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Abstract
Synaptic transmission mediated by AMPA-type glutamate receptors (AMPARs) is regulated by
scaffold proteins in the postsynaptic density. SAP90/PSD-95-associated protein 3 (SAPAP3) is a
scaffold protein that is highly expressed in striatal excitatory synapses. While loss of SAPAP3 is
known to cause obsessive compulsive disorder-like behaviors in mice and reduce extracellular
field potentials in the striatum, the mechanism by which SAPAP3 regulates excitatory
neurotransmission is largely unknown. This study demonstrates that Sapap3 deletion reduces
AMPAR-mediated synaptic transmission in striatal medium spiny neurons (MSNs) through
postsynaptic endocytosis of AMPARs. Striatal MSNs in Sapap3 KO mice have fewer synapses
with AMPAR activity and a higher proportion of silent synapses. We further find that increased
metabotropic glutamate receptor 5 (mGluR5) activity in Sapap3 KO mice underlies the decrease in
AMPAR synaptic transmission and excessive synapse silencing. These findings suggest a model
whereby the normal role of SAPAP3 is to inhibit mGluR5-driven endocytosis of AMPARs. The
results of this study provide the first evidence for the mechanism by which the SAPAP family of
scaffold proteins regulates AMPAR synaptic activity.

Introduction
Excitatory synaptic transmission mediated by AMPA-type glutamate receptors (AMPARs)
is fundamental to information processing in the brain. Scaffold proteins in the postsynaptic
density (PSD) play a key organizational role in regulating the insertion and removal of
AMPARs, thereby affecting the efficacy of synaptic transmission (Kim and Sheng, 2004).
SAP90/PSD-95-associated proteins (SAPAPs, also referred to as guanylate kinase-
associated proteins or GKAPs) are a family of PSD proteins that are unique to excitatory
synapses (Kim et al., 1997; Takeuchi et al., 1997; Welch et al., 2004). SAPAPs can interact
with many postsynaptic molecules – including Shank and PSD-95 (Kim and Sheng, 2004).
The interaction of Shank and PSD-95 with SAPAPs suggests that SAPAPs may influence
the activity of ionotropic and/or metabotropic glutamate receptors. Of the four family
members, SAPAP3 is the only one that is highly expressed in the striatum (Welch et al.,
2007). In recent work, we found that genetic deletion of Sapap3 in mice reduced the field
population spike response in striatum and that this defect could be acutely reversed by viral-
mediated expression of SAPAP3 in striatum (Welch et al., 2007). However, the mechanism
by which SAPAP3 regulates striatal excitatory neurotransmission is not understood. In
addition, Sapap3 knock-out (KO) mice demonstrated pathological grooming and anxiety
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behaviors suggesting potential relevance to obsessive-compulsive disorder in humans
(Welch et al., 2007). Thus, a better understanding of how SAPAP3 regulates striatal
AMPAR-dependent neurotransmission may also help to elucidate potential mechanisms for
neuropsychiatric disorders.

In this study, we examine excitatory synaptic transmission in striatal medium spiny neurons
(MSNs) of Sapap3 KO mice. We demonstrate that loss of SAPAP3 reduces AMPAR-
mediated synaptic transmission, and does so through postsynaptic endocytosis of AMPARs.
Moreover, Sapap3 KO MSNs have fewer synapses with AMPAR activity and an increase in
the proportion of silent synapses (i.e. those containing only NMDA-type glutamate receptors
or NMDARs). Importantly, we find that these synaptic defects are not static, but can be
acutely reversed by antagonism of metabotropic glutamate receptor 5 (mGluR5) activity.
These findings define a role for SAPAP scaffold proteins in the dynamic regulation of
AMPARs at synapses.

