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Silent synapses, or excitatory synapses that lack functional a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs),
are thought to be critical for regulation of neuronal circuits and
synaptic plasticity. Here, we report that SynGAP, an excitatory
synapse-specific RasGAP, regulates AMPAR trafficking, silent syn-
apse number, and excitatory synaptic transmission in hippocampal
and cortical cultured neurons. Overexpression of SynGAP in neu-
rons results in a remarkable depression of AMPAR-mediated min-
iature excitatory postsynaptic currents, a significant reduction in
synaptic AMPAR surface expression, and a decrease in the insertion
of AMPARs into the plasma membrane. This change is specific for
AMPARs because no change is observed in synaptic NMDA receptor
expression or total synapse density. In contrast to these results,
synaptic transmission is increased in neurons from SynGAP knock-
out mice as well as in neuronal cultures treated with SynGAP small
interfering RNA. In addition, activation of the extracellular signal-
regulated kinase, ERK, is significantly decreased in SynGAP-over-
expressing neurons, whereas P38 mitogen-activated protein ki-
nase (MAPK) signaling is potentiated. Furthermore, ERK activation
is up-regulated in neurons from SynGAP knockout mice, whereas
P38 MAPK function is depressed. Taken together, these data
suggest that SynGAP plays a critical role in the regulation of
neuronal MAPK signaling, AMPAR membrane trafficking, and ex-
citatory synaptic transmission.
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E xcitatory synaptic transmission in the mammalian forebrain
is primarily mediated by activation of both «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and
NMDA receptors (1-3). AMPA receptors (AMPARSs) mediate
the bulk of ion flux during excitatory postsynaptic currents
(EPSCs). In contrast, the NMDA receptor is restricted in its
ability to pass current because of a voltage-dependent block of
its ion channel by magnesium ions, which precludes it from
participating in fast synaptic transmission at normal resting
membrane potentials. However, when NMDA receptors are
activated under depolarized conditions, its high calcium perme-
ability triggers a cascade of signaling events responsible for
inducing long-lasting changes in synaptic transmission.
Recently, studies have demonstrated that stimuli that elicit
long-term potentiation (LTP), a cellular correlate to learning and
memory, also result in AMPAR delivery to synapses (4, 5). These
studies have led to the idea that AMPARs are highly dynamic and
the number of AMPARS at synaptic sites is tightly controlled. With
this concept in mind, one can envision that AMPAR concentration
at synapses is a major determinant of synaptic “weight” or
“strength.” Thus, molecules and signaling pathways that regulate
AMPAR trafficking are likely to directly influence LTP and may
be key effectors in neuronal circuit plasticity and information storage.
SynGAP, a neuronal specific RasGAP that binds to the PDZ
domains of PSD-95 and SAP102 (6), is exclusively localized to
excitatory synapses and is a major constituent of the PSD (7).
Structurally, SynGAP consists of a PH and C2 domain, which are
common motifs present in proteins regulating membrane traffick-
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ing, a myosin VI-like coiled-coil domain, a type-I PDZ ligand, and
a highly conserved RasGAP domain. SynGAP mutant mice have
reduced LTP and perform poorly in spatial memory tasks (8, 9). In
addition, SynGAP is phosphorylated during periods of heightened
synaptic activity by kinases including calcium/calmodulin-
dependent protein kinase (CaMKII) (7, 10, 11). As a result,
SynGAP is ideally positioned to be a potential regulator of AM-
PAR function and thus synaptic strength.

Here, we report that SynGAP is a potent negative regulator of
excitatory synaptic transmission and surface AMPAR expression.
Overexpression of SynGAP results in a dramatic loss in synaptic
efficacy and surface AMPAR expression, resulting in a greater
number of silent synapses. Conversely, neurons from mice lacking
SynGAP have enhanced synaptic transmission, as do neurons in
which SynGAP protein is acutely disrupted by using RNA inter-
ference. We also report that the loss of synaptic AMPARSs in
SynGAP-overexpressing cells is a consequence of deficient AM-
PAR membrane insertion. Finally, we show that SynGAP is a
potent regulator of the mitogen-activated protein kinase (MAPK)
pathway, because extracellular signal-regulated kinase (ERK) ac-
tivation is suppressed in SynGAP-overexpressing neurons and
enhanced in neurons with little or no SynGAP protein. Conversely,
P38 MAPK is up-regulated by SynGAP overexpression and is
suppressed by SynGAP down-regulation. These results suggest that
the MAPK signaling is a likely mechanism through which SynGAP
affects synaptic AMPARSs, LTP expression, and behavior.

