism mutations (R87C, R375C, Q396R, and
InsG) were cloned into the full-length rat ProSAP2/Shank3 C1–3 pEGFP
Clontech vector using site-directed mutagenesis based on the human
mutations (R12C, R300C, Q321R, and InsG) and have been described
previously (Durand et al., 2012).
Hippocampal cells were transfected at 9 d in vitro (DIV9) using Lipofectamine 2000 Reagent (Invitrogen). For each coverslip in a six-well
plate, 2.5 l of Lipofectamine 2000 with 50 l of OptiMEM medium were
incubated for 5 min at room temperature before mixing with 50 l of
OptiMEM medium and 5 g of DNA per well and incubated for 30 min
before adding the mixture to the cells. After 1–2 h of transfection incubation in Neurobasal medium containing 10 M CNQX and 50 M APV,
cells were returned to their original plates with fresh Neurobasal medium
containing B27 and L-glutamine. For electrophysiological studies, neurons were transfected at DIV9 using calcium phosphate precipitation
(Waites et al., 2009). Briefly, for each 25 mm culture well, 4 g of DNA
and 7.5 l of 2 M CaCl2 in 60 l volume was added dropwise to 60 l of
2⫻ HBS (in mM: 274 NaCl, 10 KCl, 1.4 Na2HPO4, 15 glucose, and 42
HEPES, pH 7.1) and incubated for 20 min. The DNA mixture was then
added to cultured neurons in 1 ml of conditioned medium plus 10 M
CNQX and 50 M APV and incubated for 20 – 45 min at 37°C before
washing and transferring back into culture dishes.
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Antibodies, Western blots, and immunostaining. Primary antibodies
were purchased from Synaptic Systems (Homer1, Neuroligin1, Neuroligin3, Synapsin, Munc13, and VAMP2), Santa Cruz Biotechnology (Synaptophysin), Sigma (PSD-95), and NeuroMab (VGLUT1). Polyclonal
antibodies against Piccolo (Zhai et al., 2000) and ProSAP2/Shank3 (Zhai
et al., 2000; Grabrucker et al., 2011a) were used as described previously.
Immunoblots of cellular lysates were prepared from lentivirally infected
hippocampal neurons as described previously (Leal-Ortiz et al., 2008). In
brief, neurons were infected with a lentiviral vectors expressing an
shRNA against ProSAP2 (sh-ProSAP2) and/or EGFP at DIV0. Lysates
from these neurons or those left uninfected were collected at DIV14 and
used for Western blot analysis. Protein levels were standardized using
tubulin.
Dissociated hippocampal neurons were fixed at DIV16 in 4% paraformaldehyde with sucrose for 3– 4 min and then transferred to ice-cold
methanol for an additional 15 min of fixation. Cells were then washed,
permeabilized with 0.25% Triton X-100 in 1⫻ PBS for 5 min, washed in
PBS, incubated in blocking solution (2% bovine serum albumin, 2%
glycine, and 0.2% gelatin in 50 mM NH4Cl) for 30 min at room temperature, and incubated with primary antibodies in blocking solution for 1 h
at room temperature. Afterward, cells were rinsed three to four times in
PBS, incubated for 1 h at room temperature with secondary antibodies in
blocking solution, rinsed again three to four times in PBS, followed by a
final rinse in deionized water, dried, and mounted in Vectashield mounting solution (Vector Laboratories).
FM4-64 loading. FM loading was performed using FM4-64 from Invitrogen. Coverslips of neuron cultures were live mounted in a perfusion
system optimized for live imaging experiments. After baseline images
were acquired, the FM4-64 dye was loaded by perfusing 3 ml of highpotassium Tyrode’s solution with 1 l of FM4-64 to depolarize the cells,
followed by 3 ml of normal Tyrode’s solution also with 1 l of FM4-64
facilitating the complete cycle of vesicle recycling. Finally, 10 ml of Tyrode’s solution was used to wash away any residual FM4-64 dye that had
not been taken up into cells.
Transsynaptic blockers: N-cadherin antibody, integrin peptide, and soluble ␤-neurexin. Transsynaptic blocking experiments were preformed as
described previously (Regalado et al., 2006) with only slight modifications. N-cadherin antibodies (clone GC-4) and the GRGDSP (Gly-ArgGly-Asp-Ser-Pro) integrin blocking peptide were purchased from
Sigma-Aldrich. The N-cadherin antibody was used at 1:100, and 1 mM
GRGDSP peptide was used to treat cells after ProSAP2/Shank3 transfection on DIV12 and replenished on DIV13 and DIV14; cells were fixed at
the end of the day on DIV14.
Purified protein and DNA for soluble neurexin-1␤(⫹S4)–Fc and
neurexin-1␤–⌬LNS–Fc were generously provided by Ann Marie Craig
(University of British Columbia, Vancouver, Canada) with permission
from Peter Scheiffele (Biocentrum, Basel, Switzerland). Cell treatment
protocol was followed, as recommended and described previously (Siddiqui et al., 2010), applying 50 g/ml each day for 2 d. EGFP–ProSAP2
transfection was performed on DIV12, cells were treated with soluble
protein on DIV12–DIV14, and then cells were fixed at DIV14.
Additional protein was produced as described previously (Siddiqui et
al., 2010). In brief, HEK293T cells were grown in T300 flasks containing
DMEM–Ham’s F-12 with 10% FBS and then transferred to 5% FBS
DMEM and transfected using 96 l of Calfectin and 32 g of DNA. The
following day, cells were transferred to serum-free medium, and protein
production continued for 40 h. At this time, cells were collected, treated
with PMSF, and concentrated using a Centricon-70 unit (Millipore). The
sample was treated with COMPLETE mini-protease inhibitor tablet
(Roche) and stored until purification. The Immunopure Protein-A IgG
kit (Pierce Thermo Fisher Scientific) was used for protein purification.
Synaptic measurements, analysis, and statistics. Fluorescent images
were taken on a Carl Zeiss Axiovert 200M microscope equipped with a
PerkinElmer Life and Analytical Sciences spinning disc confocal head, a
Hamamatsu 512B camera, and MetaMorph image acquisition software.