Materials and Methods
Brain slice preparation

Animal procedures were done according to protocol approved by the Institutional Animal
Care and Use Committee of Duke University. Generation of Sapap3 KO, Drd1a-tdTomato
transgenic, and Drd2-EGFP transgenic mice has been previously described (Gong et al.,
2003; Welch et al., 2007; Shuen et al., 2008). Acute coronal brain slices (300 µm thickness)
were obtained from P21–25 Sapap3 wild-type (WT) and KO mice, both male and female,
expressing Drd1a-tdTomato and/or Drd2-EGFP transgenes. The mice were anesthetized,
transcardially perfused with ice-cold sucrose artificial cerebrospinal fluid (ACSF)
oxygenated with 95% O2 and 5% CO2, and then decapitated. Brains were removed and
sectioned in oxygenated, ice-cold sucrose ACSF with a Vibratome 1500 (Vibratome).
Sucrose ACSF contained (in mM) 194 sucrose, 30 NaCl, 4.5 KCl, 1.2 NaH2PO4, 0.2 CaCl2,
2 MgCl2, 26 NaHCO3, and 10 D-(+)-glucose. Slices were maintained in standard ACSF
saturated with 95% O2 and 5% CO2 at room temperature (24–25°C, RT) for at least 1 hour
before recording. Standard ACSF contained (in mM) 124 NaCl, 2.5 KCl, 1.2 NaH2PO4, 2
CaCl2, 1 MgCl2, 26 NaHCO3, and 10 D-(+)-glucose.

Electrophysiology
Recordings were obtained at RT. GABAA receptors were blocked by 50 µM picrotoxin
(Sigma-Aldrich). Glycine (1uM) was present in NMDAR EPSC experiments. Fluorescence
by transgene reporters was used to identify MSN types. Unless otherwise noted, all data are
reported from tdTomato-positive, striatonigral MSNs. Recording pipette resistances were 3–
4.5 MΩ with internal solution containing (in mM) 107 cesium methanesulfonate, 10 CsCl,
3.7 NaCl, 5 TEA-Cl, 20 HEPES, 10 BAPTA-K4, 0.2 EGTA, 5 lidocaine N-ethyl chloride, 4
ATP-Mg, 0.3 GTP-Na3 and pH 7.2–7.3. Experiments were discarded if series resistance
(typically 10–15 MΩ) changed by more than 20%. Cell membrane potential was held at −70
mV, unless specified otherwise, using an Axopatch 200B amplifier (Axon Instruments).
Signals were low-pass filtered at 2 kHz and sampled at 10–20 kHz with a Digidata 1440A
(Axon Instruments), and data were stored on a computer for subsequent off-line analysis.

To evoke excitatory postsynaptic currents (EPSCs), 150 µs duration stimuli were delivered
at 0.05 Hz through a bipolar electrode made of monopolar tungsten electrodes (FHC). The
stimulating electrode was placed in corpus callosum adjacent to dorsolateral striatum.
Paired-pulse ratio refers to the ratio of the peak of the second EPSC to the peak of the first
EPSC using a 50 ms inter-stimulus interval. AMPAR/NMDAR ratio is the ratio of the peak
of the EPSC at −70 mV to the magnitude of the EPSC at +40 mV at 60 ms following
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stimulation. In MK-801 experiments, evoked NMDAR EPSCs were recorded in 10 µM
NBQX (Tocris), 50 µM picrotoxin, 1 µM glycine at a holding potential of −40 mV. After
NMDAR responses stabilized under 0.1 Hz stimulation, 40 µM MK-801 (Tocris) was bath
applied and allowed to equilibrate without stimulation for 10 min. Thereafter, 0.1 Hz
stimulation resumed and the decay constant for blockade of NMDAR EPSCs (number of
trials to reach 36.8% of baseline response size) was estimated by a single exponential fit. In
experiments using D15 and S15 peptides, the peptides were dissolved (200 µM) in the
internal solution. D15 peptide (PPPQVPSRPNRAPPG) constitutes a segment of the PRD
domain of dynamin and inhibits clathrin-mediated endocytosis (Luscher et al., 1999). The
corresponding scrambled peptide (S15) sequence was ANVRRGPPPPPQPSP. Input-output
recordings were made 30 min after establishing whole-cell configuration. Time-course
recordings were performed as described byLuscher et al. (1999) with 60-sec stimulus
intervals. EPSC responses were normalized to the amplitude of first response recorded
approximately 5 min after whole-cell configuration.