Results

SYnGAP Gain-of-Function Reduces Synaptic Strength. To investigate
the role of SynGAP in synaptic transmission, we examined the
effect of overexpressing GFP-SynGAP in neuronal cultures. Syn-
GAP contains a PH and a C2 domain, a highly conserved RasGAP
domain, and a type I PDZ ligand (Fig. 14). At the cellular level,
GFP-SynGAP exhibited an extremely punctuate distribution while
occasionally exhibiting a moderate level of perinuclear signal (Fig.
1BbI). When analyzed at higher resolution, GFP-SynGAP puncta
colocalized with NMDA receptors, suggesting that the protein is
targeted to excitatory synapses (Fig. 1Bb2). These data indicate that
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Fig.1. SynGAP overexpression results in decreased synaptic function. (A) Schematic of GFP-SynGAP fusion protein outlining various domains of interest. (B) Expression
of GFP-SynGAP in cultured neurons. (Bb7) Low magnification of a cultured neuron expressing GFP-SynGAP for 16 h. (Bb2) GFP-SynGAP-expressing neurons were
immunolabeled for GFP and NR1. (Bb3) Similar neurons were also labeled with antibodies detecting endogenous SynGAP (endo-SynGAP) and NR1. (Cc7) Whole-cell
patch-clamp recording from an untransfected (control) cultured neuron. Recording solution allowed isolation of mEPSCs only from AMPARs. (Cc2) Whole-cell
patch-clamp recording from a GFP-SynGAP-expressing neuron. This recording was obtained from a neuron adjacent to that in Cc7. (Calibration: 250 ms, 100 pA.) (D)
Normalized AMPAR-mEPSCs from GFP-SynGAP- or eGFP-expressing neurons. To arrive at the normalized values, averages of frequency and amplitudes of mini events
were taken from each recorded neuron. The average frequency (Hz) and amplitude (pA) from each neuron were then averaged to give a value for the entire population
(untransfected = 2.59 + 0.46 Hz, 18.8 = 0.91 pA, n = 11; GFP-SynGAP = 0.37 = 0.09 Hz, 9.77 = 0.91 pA, n = 11). The average of the transfected population was normalized
to the average of the untransfected (control) population to illustrate the overall effect of the expressed protein on each mEPSC parameter. Hence, values less than one
represent a decrease in overall synaptic function, whereas values greater than one represent an increase. Statistical significance was determined by a Student’s t test

(two-tailed). n corresponds to the number of neurons in each population. This methodology is applied to all subsequent mEPSC plots. *, P < 0.001.

targeting of GFP-SynGAP is similar to the endogenous protein and
that this construct can be used as a tool to probe SynGAP targeting
and function in neurons. We also found that both myc-SynGAP and
untagged SynGAP are also efficiently targeted to synapses when
overexpressed in neurons (data not shown).

To directly assess the effect of SynGAP on AMPAR-mediated
synaptic transmission, we expressed GFP-SynGAP in primary
neurons and isolated AMPAR-mediated miniature EPSCs (mEP-
SCs). When we compared neurons expressing GFP-SynGAP with
neighboring untransfected neurons, there was a striking depression
in both the amplitude and frequency of mEPSCs (Fig. 1 C and D).
We obtained identical results from neuronal cultures transfected
with either myc-SynGAP or untagged SynGAP (data not shown).
There were no significant changes in the kinetic properties of
AMPAR-mediated mEPSCs including both rise and decay times,
or in series resistance (Rs) or input resistance (R;) between popu-
lations (data not shown). Importantly, there was no effect on
AMPAR mEPSCs when eGFP was transfected into cultured
neurons (Fig. 1D).

Considering that Syn GAP overexpression results in a decrease in
synaptic transmission, we wanted to determine the critical motifs
within the protein that may be necessary for this effect. Syn GAP
specifically interacts with both PSD95 and SAP102 in neurons (6,
7). To investigate whether PDZ interactions are necessary for
SynGAP function, we mutated the last residue of the type I PDZ
ligand (GFP-SynGAP_QTRE). We confirmed that this mutation
decreases the affinity for PDZ domains by coimmunoprecipitation
in heterologous cells (Fig. 7, which is published as supporting
information on the PNAS web site). To test the necessity of this
interaction for SynGAP function, we expressed this mutation in
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cultured neurons and recorded AMPAR-mediated mEPSCs. In-
terestingly, mEPSCs were not statistically different between GFP-
SynGAP_QTRE and untransfected neighbors (Fig. 24, frequency)
indicating that SynGAP-PDZ interactions are necessary for its
effect on synaptic transmission in cultured neurons. The PDZ
mutation in SynGAP did not significantly alter subcellular targeting
of the expressed protein, suggesting that the interaction with
PSD-95 is not critical for the synaptic targeting of Syn GAP (Fig. 8,
which is published as supporting information on the PNAS web site).