Puncta-by-puncta analysis was performed using Openview software
(Noam Ziv, Haifa, Israel) as described previously (Friedman et al., 2000;
Leal-Ortiz et al., 2008). In brief, Homer1 or PSD-95 immunopositive
fluorescent puncta were individually boxed and selected based on the
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following criteria: selected puncta must be above background intensity
values in both the immunostained channels, the puncta must be discrete
and non-overlapping, and there must be good spatial separation of
EGFP-positive versus EGFP-negative puncta. The software measures
puncta intensity values in each of the channels, and subsequent data
analysis reveals trends in the data. Statistical analysis was performed
using Prism software (GraphPad Software), data were tested for significance using two-tailed, Student’s t test and ANOVA, and p values ⬍0.05
were stated as significant (*p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001, ****p ⬍
0.0001).
Paired whole-cell recordings. Paired whole-cell patch-clamp recordings
to measure synaptic transmission between pyramidal neurons in vitro
were performed as described previously (Waites et al., 2009; Li et al.,
2011). Briefly, hippocampal neurons from male and female P0 Wistar rat
pups were plated on 12 mm round glass coverslips, transferred to a
recording chamber mounted on an Olympus BX-51 microscope, and
perfused at room temperature with artificial CSF (ACSF) (in mM): 119
NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1 Na2HPO4, 26.2 NaHCO3, and 11
glucose). When recording miniature EPSCs (mEPSCs), the ACSF also
contained 1 M tetrodotoxin and 100 M picrotoxin (Waites et al., 2009).
Neurons were visualized by infrared differential interference contrast
microscopy, and postsynaptic neurons transfected with EGFP-tagged
ProSAP2/Shank3 were identified by fluorescence imaging. Presynaptic
neurons were held in current clamp and induced to fire action potentials
by brief injection of depolarizing current (typically 300 – 450 pA for 20
ms). To measure AMPA receptor (AMPAR)-mediated synaptic currents,
postsynaptic neurons were held in voltage-clamp mode at ⫺65 mV
(Multiclamp; Molecular Devices). NMDAR-mediated currents were
measured by bath application of the AMPAR antagonist CNQX (10 M)
while holding the postsynaptic neuron at ⫹40 mV. Series resistance (Rs)
was monitored throughout the duration of the recording, and data were
excluded if Rs increased ⬎20%. Internal solution consisted of the following (in mM): 120 potassium (presynaptic) or cesium (postsynaptic) gluconate, 40 HEPES, 5 MgCl2, 0.3 NaGTP, 2 NaATP, and 5 QX314
(postsynaptic cell only), pH 7.2 with KOH. Monosynaptic excitatory
connections were evident as an inward current into the postsynaptic
neuron occurring within 5 ms of the peak of the presynaptic action
potential. Failures of synaptic transmission were defined as trials indistinguishable from baseline and were evident by a lack of postsynaptic
current immediately after the presynaptic action potential. Baseline
EPSCs in response to presynaptic action potential firing were collected at
0.1 Hz. Paired-pulse stimulation was performed in paired whole-cell
recordings between two pyramidal neurons. Two presynaptic action potentials, 50 ms apart, were delivered by current injection to the presynaptic cell, and the amplitudes of the two postsynaptic AMPAR-mediated
EPSCs were recorded. A minimum of 25 independent stimulations were
conducted for each paired whole-cell recording, and the average pairedpulse ratio was calculated. All drugs were bath applied without altering
the perfusion rate of ACSF. To measure potential changes in release
probability, MK-801 (40 M) was bath applied in the presence of 10 M
glycine to augment NMDA currents, and the amplitude of subsequent
NMDAR-mediated currents were normalized to the average NMDARmediated currents measured before application of MK-801. Online data
acquisition and offline analysis of AMPAR and NMDAR-mediated
EPSCs were performed with pClamp (Clampex version 9.2). Statistical
significance of changes in AMPAR and NMDAR EPSC amplitudes were
tested using two-tailed Student’s t test, ANOVA, or the Mann–Whitney
U test, with the level of significance set at *p ⬍ 0.05. mEPSCs were
detected and analyzed with MiniAnalysis (version 6.0.3; Synaptosoft) as
described previously (Waites et al., 2009).

Results
Postsynaptic ProSAP2/Shank3 elicits transsynaptic changes
in presynaptic protein levels and function
In addition to interacting with structural elements of the PSD
involved in F-actin assembly, ProSAP2/Shank3 also interacts
with ionotropic and metabotropic glutamate receptors, as well as
IP3Rs (Kreienkamp, 2008). ProSAP2/Shank3 has also been found
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to directly interact with the cytoplasmic tails of Neuroligins
(Meyer et al., 2004) (M.S. and T.M.B., unpublished observations), suggesting that, in addition to changing the dendritic
spine morphology and glutamate receptor function, ProSAP2/
Shank3 levels may influence facets of presynaptic function, perhaps
through the activation of transsynaptic Neurexin/Neuroligin complexes. To test this hypothesis, we initially examined whether the
overexpression of ProSAP2/Shank3, as occurs in Asperger’s syndrome, affected levels of several presynaptic proteins, including
the synaptic vesicle (SV) proteins VGLUT1, Synaptophysin, Synapsin, and VAMP2, as well as the active zone proteins Piccolo and
Munc13 (Garner and Shen, 2007; Jin and Garner, 2008). Overexpression was achieved by transfecting hippocampal neurons
with an EGFP-tagged ␣-isoform of ProSAP2/Shank3 (EGFP–
␣ProSAP2), which includes the N-terminal Ankyrin repeats
(Wang et al., 2011). As controls, we also assessed changes in the
postsynaptic proteins PSD-95 (Cho et al., 1992; Kistner et al.,
1993), Homer1 (Brakeman et al., 1997), and NL1 and NL3 (Fig.