Miniature EPSCs were recorded in 1 µM tetrodotoxin (TTX; Tocris) and analyzed using
Mini Analysis Program (Synaptosoft). In AM251 (N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide) experiments, 0.05% bovine
serum albumin (Sigma) was present in standard ACSF containing 3 µM AM251 (Tocris).
Slices were pre-incubated with AM251 for at least 1 hour prior to recording and
continuously perfused with AM251 during recording.

In minimal stimulation experiments, evoked EPSCs were first obtained at −60 mV and
stimulus intensity was reduced until response failures occurred approximately 50% of trials.
Sixty responses were evoked at frequency of 0.1 Hz at −60 mV. Holding potential was then
switched to +50 mV and sixty responses were obtained with identical stimulus intensity and
frequency. Failure rates (F) at −60 and +50 mV were measured. Percentage of silent
synapses was calculated as 1-ln(F−60 mV)/ln(F+50 mV) (Isaac et al., 1995; Liao et al., 1995).

In mGluR5 blockade experiments, brain slices were incubated in standard ACSF containing
40 µM MPEP (Tocris) or vehicle. Each coronal slice was hemi-sected and one half placed in
each of the two solutions. Slices were incubated with drug for at least 2 hours before
recording. Recordings from each solution were interleaved on the same experimental day.
CDPPB (10 µM, Tocris) experiments were done similarly except that 3 µM AM251 was
present in all conditions to prevent presynaptic effects from endocannabinoids.

Statistical analysis
Data are presented as mean ± standard error of the mean. All error bars indicate standard
error of the mean. Group results were compared by using t-test, ANOVA, or Mann-Whitney
test. An asterisk in figures indicates a p-value of < 0.05, the threshold used for statistical
significance.

Results
Striatal MSNs of Sapap3 KO mice have reduced AMPAR-mediated synaptic transmission

Previously, we found that field population spike responses were reduced in the striatum of
Sapap3 KO mice (Welch et al., 2007). To directly evaluate synaptic transmission, we
performed whole-cell recordings from dorsolateral striatal MSNs. According to their axonal
projection patterns, striatal MSNs are classified into two types, striatonigral (or “D1” for
expression of type 1 dopamine receptor) and striatopallidal (or “D2” for expression of type 2
dopamine receptor) MSNs (Gerfen, 1992). Since the two types of MSNs have different
synaptic properties (Kreitzer and Malenka, 2008), we used transgenic mice expressing
fluorescent marker proteins to distinguish striatopallidal and striatonigral MSNs (Shuen et
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al., 2008). In striatonigral MSNs identified by tdTomato fluorescence, we first measured the
AMPAR/NMDAR ratio of evoked EPSCs to determine whether synaptic glutamate receptor
activity was altered. We found that the AMPAR/NMDAR ratio was significantly reduced in
Sapap3 KO mice (WT, 1.53±0.07, 29 cells; KO, 1.20±0.05, 26 cells; p=0.001, Mann-
Whitney; Fig. 1A). To determine whether synaptic AMPAR activity was altered, we next
measured the input-output relationship between stimulation intensity and the amplitude of
evoked AMPAR EPSCs in striatonigral MSNs. The input-output curve of Sapap3 KO MSNs
was markedly reduced compared to WT littermate controls (WT, 13 cells; K O, 12 cells;
p<0.001, ANOVA; Fig. 1B), indicating that AMPAR-mediated synaptic transmission is
reduced in striatonigral MSNs of Sapap3 KO mice.

Using EGFP fluorescence to identify striatopallidal MSNs, we investigated whether
AMPAR synaptic transmission was similarly affected in this cell population. Like
striatonigral MSNs, striatopallidal MSNs in Sapap3 KO mice had a reduced AMPAR/
NMDAR ratio (WT, 1.26±0.07, 23 cells; KO, 1.03±0.07, 21 cells; p=0.013, Mann-Whitney;
Fig. 1C) and input-output curve of AMPAR EPSCs (WT, 11 cells; KO, 10 cells; p<0.001,
ANOVA; Fig. 1D). Therefore, loss of SAPAP3 alters AMPAR synaptic transmission in a
qualitatively similar manner in both striatonigral and striatopallidal MSNs. We further
investigated the mechanistic basis for the AMPAR transmission reduction in a single MSN
type – tdTomato-positive striatonigral MSNs.

To examine the activity of AMPARs at single synapses, miniature EPSCs (mEPSCs) were
monitored. In Sapap3 KO MSNs, the frequency of mEPSC events was significantly reduced
in comparison to WT controls (WT, 5.5±0.5 Hz, 8 cells; KO, 3.5±0.6 Hz, 8 cells; p=0.021, t-
test; Fig. 2A, B). However, no differences in the amplitude of mEPSC events were observed
(WT, −14.7±1.2 pA, 8 cells; KO, −14.2±0.8 pA, 8 cells; p=0.674, Mann-Whitney; Fig. 2A,
C). These results demonstrate that there are fewer active AMPAR synapses, but no change
in the size of the AMPAR response at synapses that are active. Such findings could be
explained by a decrease in presynaptic release probability, a structural loss of synapses, or a
loss of functional AMPARs from postsynaptic spines.

Presynaptic release probability is unchanged at striatal excitatory synapses in Sapap3 KO
MSNs

To examine whether presynaptic release probability is changed by Sapap3 deletion, we first
measured the paired-pulse ratio of evoked EPSCs. Paired-pulse ratios were similar between
WT and KO MSNs (WT, 0.98±0.03, 29 cells; KO, 1.03±0.03, 26 cells; p=0.183, Mann-
Whitney; Fig. 2D). We next used the irreversible open-channel NMDAR antagonist,
MK-801, to monitor presynaptic release probability (Hessler et al., 1993). Repeated
activation of synapses in the presence of MK-801 results in a progressive decline of the
evoked NMDAR EPSC. The rate of decline is directly proportional to the release
probability. In the presence of MK-801 (40 µM), NMDAR EPSCs declined similarly
between WT and KO mice (decay constant: WT, 4.4±0.2 trials, 10 cells; KO, 4.3±0.2 trials,
11 cells; p=0.833, Mann-Whitney; Fig. 2E). Thirdly, we tested whether the reduction in
mEPSC frequency in Sapap3 KO MSNs was sensitive to type 1 cannabinoid receptor
(CB1R) blockade because retrograde signaling by endocannabinoids in the striatum is a
well-described mechanism for inhibiting presynaptic release (Kano et al., 2009). In the
presence of AM251 (3 µM), mEPSC frequency was still reduced in KO MSNs in
comparison to WT controls (WT, 6.5±1.0 Hz, 8 cells; KO, 3.4±0.6 Hz, 8 cells; p=0.018, t-
test; Fig. 2F) and again, no differences in the amplitude of mEPSCs were observed between
genotypes (WT, −15.7±1.1 pA, 8 cells; KO, −15.0±0.8 pA, 8 cells; p=0.529, Mann-
Whitney; Fig. 2F). Together these experiments demonstrate that presynaptic release
probability is not altered in Sapap3 KO mice.
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Loss of SAPAP3 causes postsynaptic silencing of AMPAR synapses
Thus far, our findings of an altered AMPAR/NMDAR ratio, a reduction in mEPSC
frequency and normal presynaptic release probability indicate that a postsynaptic loss of
synapses with functional AMPARs may underlie the synaptic defects of Sapap3 KO mice.
In prior studies, we observed that MSNs of Sapap3 KO mice had the same numbers of
spines as MSNs of WT mice (Welch et al., 2007). These observations indicate that
functional AMPARs may be lost from postsynaptic spines without loss of the synapse itself.
In this case, Sapap3 KO mice would be predicted to have a higher proportion of silent
synapses (i.e. those having NMDAR activity, but not AMPAR activity) (Isaac et al., 1995;
Liao et al., 1995). To directly test this possibility, we used the minimal stimulation method
in which small numbers of silent and non-silent synapses are stimulated at −60 and +50 mV
holding potentials (Fig. 2G). Because silent synapses only contribute to EPSCs at
depolarized membrane potentials (conditions under which Mg2+ blockade of NMDARs is
relieved), an increase in the proportion of silent synapses would be demonstrated by a
greater increase in EPSC success rate from −60 to +50 mV. As predicted, evoked EPSCs in
Sapap3 KO MSNs had a greater increase in the success rate from −60 to +50 mV (WT: from
38.9±4.3 % at −60 mV to 50.6±6.8 % at +50 mV, 12 cells; KO: from 40.4±3.2 % at −60 mV
to 62.0±4.2 % at +50 mV, 14 cells; p=0.021, Mann-Whitney; Fig. 2H). Our results also
show that the percentage of silent synapses is higher in Sapap3 KO MSNs (WT, 27.3±6.3 %,
12 cells; KO, 45.6±4.2 %, 14 cells; p=0.027, Mann-Whitney; Fig. 2I). These findings
demonstrate that in Sapap3 KO mice, the proportion of synapse types among striatal
excitatory synapses is altered – with fewer AMPAR-containing synapses and relatively more
silent synapses.