1). A systematic puncta-by-puncta analysis revealed coordinated
increases in a variety of presynaptic proteins at synapses overexpressing postsynaptic EGFP–␣ProSAP2 compared with synapses
from untransfected neurons in the same field of view. Specifically, the SV markers VGLUT1 and Synaptophysin were increased by 55 and 50%, respectively, Munc13, which regulates SV
priming and exocytosis, was increased by 38%, and Synapsin,
which is involved with regulation of SV pool size, was increased
by 50%. Moreover, the SNARE protein VAMP2 had a 38% increase, and the presynaptic scaffolding protein Piccolo had a 50%
increase. There was also a concomitant 43% increase in the
puncta intensity of the ProSAP2/Shank3 binding protein
Homer1, consistent with previous findings (Xiao et al., 2000; Sala
et al., 2001), as well as a 41, 31, and 32% increase in PSD-95, NL1,
and NL3, respectively (Fig. 1 B). Importantly, a more detailed
analysis of cumulative histograms for VGLUT1 and Homer1 revealed a coordinated increase in their levels that scaled with postsynaptic levels of EGFP–␣ProSAP2 (Fig. 1C,D).
As an additional measure of presynaptic changes occurring as a
result of postsynaptic EGFP–␣ProSAP2 overexpression, we examined whether the size of the total recycling pool (TRP) of SVs, as
measured by the uptake of the styryl dye FM4-64 after a 60-s 90 mM
KCl stimulation (Fig. 2), was altered. Compared with boutons situated on nontransfected cells, the TRP was increased by 40% at boutons juxtaposed with postsynaptic EGFP–␣ProSAP2 puncta (Fig.
2A,D). Moreover, the expression of EGFP–␣ProSAP2 led to a small
but not significant increase in the number of synapses per unit length
of dendrite compared with control EGFP-alone transfected cells (10
synapses/10 m vs 8 synapses/10 m) (Fig. 1E). Together, these data
imply that ProSAP2/Shank3 uses its multidomain structure to coordinately regulate facets of presynaptic and postsynaptic function that
promote increases in the size, function, and number of excitatory
synapses.
We next examined whether the downregulation of ProSAP2/
Shank3 using RNA interference affected the abundance of pre/
postsynaptic proteins, the TRP of SVs, and/or synapse number.
The knockdown efficacy using shRNAs against ProSAP2/Shank3
(Roussignol et al., 2005; Grabrucker et al., 2011a) was examined
by Western blot analysis of cellular lysates from hippocampal
neurons infected with lentiviruses (LVs) expressing LV/EGFP/
shProSAP2 or LV/EGFP (control). This revealed a dramatic reduction in ProSAP2/Shank3 levels compared with LV/EGFP or
uninfected controls (Fig. 1F). Intriguingly, ProSAP2/Shank3 downregulation had no effect on the abundance of presynaptic (VGLUT1,
Synaptophysin, Synapsin, VAMP2, Piccolo, or Munc13), postsyn-
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Figure 1. ProSAP2/Shank3 levels mediate transsynaptic changes in synaptic protein content. A, Representative images of hippocampal neurons transfected with pEGFP–␣ProSAP2 (top),
pEGFP/shProSAP2 (middle), or pEGFP (bottom) control on DIV9. Neurons were then fixed at DIV16 and immunostained with antibodies against VGLUT1 (Alexa Fluor 568, shown in red) and Homer1
(Alexa Fluor 647, shown in blue). Filled and open arrowheads mark synapses along dendrites positive or negative for EGFP, respectively. B, Quantification of Alexa Fluor 568 –VGLUT1, Alexa Fluor
647–Piccolo, Alexa Fluor 568 –Synaptophysin, Alexa Fluor 647–Synapsin, Alexa Fluor 568 –Munc13, Alexa Fluor 647–VAMP2, Alexa Fluor 647–Homer1, Alexa Fluor 568 –PSD-95, Alexa Fluor
568 –NL-1, and Alexa Fluor 568 –NL-3 signal intensity at EGFP-positive versus EGFP-negative points using a puncta-by-puncta analysis strategy. Approximately 150 – 400 puncta were selected and
analyzed per image. Ratios of synaptic protein marker values were calculated for EGFP-colocalizing versus non-colocalizing puncta from 7–15 images per condition: presynaptic VGLUT1 (1:55 ratio),
Piccolo (1:50 ratio), Synaptophysin (1:51 ratio), Synapsin (1:53 ratio), Munc13 (1:38 ratio), VAMP2 (1:38 ratio), postsynaptic Homer1 (1:43 ratio), PSD-95 (1:41 ratio), NL-1 (1:31 ratio), and NL-3
(1:32 ratio). C, D, Cumulative histograms for VGLUT1 and Homer1 illustrate that the puncta intensity values are shifted across the entire populations of EGFP–␣ProSAP2 colocalizing versus
non-colocalizing puncta. E, Number of synapses per unit length. The number of EGFP-containing synapses containing both presynaptic VGLUT1 and postsynaptic Homer1 along 10 m of dendrite.
F, Western blot showing ProSAP2/Shank3 expression compared with tubulin, VGLUT1, and Homer1 in neurons uninfected (control) or infected with LVs expressing EGFP or EGFP/shProSAP2. FUGW,
Flap-Ub promoter-GFP-WRE. *p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.001, ****p ⬍ 0.0001.

aptic (PSD-95, Homer1), or transsynaptic (NL1 and NL3) proteins
(Fig. 1B) or the size of the TRP of SVs (Fig. 2B,D), but synapse
number/length of dendrite was reduced (6 synapses/10 m vs 8
synapses/10 m) (Fig. 1E). These data reveal that ProSAP2/Shank3
is not essential for excitatory synapse formation, consistent with previous reports (Roussignol et al., 2005; Grabrucker et al., 2011a).
ProSAP2/Shank3-induced presynaptic changes are mediated
by transsynaptic Neurexin–Neuroligin complex formation
Synaptic complexes between Neurexins and Neuroligins are
known to promote synapse formation and maturation (Scheiffele
et al., 2000; Dean et al., 2003; Graf et al., 2004; Wittenmayer et al.,

2009), as well as enhance presynaptic function (Futai et al., 2007).
Because ProSAP2/Shank3 can directly interact with the
C-terminal tails of Neuroligins (Meyer et al., 2004) (M.S. and
T.M.B., unpublished observations), we investigated whether
Nrx/NL complexes mediated ProSAP2/Shank3-induced transsynaptic signaling (Fig. 3). This was accomplished by acutely adding affinity-purified Nrx1␤(⫹S4)–Fc to cultures of hippocampal
neurons transfected with EGFP–␣ProSAP2. This soluble region
of the extracellular domain of Nrx was shown previously to block
the formation of transsynaptic Nrx/NL complexes (Siddiqui et
al., 2010). As a negative control, a soluble neurexin1␤ lacking its
LNS (for Laminin-␣, Neurexin, and sex hormone-binding glob-
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of FM4-64 puncta intensity on neurons transfected with pEGFP–␣ProSAP2, pEGFP/shProSAP2, or EGFP control cells. Ratios of FM4-64 puncta intensity were calculated by comparing FM4-64 values
at EGFP-colocalizing versus non-colocalizing puncta. A significant increase in FM loading is seen in EGFP–␣ProSAP2-expressing cells (***p ⬍ 0.001).

ulin) domain (Nrx1␤–⌬LNS–Fc) (a domain essential for NL
binding) was used (Siddiqui et al., 2010). Experimentally, this
was accomplished by adding 50 g/ml Nrx1␤(⫹S4)–Fc or
Nrx1␤–⌬LNS–Fc (daily on DIV12–DIV14) to hippocampal neurons transfected with EGFP–␣ProSAP2 at DIV12, followed by
immunostaining against VGLUT1 and Homer1 on DIV14. The
addition of Nrx1␤(⫹S4)–Fc was found to disrupt the EGFP–
␣ProSAP2-induced increase in presynaptic VGLUT1 levels but
had no effect on the upregulation of postsynaptic Homer1 (Fig.
3 A, B). Addition of the control peptide, Nrx1␤–⌬LNS–Fc, had
no effect on the synaptic levels of either protein (Fig. 3B).
To explore the specificity of the Neurexin–Neuroligin transsynaptic signaling, we also examined whether blocking other
transsynaptic pathways, such as Cadherin signaling with an
N-cadherin antibody or Integrin signaling with a GRGDSP peptide (Regalado et al., 2006), impaired transsynaptic signaling induced by the overexpression of EGFP–␣ProSAP2. Although the
addition of Nrx1␤(⫹S4)–Fc completely abolished this transsynaptic signal, addition of the N-cadherin antibody or the GRGDSP
peptide only reduced ProSAP2/Shank3-induced presynaptic increases in VGLUT1 by 15 and 40%, respectively (Fig. 3B). Intriguingly, although the GRGDSP peptide had a general effect on
ProSAP2/Shank3-mediated signaling, i.e., reducing the synaptic
levels of both VGLUT1 and Homer1, disrupting Nrx/NL complex formation selectively reduced VGLUT1 levels without affecting the ProSAP2/Shank3-mediated recruitment of Homer1
into dendritic spines. To further investigate the consequences of

blocking Neurexin–Neuroligin binding, FM4-64 loading was
performed on EGFP–␣ProSAP2-expressing neurons that were
treated with either Nrx1␤(⫹S4)–Fc or Nrx1␤–⌬LNS–Fc control
peptide (Fig. 3C). Blocking Neurexin–Neuroligin binding with
the Nrx1␤(⫹S4)–Fc peptide interfered with the transsynaptic
increase in presynaptic vesicle recycling opposite EGFP–
␣ProSAP2-expressing synapses (Fig. 3D). These data indicate
that presynaptic/postsynaptic signaling by ProSAP2/Shank3 can
be uncoupled and, moreover, that the transsynaptic signal that
influences presynaptic size/function is mediated primarily
through a Neurexin–Neuroligin pathway.
Postsynaptic ProSAP2/Shank3 levels modulate synaptic
transmission at excitatory synapses
To investigate whether ProSAP2/Shank3 gain or loss of function
leads to specific changes in presynaptic and/or postsynaptic function, we recorded evoked EPSCs between pairs of cultured hippocampal pyramidal neurons in which the postsynaptic neuron
was transfected with a plasmid expressing EGFP–␣ProSAP2 or
EGFP/shProSAP2. In neurons expressing EGFP–␣ProSAP2, we
observed a dramatic increase in the amplitude of evoked
AMPAR-mediated EPSCs (Fig. 4) compared with control, untransfected neurons. When NMDAR-mediated currents were
isolated by bath application of CNQX, we observed a similar
increase in NMDAR-mediated EPSC amplitude in EGFP–
␣ProSAP2-expressing neurons (Fig. 4). Decreasing ProSAP2/
Shank3 expression levels via shRNA-mediated knockdown
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Figure 3. Transsynaptic signaling of ProSAP/Shank proteins depends on Neurexin–Neuroligin binding. Several inhibitors against transsynaptic cell-adhesion molecules (Nrx/Nlg, N-cadherin,
Integrin) were applied to cells expressing EGFP–␣ProSAP2 (green) and immunostained with antibodies against presynaptic VGLUT1 (red) and postsynaptic Homer1 (blue). A, Representative images
of EGFP–␣ProSAP2-expressing cells treated with soluble Neurexin-1␤(⫹S4)–Fc [Nrx1␤(⫹S4)-Fc], a ␤-Nrx control with a mutation in the LNS domain that prevents binding (Nrx1␤–⌬LNS–Fc
control), N-cadherin antibodies, or a GRGDSP peptide that blocks integrin function. B, Quantification of fluorescent intensities of VGLUT1 and Homer1 at EGFP-colocalizing versus non-colocalizing
puncta in cultures treated with GRGDSP, N-cadherin antibodies, or soluble Neurexin-1␤. Although the integrin blocking peptide had only a minor effect (**p ⬍ 0.01), Nrx1␤(⫹S4)–Fc caused a
dramatic reduction in the VGLUT1 (****p ⬍ 0.0001). No significant changes in VGLUT1 were seen in N-cadherin or ⌬LNS control treatment conditions. C, Changes in the TRP of SVs as measured by
FM4-64 loading on neurons transfected with pEGFP–␣ProSAP2 and treated with the Nrx1␤–⌬LNS-Fc control or Nrx1␤(⫹S4)–Fc. Representative images are shown. D, Quantification reveals a
dramatic block in the size of the TRP of SV in EGFP–␣ProSAP2-expressing neurons treated with Nrx1␤(⫹S4)–Fc.