AMPAR endocytosis underlies the reduced excitatory synaptic transmission in Sapap3 KO
MSNs

To test whether AMPAR endocytosis contributes to the reduced striatal synaptic
transmission in Sapap3 KO mice, we intracellularly loaded MSNs with D15 peptide. D15
peptide is a 15 amino acid segment of dynamin that inhibits AMPAR endocytosis by
blocking the recruitment of dynamin to clathrin-coated pits (Luscher et al., 1999). In Sapap3
KO MSNs, the D15 peptide significantly increased AMPAR EPSC amplitude in comparison
to control peptide (S15) (input-output curves: S15, 6 cells; D15, 6 cells; p<0.001, ANOVA;
Fig. 3A; time-course recordings: S15, 95.1±4.0%, 5 cells; D15, 164.7±18.5%, 5 cells;
p=0.006, t-test; Fig. 3B). Importantly, in Sapap3 WT MSNs, the D15 peptide had no effect
on EPSC amplitude (S15, 6 cells; D15, 6 cells; p=0.350, ANOVA; Fig. 3C). Moreover, in
the presence of D15 peptide, AMPAR transmission strength is no longer significantly
different between WT and KO MSNs (WT, 6 cells; KO, 6 cells; p=0.520, ANOVA). As
expected, paired-pulse ratios were not affected by these manipulations (KO: S15, 1.06±0.04,
6 cells; D15, 1.02±0.06, 6 cells; p=0.337, Mann-Whitney; WT: S15, 0.97±0.09, 6 cells;
D15, 1.05±0.02, 6 cells; p=0.522, Mann-Whitney; Fig. 3D). These results show that
endocytosis is uniquely activated in Sapap3 KO MSNs and drives the reduction in AMPAR
synaptic transmission that distinguishes KO from WT.