(EGFP/shProSAP2), which had no effect on presynaptic protein
expression levels or total vesicle recycling pool size (Figs. 1, 2), did
induce a dramatic decrease in both AMPAR and NMDARmediated EPSC amplitudes to levels well below those of the control, untransfected neurons (Fig. 4). The decrease in synaptic
current amplitude likely reflects the observed decrease in synapse
number (Fig. 1) and decrease in surface glutamate receptors in
neurons lacking ProSAP2/Shank3 (data not shown).
To explore possible transsynaptic effects of ProSAP2/Shank3
on presynaptic function, we initially analyzed failure rates of synaptic transmission. EGFP/shProSAP2 expression significantly in-

creased the frequency of failures for AMPAR-mediated currents,
whereas EGFP–␣ProSAP2 expression decreased failures, although this did not reach significance (Fig. 5). Higher numbers
of failures in synaptic transmission can reflect decreased neurotransmitter release probability but can also reflect postsynaptic
changes, such as decreases in receptor number (e.g., by an increase in the number of silent synapses). To independently determine whether a change in release probability underlies the
observed change in failure rate, we used the NMDAR open channel
blocker MK-801. Application of MK-801 blocks NMDARmediated synaptic transmission in a stimulus-dependent man-
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Figure 4. ProSAP2/Shank3 levels alter AMPAR and NMDAR-mediated synaptic transmission. A, Example AMPAR-mediated EPSCs from paired recordings between pyramidal neurons in
dissociated hippocampal cultures in which the postsynaptic neurons was untransfected (control) or transfected with EGFP–␣ProSAP2 (middle) or EGFP/shProSAP2 (bottom). One example action
potential is shown (top). B, Bar graph of average AMPAR EPSC amplitude in control (n ⫽ 34), EGFP–␣ProSAP2 (n ⫽ 24), and EGFP/shProSAP2 (n ⫽ 14)-expressing neurons. A significant difference
between AMPAR EPSC average amplitude in EGFP–␣ProSAP2- and EGFP/shProSAP2-expressing neurons was detected by one-way ANOVA (*p ⬍ 0.05). C, Cumulative probability plot of the same
data in B. The Mann–Whitney U test determined a significant effect of both EGFP–␣ProSAP2 and EGFP/shProSAP2 on AMPAR EPSC amplitudes ( p ⬍ 0.001 in both cases). D, Example NMDARmediated EPSCs from paired recordings in which the postsynaptic neurons was untransfected (control) or transfected with EGFP–␣ProSAP2 (middle) or EGFP/shProSAP2 (bottom). One example
action potential is shown above. E, Bar graph of the average NMDAR EPSC amplitude in control (n ⫽ 18), EGFP–␣ProSAP2-expressing (n ⫽ 14), and EGFP/shProSAP2-expressing (n ⫽ 10) neurons.
One-way ANOVA determined a significant difference (*p ⬍ 0.05) between EGFP–␣ProSAP2- and EGFP/shProSAP2-expressing neurons. F, Cumulative probability plot of NMDAR EPSC amplitudes
from E. The Mann–Whitney U test determined a significant effect of both EGFP–␣ProSAP2 and EGFP/shProSAP2 on NMDAR EPSC amplitudes (***p ⬍ 0.001 in both cases). G, Example mEPSCs from
EGFP/shProSAP2-expressing (top) and EGFP–␣ProSAP2-expressing (bottom) neurons. Calibration: 30 pA, 75 ms. H, Average mEPSC amplitudes (left) and frequency (right) in EGFP–␣ProSAP2- and
EGFP/shProSAP2-expressing neurons, with a significant difference being detected in mEPSC frequency (**p ⬍ 0.01).

ner: that is, at synapses with a high release probability, MK-801
block of NMDARs occurs faster than at synapses with a low release probability (Rosenmund et al., 1993; Futai et al., 2007). We
observed that the rate of NMDAR EPSC block occurred significantly faster between pyramidal cell pairs in which the postsynaptic neuron expressed EGFP–␣ProSAP2 compared with
pyramidal cells pairs in which the postsynaptic neuron expressed
EGFP/shProSAP2 (Fig. 5). The average number of presynaptic
action potentials required to decrease the NMDAR EPSC amplitude to 50% of the original amplitude was 5.9 ⫾ 1.8 for EGFP–
␣ProSAP2-expressing neurons versus 26.3 ⫾ 10.1 in EGFP/

shProSAP2-expressing neurons (Fig. 5). These data are
consistent with an increase in NMDAR channel opening, and
consequently increased release probability, in EGFP–␣ProSAP2expressing neurons.
To further examine changes in presynaptic function, we recorded
the frequency and the amplitude of AMPAR-mediated mEPSCs and
the average AMPAR EPSC paired-pulse ratio in EGFP–␣ProSAP2and EGFP/shProSAP2-expressing neurons (Fig. 4). We observed
that the frequency of mEPSCs in EGFP–␣ProSAP2-expressing neurons was significantly higher compared with neurons in which ProSAP2/Shank3 expression was knocked down (average mEPSC
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Figure 5. Evidence of presynaptic changes in synapse function with changing postsynaptic ProSAP2/Shank3 levels. A, Average transsynaptic signaling, seen in hippocamfailure rates of AMPAR-mediated EPSCs in control (n ⫽ 34), EGFP–␣ProSAP2-expressing (n ⫽ 24), and EGFP/shProSAP2- pal neurons lacking ProSAP2/Shank3 (Figs.