Group 1 mGluR signaling contributes to the synaptic defects of Sapap3 KO mice
Group 1 mGluR activation can cause AMPAR endocytosis and reduce excitatory synaptic
transmission (Luscher and Huber, 2010). We recently found that both the activity and
dendritic surface levels of group 1 mGluRs were increased in striatal MSNs of Sapap3 KO
mice (Chen et al., 2011). To test the involvement of increased group 1 mGluR signaling, we
asked whether blockade of mGluR5 (the predominant group 1 mGluR in MSNs [Testa et al.,
1994]) normalized synaptic defects in Sapap3 KO mice. We found that treatment with 40
µM MPEP increased the frequency of AMPAR mEPSCs in Sapap3 KO MSNs (frequency:
vehicle, 3.7±0.7 Hz, 10 cells; MPEP, 6.5±0.7 Hz, 10 cells; p=0.013, t-test; amplitude:
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vehicle, −17.2±0.8 pA, 10 cells; MPEP, −17.6±0.5 pA, 10 cells; p=0.711, Mann-Whitney;
Fig. 4A, B). The increase in mEPSC frequency is unlikely to be explained by an increase in
presynaptic release probability, because MPEP treatment did not significantly decrease
paired-pulse ratio in KO MSNs (vehicle, 0.95±0.04, 13 cells; MPEP, 1.08±0.04, 13 cells;
p=0.980, one-tailed Mann-Whitney; Fig. 4C). Instead, consistent with a postsynaptic
mechanism, we found that MPEP treatment corrected the excessive postsynaptic silencing of
AMPAR synapses found in Sapap3 KO MSNs. Compared to vehicle control, MPEP
significantly decreased the percentage of silent synapses in Sapap3 KO MSNs (vehicle,
47.4±7.4 %, 8 cells; MPEP, 17.1±5.5 %, 8 cells; p=0.006, Mann-Whitney; Fig. 4D). As
previously observed with D15 peptide treatment, the effects of MPEP on synaptic
transmission were specific to Sapap3 KO mice. In WT MSNs, MPEP treatment had no
discernable effects on mEPSC events (frequency: vehicle, 5.6±0.5 Hz, 10 cells; MPEP,
5.8±0.5 Hz, 10 cells; p=0.796, t-test; amplitude: vehicle, −15.8±0.6 pA, 10 cells; MPEP,
−14.9±0.5 pA, 10 cells; p=0.326, Mann-Whitney; Fig. 4E, F). In addition, genotype
differences in mEPSC frequency were eliminated by MPEP treatment (WT, 5.8±0.5 Hz, 10
cells; KO, 6.5±0.7 Hz, 10 cells; p=0.412, t-test). Together this set of experiments provides
strong evidence that, in Sapap3 KO mice, mGluR5 activity drives postsynaptic silencing of
AMPAR synapses.

To determine whether the mGluR5-dependent AMPAR endocytic pathway could also be
activated in WT MSNs, we next augmented activity of mGluR5 receptors by incubation
with an mGluR5-selective positive allosteric modulator, CDPPB. In striatal MSNs, group 1
mGluR activation is well known to stimulate endocannabinoid signaling and presynaptic
depression (Kano et al., 2009). To prevent presynaptic effects, brain slices were co-
incubated with a CB1R antagonist (AM251). In the presence of CDPPB, we found that
synaptic stimulation of Sapap3 WT MSNs resulted in significant depression of AMPAR
EPSC amplitude (vehicle, 9 cells; CDPPB, 10 cells; p<0.001, ANOVA; Fig. 4G). In KO
MSNs, however, CDPPB incubation had no significant effect on AMPAR EPSCs (vehicle,
11 cells; CDPPB, 10 cells; p=0.582, ANOVA; Fig. 4G). Furthermore, as indicated by the
paired-pulse ratio, no evidence for presynaptic effects was found between vehicle and
CDPPB groups (WT: vehicle, 0.95±0.03, 9 cells; CDPPB, 0.89±0.04, 10 cells; p=0.288,
Mann-Whitney; KO: vehicle, 1.00±0.04, 11 cells; CDPPB, 0.96±0.04, 10 cells; p=0.192,
Mann-Whitney; Fig. 4H). These results demonstrate that mGluR5 activation in WT MSNs
can postsynaptically decrease AMPAR responses and that this effect is occluded in Sapap3
KO MSNs.

Discussion
Regulation of AMPAR-mediated synaptic transmission is a central mechanism for
controlling neuronal activity in the brain, with AMPAR synaptic strength being modulated
both over developmental time and in response to activity-dependent experiences. The
molecular events that regulate synaptic AMPARs are an area of intense investigation. By
studying the effects of Sapap3 deletion on AMPAR synaptic transmission in MSNs, we
implicate a new player in this process, the SAPAP family of scaffold proteins. Our findings
support a role for SAPAP3 in inhibiting mGluR5 activity and the downstream triggering of
AMPAR endocytosis.

Group 1 mGluR activation is a well-known trigger for AMPAR endocytosis (Luscher and
Huber, 2010). However, group 1 mGluR-dependent AMPAR endocytosis has not been
described in MSNs, nor did we find evidence in this study that this pathway was active
under the basal conditions tested in WT MSNs. In WT MSNs, neither the blockade of
clathrin-dependent endocytosis nor mGluR5 activity affected synaptic strength. These
findings are consistent with prior observations, in which basal synaptic strength was
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unaffected by either the D15 peptide (Wang and Linden, 2000; Brebner et al., 2005; but see
also Luscher et al., 1999) or MPEP (Meredith et al., 2011). In marked contrast, in this study
we found that when MSNs lack SAPAP3, blockade of either endocytosis or mGluR5 greatly
increases AMPAR synaptic strength, returning it to WT levels. From these data, we
conclude that SAPAP3 normally inhibits the activation of mGluR5-dependent AMPAR
endocytosis.

While we did not find evidence that mGluR5 activity normally contributes to AMPAR
endocytosis in MSNs under our basal conditions of synaptic stimulation, we found that
when mGluR5 activity was augmented by a positive allosteric modulator, AMPAR synaptic
responses of WT MSNs were reduced to KO levels. This observation demonstrates that loss
of SAPAP3 does not aberrantly create a unique signaling pathway in striatal MSNs, but
rather augments activation of an existing pathway. In further support of the idea that
mGluR5-dependent AMPAR endocytosis is increased in KO MSNs, we found that the
CDPPB effect was occluded by the KO genotype. Moreover, we recently reported evidence
that group 1 mGluR surface levels and activity were increased in Sapap3 KO MSNs (Chen
et al., 2011). Taken together, these observations suggest that increased mGluR5 signaling is
the primary insult in Sapap3 KO MSNs and that AMPAR endocytosis is activated as a
downstream consequence. Given the behavioral phenotype of Sapap3 KO mice, it is
noteworthy that in Fmr1 KO mice, a model for Fragile X syndrome which includes
compulsive repetitive behaviors among other symptoms, increased mGluR5-dependent
AMPAR endocytosis is also observed, suggesting a potential shared mechanism (Nakamoto
et al., 2007).