expressing (n ⫽ 14) neurons. No failures were detected in pyramidal cell pairs in which the postsynaptic neuron was overexpress- 1, 2, 4), are shared by neurons expressing
ing EGFP–␣ProSAP2 (***p ⬍ 0.001). B, Bar graph of average stimulus number (i.e., presynaptic action potentials) required to these autism-associated mutations in Prodecrease the NMDAR amplitude to 50% of its original amplitude in the presence of MK-801 in EGFP–␣ProSAP2-expressing (n ⫽
SAP2/Shank3. This was accomplished by
6) and EGFP/shProSAP2-expressing (n ⫽ 5) neurons (*p ⬍ 0.05, determined by two-tailed t test). C, D, Example individual
expressing recombinant EGFP-tagged verexperiments for EGFP–␣ProSAP2-expressing (C) and EGFP/shProSAP2-expressing (D) neurons. An example action potential is
shown for each recording together with the first five postsynaptic NMDAR-mediated traces after the addition of MK-801. The inset sions of each mutation in cultured hipplots show the change in NMDAR EPSC amplitude for each example paired recording. Note the rapid decay of the current amplitude pocampal neurons. Five facets of ProSAP2/
Shank3 function were then examined,
in the EGFP–␣ProSAP-expressing neuron but the slow decay in the EGFP/shProSAP2-expressing neuron.
namely, whether the mutations affect (1)
synaptic localization of the mutated EGFP–
frequency was 1.34 ⫾ 0.27 and 7.1 ⫾ 1.45 Hz in EGFP/
␣ProSAP2 protein, (2) postsynaptic recruitment of Homer1, (3)
shProSAP2- and EGFP–␣ProSAP2-expressing neurons, respectranssynaptic increases in VGLUT1 and SV recycling, (4) synapse
density, and (5) synaptic transmission. Regarding spatial distributively; Fig. 4). No significant difference in mEPSC amplitude was
tion, we observed a robust postsynaptic localization of EGFP–
evident (16.28 ⫾ 1.97 and 16.54 ⫾ 0.67 pA, respectively; Fig. 4). We
␣ProSAP2 carrying each of the corresponding missense mutations
also examined the effects of EGFP–␣ProSAP2 and EGFP/shProSAP2 on paired-pulse facilitation, which has a presynaptic locus of
(R87C, R375C, and Q396R) in hippocampal neurons transfected at
expression. Synapses with a low probability of release are more prone
DIV9 and immunostained at DIV14 (Fig. 6). In contrast, EGFP–
␣ProSAP2 carrying the InsG frame-shift mutation exhibited a difto exhibiting paired-pulse facilitation, whereas those with a high
fuse somatodendritic pattern consistent with this molecule lacking
probability of release favor paired-pulse depression (Katz, 1968;
the synaptic targeting SAM domain (Grabrucker et al., 2011a). UsZucker, 1989; Manabe, 1993). Indeed, we observed that neurons
ing quantitative immunofluorescent microscopy, all four mutations
expressing EGFP/shProSAP2 exhibited more paired-pulse faciliwere found to impair the capacity of ProSAP2/Shank3 to increase
tation compared with those overexpressing EGFP–␣ProSAP2 (the
amplitude of the second AMPAR EPSC was on average 1.25 ⫾ 0.13postsynaptic levels of Homer1 or presynaptic VGLUT1 levels (Fig.
fold higher than the first AMPAR EPSC for EGFP/shProSAP2 com6A,B). Moreover, compared with wild-type EGFP–␣ProSAP2, the
size of the TRP of SVs, as measured by FM4-64 loading with 90 mM
pared with 0.96 ⫾ 0.12 for EGFP–␣ProSAP2; n ⫽ 10 and 9 paired
KCl, was greatly diminished at presynaptic boutons contacting denrecordings, respectively). Therefore, although ProSAP2/Shank3 is
dritic profiles of neurons expressing EGFP–␣ProSAP2 carrying each
not essential for synapse assembly (Roussignol et al., 2005;
of the autism-associated mutations (Fig. 6C). As in neurons expressGrabrucker et al., 2011a), our data indicate that ProSAP2/Shank3
ing EGFP/shProSAP2, those expressing EGFP–␣ProSAP2 InsG exmodulates the functionality and reliability of excitatory synapses,
hibited a similar reduction in synapse density (Fig. 6D). Intriguingly,
such as neurotransmitter release probability and postsynaptic
EGFP–␣ProSAP2 carrying the R87C, R375C, and Q396R mutations
AMPAR/NMDAR levels.

***
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Figure 6. Autism-associated mutations in ProSAP2/Shank3 interfere with transsynaptic signaling. A, Representative images of hippocampal neurons transfected with EGFP–␣ProSAP2 carrying
autism-associated mutations (R87C, R375C, Q396R, and InsG) at DIV9 and subsequently fixed and stained with antibodies against VGLUT1 and Homer1 at DIV16. Arrowheads label VGLUT1 (red) and
Homer1 (blue) colocalizing clusters along dendritic profiles of untransfected (open) or EGFP–␣ProSAP2-positive (green) synaptic puncta (filled). B, Quantification of puncta fluorescent intensity
using a puncta-by-puncta analysis that compares signal intensity values between Alexa Fluor 568 –VGLUT1 and Alexa Fluor 647–Homer1 puncta that colocalize with EGFP-positive sites and Alexa
Fluor 568 –VGLUT1 and Alexa Fluor 647–Homer1-only sites (****p ⬍ 0.0001). C, Quantification and comparison of the size of the TRP of SVs measured with FM4-64 in neurons expressing wild-type
or autism-associated mutations in EGFP–␣ProSAP2 (R87C, R375C, Q396R, and InsG). Ratios of FM4-64 puncta intensity were calculated by comparing FM4-64 values at EGFP-colocalizing versus
non-colocalizing puncta (****p ⬍ 0.0001). D, The number of EGFP-positive synapses expressing both presynaptic VGLUT1 and postsynaptic Homer1 per 10 m of dendrite from neurons transfected
with wild-type or autism-associated mutations in EGFP–␣ProSAP2 (**p ⬍ 0.01). E, Synaptic levels of ProSAP2/Shank3 levels in neurons expressing wild-type EGFP–␣ProSAP2 or autism
mutations. Synapses in transfected cells were identified by immunostaining neurons with antibodies against VGLUT1 and ProSAP2/Shank3.