Without SAPAP3, striatal MSNs have fewer synapses with AMPAR activity and a
consequent increase in the proportion of silent synapses. While much attention has been paid
to silent synapses because of their developmental regulation and their role in synaptic
plasticity, the ontogeny of silent synapses is not well understood at a molecular level (Hall
and Ghosh, 2008). Current theories focus on a role for NMDARs in inhibiting synapse
unsilencing (Kerchner and Nicoll, 2008). Our findings in Sapap3 KO mice bring forth a
novel potential mechanism for generating silent synapses that involves active synapse
silencing mediated by mGluR5-dependent AMPAR removal and regulated by SAPAP3. In
future studies, it will be of interest to define whether and how SAPAP activity is
dynamically regulated to alter synapse silencing. However, it is noteworthy that during
development there is an inverse relationship between levels of mGluR5 and SAPAP. With
age, levels of mGluR5 and silent synapses decline, while SAPAP levels increases (Petralia
et al., 2005; Kerchner and Nicoll, 2008). These observations are at least consistent with the
possibility that with developmental time, the presence of SAPAP down-regulates mGluR5
and consequently decreases the abundance of silent synapses. Lastly, while an abundance of
silent synapses might suggest a neurodevelopmental disorder because of its resemblance to
an “immature” state, in this study, we find that this state is acutely reversible by mGluR5
antagonism. The acute reversibility of the synaptic phenotype of Sapap3 KO mice highlights
the importance of considering the contribution of an imbalance in biochemical signaling
pathways to synaptic alterations found in neuropsychiatric disorders.
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Figure 1.
Sapap3 deletion reduces AMPAR synaptic transmission in striatonigral and striatopallidal
MSNs. A and C, AMPAR/NMDAR ratio is decreased in MSNs of Sapap3 KO mice.
Representative traces are shown. Note: stimulus intensity was set to obtain an evoked EPSC
of about 400 pA at −70 mV for both Sapap3 WT and KO mice. Scale bars: 100 pA and 20
ms. B and D, Input-output curve of AMPAR EPSC amplitude is decreased in MSNs of
Sapap3 KO mice. Asterisk indicates p<0.05.
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Figure 2.
Striatonigral MSNs of Sapap3 KO mice have fewer miniature EPSCs, normal presynaptic
release probability and an increase in silent synapses. A, Representative traces of mEPSC
recordings. Scale bars: 20 pA and 100 ms. B and C, Frequency, but not amplitude, of
mEPSCs is decreased in Sapap3 KO MSNs. D, Paired-pulse ratios (PPR) are normal in
Sapap3 KO MSNs. Scale bars: 100 pA and 20 ms. E, Blockade rate of NMDAR EPSCs by
MK-801 is similar between Sapap3 WT and KO MSNs. F, Reduced mEPSC frequency
observed in Sapap3 KO MSNs is insensitive to AM251. G, Representative traces recorded
from an MSN under minimal stimulation conditions at −60 and +50 mV holding potentials.
Scale bars: 25 pA and 10 ms. H, Success rates obtained at −60 and +50 mV in Sapap3 WT
and KO MSNs. I, Percentage of silent synapses is increased in Sapap3 KO MSNs. Asterisk
indicates p<0.05.
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Figure 3.
AMPAR endocytosis underlies the reduced AMPAR synaptic responses in Sapap3 KO
striatonigral MSNs. A, In Sapap3 KO MSNs, D15 peptide increases evoked AMPAR EPSC
amplitude compared to control scrambled peptide (S15). Scale bars: 200 pA and 20 ms. B,
Time-course recordings of AMPAR EPSCs in KO MSNs. C, In Sapap3 WT MSNs, D15
peptide has no significant effect on AMPAR EPSC amplitude. Scale bars: 200 pA and 20
ms. D, D15 and S15 peptides have no effect on PPR.

Wan et al. Page 12

J Neurosci. Author manuscript; available in PMC 2012 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The mGluR5 antagonist, MPEP, reverses the altered AMPAR synaptic transmission in
Sapap3 KO striatonigral MSNs. A and B, In Sapap3 KO MSNs, MPEP treatment increases
mEPSC frequency, but not amplitude. C, MPEP treatment does not change PPR in Sapap3
KO MSNs. D, MPEP treatment decreases the percentage of silent synapses in Sapap3 KO
MSNs. E and F, In Sapap3 WT MSNs, MPEP treatment affects neither mEPSC frequency
nor amplitude. G, Activating mGluR5 with CDPPB decreases AMPAR EPSC amplitude in
WT MSNs to KO levels, but has no effect on KO MSNs. H, CDPPB treatment has no effect
on PPR. Asterisk indicates p<0.05.
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