had normal excitatory synapse density (Fig. 6). Importantly, the inability of these three missense mutations to enhance synapse density
or transsynaptic signaling was not attributable to differences in the
synaptic levels of ProSAP2/Shank3 immunoreactivity in transfected
neurons (Fig. 6E).
These data indicate that facets of ProSAP2/Shank3 function
associated with transsynaptic signaling are similarly impaired by
shRNA-mediated knockdown of ProSAP2/Shank3 and by over-

expression of autism-associated missense and frame-shift mutations in ProSAP2/Shank3. To explore this relationship further,
we performed a more detailed functional analysis of synaptic
transmission in neurons transfected with EGFP–␣ProSAP2 carrying the R87C, R375C, Q396R, and InsG mutations using paired
whole-cell recordings. As in neurons expressing EGFP/shProSAP2, we observed a dramatic decrease in the amplitude of both
AMPAR and NMDAR-mediated EPSCs (Fig. 7). This decrease
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Bar graph of average AMPAR EPSC amplitudes in untransfected controls (n ⫽ 39), R375C (n ⫽ 5), R87C (n ⫽ 5), Q396R (n ⫽ 6),
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Several lines of evidence support this
significantly different from controls (**p ⬍ 0.01, ***p ⬍ 0.001). B, Cumulative frequency plot of AMPAR EPSC amplitudes in A.
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fected cells, as well as a corresponding inInsG-expressing neurons.
crease in the levels of several postsynaptic
proteins, including PSD-95, Homer1,
NL1, NL3, and GluR1. This is consistent
was similar for all ASD-associated ProSAP2/Shank3 mutations.
with previous studies showing that the overexpression of
We also observed a dramatic increase in the failure rate of evoked
␣ProSAP2/Shank3 increases the number and size of excitatory
AMPAR-mediated EPSCs in all four mutations (Fig. 7). Comspiny synapses as well as a shift toward more mushroom-shaped
bined with the above data revealing that autism-associated muspines (Roussignol et al., 2005). Together with our observation
tations in ProSAP2/Shank3 decrease the size of the TRP, our data
that ␣ProSAP2/Shank3 overexpression leads to increased synapare consistent with each mutation similarly decreasing the fidelity
tic transmission and thus to stronger, more reliable synapses with
of synaptic transmission via a transsynaptic mechanism that dehigher SV release probability and enhanced AMPAR and
creases both presynaptic release probability and postsynaptic
NMDAR-mediated currents, these data support a role for
receptor expression.
␣ProSAP2/Shank3 in promoting the maturation of excitatory
Discussion
synapses (Sala et al., 2001; Boeckers et al., 2002; Kreienkamp,
Mutations in multiple neuronal genes have been linked to ASD2008).
associated phenotypes, in part by altering neuronal excitability
Surprisingly, an analysis of presynaptic protein levels within
and/or facets of synaptic transmission (Bourgeron, 2009; Kumar
boutons juxtaposed to dendritic spines expressing EGFP–
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␣ProSAP2 revealed that markers of SVs and active zones were
dramatically increased. Our data suggest that functional and
structural changes regulated by ␣ProSAP2/Shank3 within dendritic spines were being conveyed transsynaptically to enhance
presynaptic bouton size. Importantly, these presynaptic changes
were associated with a corresponding increase in the size of the
TRP of SVs, a reduction in the failure rate of evoked synaptic
transmission, and an enhancement of SV release probability, all
measures that postsynaptic ProSAP2/Shank3 levels can transsynaptically modulate presynaptic function.
Additional support for this integrative pre/post function of
ProSAP2/Shank3 was acquired by examining whether ProSAP2/
Shank3 loss of function elicited a corresponding reduction in
presynaptic function. Surprisingly, using a well-characterized
shRNA against ␣ProSAP2/Shank3 (Roussignol et al., 2005;
Haeckel et al., 2008; Grabrucker et al., 2011a), we failed to detect
robust changes in the accumulation of pre/post proteins in neurons lacking ProSAP2/Shank3. This result is supported by recent
work in which knockdown of Shank3 by RNA interference did
not alter total protein levels of the major synaptic proteins (Verpelli et al., 2011). We did observe a modest nonsignificant change
in the number of synapses/unit length of dendrites, indicating
that ProSAP2/Shank3 is not essential for synapse assembly, a
conclusion supported by previous studies (Roussignol et al.,
2005; Haeckel et al., 2008; Grabrucker et al., 2011a; Wang et al.,
2011). However, our paired whole-cell recordings revealed a profound reduction in synaptic transmission and reliability, evidenced
by decreases in the amplitude of AMPAR and NMDAR-mediated
synaptic transmission, as well as a dramatic increase in failure rate
and a reduction in SV release probability. These latter data indicate
that ProSAP2/Shank3 plays a yet more fundamental role in modulating synaptic transmission, e.g., by coupling presynaptic and postsynaptic function to regulate transmitter release and postsynaptic
receptor expression, as evidenced by the decreased surface levels of
GluR1 in neurons lacking ProSAP2/Shank3. Because presynaptic
proteins levels are not altered at synapses lacking postsynaptic
ProSAP2/Shank3, we are drawn to the conclusion that some
posttranslational event, perhaps acting on known regulators of
neurotransmitter release probability, such as Munc13 or RIM1␣
(Rosenmund et al., 2003; Schoch and Gundelfinger, 2006),
mechanistically underlie these changes.
An important question raised by these studies is how changes
in postsynaptic protein levels are communicated presynaptically
and are able to influence the activity of corresponding presynaptic boutons. Changes in presynaptic function triggered by the
overexpression of ␤SAP97 use a combination of transsynaptic
adhesion/signaling molecules, including Integrins, Cadherins,
and Ephrin/EphB but not Neurexin–Neuroligin (Regalado et al.,
2006; Gottmann, 2008). In contrast, transsynaptic signals triggered by the overexpression of PSD-95 appear to be mediated
primarily via NL1–Nrx signaling (Futai et al., 2007). Similar to
PSD-95, ProSAP2/Shank3 directly binds the C-terminal tails of
both NL1 and NL3 via its PDZ domain (Meyer et al., 2004) (M.S.
and T.M.B., unpublished observations), raising the possibility
that transsynaptic signals sent by ProSAP2/Shank3 to presynaptic
boutons are transduced via the regulated formation of Nrx/NL
complexes. Consistent with this concept, the addition of soluble
Nrx1␤(⫹S4)–Fc completely abolished EGFP–␣ProSAP2-induced
increases in VGLUT1 levels. Importantly, postsynaptic Homer1 levels remained elevated in EGFP–␣ProSAP2-expressing neurons
when neurons were treated with Nrx1␤(⫹S4)–Fc but not with
Nrx1␤–⌬LNS–Fc. The modest effects of disrupting transsynaptic
signaling via Integrin or N-cadherin further support the conclusion
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that ProSAP2/Shank3 signals transsynaptically primarily via
Nrx/NL complex formation.
An important but unresolved question is how modulating
Nrx/NL complex formation influences presynaptic function. A
decade of work supports such a role (Dean and Dresbach, 2006;
Jin and Garner, 2008; Soler-Llavina et al., 2011), yet whether
changes in release probability are regulated by changing the composition/activity of voltage-gated calcium channels or SV priming factors (e.g., RIM1␣, Munc13, Munc18, complexin, etc.) is
unclear. Nonetheless, our demonstration that ProSAP2/Shank3
is functionally coupled to Neurexin–Neuroligins signaling is intriguing on several levels. First, similar to ProSAP2/Shank3,
autism-associated mutations have been identified in both Neurexins and Neuroligins (Jamain et al., 2003; Chih et al., 2004;
Laumonnier et al., 2004; Chubykin et al., 2005; Etherton et al.,
2011), raising the possibility that these three molecules are part of
a common synaptic signaling complex. Second, Neurexin–Neuroligin complex formation was originally thought to be essential
for nascent synapse formation (Chih et al., 2005), but subsequent
data suggested that they are not required for synapse formation
but rather for the regulation of synapse maturation and the ratio
of excitatory to inhibitory synapses and, moreover, that this regulation is isoform specific (Varoqueaux et al., 2006; Chubykin et
al., 2007; Wittenmayer et al., 2009). Haploid insufficiency in NL3
and NL4 is thought to impair information flow between neuronal
circuits by disrupting the excitatory/inhibitory balance within
these networks (Tabuchi et al., 2007; Südhof, 2008; Gogolla et al.,
2009; Zhang et al., 2009; Ey et al., 2011). Similarly, mice lacking
ProSAP2/Shank3 elicit behavioral changes consistent with autism, such as reduced vocalization and impaired socialization
(Bozdagi et al., 2010; Bangash et al., 2011; Peça et al., 2011; Wang
et al., 2011). However, the severity of the deficits, the brain regions affected, and even changes in synaptic transmission are
highly variable between these mice, likely as a result of the complexity of the expression of multiple transcripts from the ProSAP2/Shank3 gene (Wang et al., 2011).
In addition to ProSAP2/Shank3 deletions and duplications,
single point mutations have been identified in patients with ASDs
(Durand et al., 2007, 2012; Bourgeron, 2009), including de novo
and inherited missense mutations or single nucleotide insertions
(Durand et al., 2007; Moessner et al., 2007). Similar to previous
reports, missense point mutations in ProSAP2/Shank3 did not
alter synaptic localization, although the frame-shift (InsG) did,
presumably because of the loss of the synaptic targeting SAM
domain (Durand et al., 2012). In transgenic knock-in mice,
Shank3 InsG was found to act as a dominant-negative molecule
that leads to an increase in polyubiquitination and the degradation of the endogenous ProSAP2/Shank3 and NR1 subunits of
the NMDAR (Bangash et al., 2011). Initial studies of R12C,
R300C, and Q321R revealed only modest affects on spine morphology and F-actin assembly, with unequal penetrance (Durand
et al., 2012).
Here we reveal that alterations in transsynaptic signaling
caused by ProSAP2/Shank3 gain or loss of function were also
exhibited by neurons expressing ProSAP2/Shank3 carrying the
autism-associated mutations R87C, R375C, Q396R, or InsG. Remarkably, similar to knocking down ProSAP2/Shank3, these mutations equally impaired the ability of excitatory synapses to
induce postsynaptic increases in Homer1 and transsynaptic increases in VGLUT1 levels and failed to increase the size of the
TRP of SVs. Moreover, we found that all mutations dramatically
decreased the amplitude of both AMPAR and NMDAR EPSCs
and significantly increased synaptic failure rate, similar to cells
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expressing an shRNA against ProSAP2/Shank3. Together, our
data suggest three major conclusions: (1) that ProSAP2/Shank3
uses its multidomain structure to not only regulate changes in
excitatory postsynaptic function but also to coordinate a retrograde response that modulates the reliability of neurotransmitter
release from juxtaposed presynaptic boutons; (2) that ProSAP2/
Shank3 mediates pre/post matching through the Neurexin–Neuroligin signaling complex; and (3) that ASD-associated mutations in
ProSAP2/Shank3 primarily interfere with the capacity of excitatory
synapses to coordinate pre/post function. It will be of considerable
interest to determine whether other ASD-associated mutations also
converge in this pathway.
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Südhof TC (2007) Activity-dependent validation of excitatory versus
inhibitory synapses by neuroligin-1 versus neuroligin-2. Neuron 54:919 –
931.
Dean C, Dresbach T (2006) Neuroligins and neurexins: linking cell adhesion, synapse formation and cognitive function. Trends Neurosci
29:21–29.
Dean C, Scholl FG, Choih J, DeMaria S, Berger J, Isacoff E, Scheiffele P
(2003) Neurexin mediates the assembly of presynaptic terminals. Nat
Neurosci 6:708 –716.
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