SynGAP contains a highly conserved RasGAP domain (Fig.
1A4). We and others have previously shown that this portion of
SynGAP exhibits GAP activity toward the small GTPase Ras in
vitro (6, 7). To examine the role of this domain in neurons, we
mutated a conserved region of the domain that has been shown
previously to inhibit GAP function (12). This mutant (GFP-
SynGAP_AL) had no significant effect on mEPSC frequency or
amplitude (Fig. 2B). The lack of inhibition of AMPAR-mediated
mEPSCs by this mutant indicates that the GAP activity of SynGAP
is required for the regulation of synaptic transmission. Importantly,
this mutation did not significantly alter the subcellular targeting of
GFP-SynGAP (Fig. 8).

SynGAP Loss-of-Function Results in Increased Synaptic Strength. To
investigate the role of endogenous SynGAP in synaptic strength and
AMPAR-dependent transmission, we analyzed AMPAR mEPSCs
in neurons cultured from WT and SynGAP —/— (KO) mice. If
SynGAP were a negative regulator of AMPAR function, then loss
of protein function should lead to an enhancement of AMPAR
responses. Neurons derived from KO mice exhibited a significant
increase in AMPAR-mediated mEPSCs when compared with
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Fig. 2. PDZ binding and GAP activity are required for SynGAP function. (Aa7)
Representative recordings from either an untransfected (control) or GFP-
SynGAP_QTRE-expressing neuron. Five sequential traces from each neuron are
overlaid toillustrate relative mEPSC frequency and amplitudes between neurons.
(Aa2) Normalized mEPSC amplitude and frequency from both GFP-SynGAP_QTRE
and control populations (untransfected = 3.73 + 0.57 Hz, 15.6 = 1.1 pA, n = 10;
GFP-SynGAP_QTRE = 4.09 + 0.04 Hz, 15.3 = 1.7 pA, n = 11). (Calibration: 600 ms,
20 pA.) (B) Representative recordings from either an untransfected (control) or
GFP-SynGAP_AL-expressing neuron. Five sequential traces from each neuron are
overlaid to illustrate relative mEPSC frequency and amplitudes. (Bb2) Normalized
mEPSC amplitude and frequency from both GFP-SynGAP_AL and control popu-
lations (untransfected = 0.92 = 0.19 Hz, 11.9 + 1.3 pA, n = 8; GFP-SynGAP_AL =

1.05 = 0.38 Hz, 12.9 + 2.1 pA, n = 8). (Calibration: 600 ms, 20 pA.)

responses recorded from WT littermates (Fig. 34a1). This increase
was manifested by an increase in frequency of events, although
there was no difference in the amplitude of these responses (Fig.
34a2). A change in either frequency or amplitude is sufficient to
modify overall synaptic strength. Therefore, these data show that
loss of SynGAP function in neurons has the reverse effect of
SynGAP overexpression. Next, we transfected GFP-SynGAP into
neuronal cultures made from KO mice and analyzed miniature
events. In KO neurons expressing GFP-SynGAP, synaptic trans-
mission was significantly depressed relative to untransfected KO
neurons (Fig. 3B). Interestingly, the mEPSC frequency was reduced
to WT levels, whereas the amplitude was decreased to lower levels
than that seen in WT cultures.

The observed enhancement of AMPAR transmission in Syn-
GAP KO mice could be due to unknown indirect changes that
occur during synapse formation. Therefore, we used small inter-
fering RNA (siRNA) to disrupt SynGAP expression after comple-
tion of synaptogenesis. We generated siRNAs targeted toward a
sequence in SynGAP that is present in all known splice variants and
is conserved between rat and mouse (bases 3512-3531 from
AF_058790). siRNAs corresponding to this sequence (sLPAN)
potently inhibited expression of transfected and endogenous Syn-
GAP protein (Fig. 9, which is published as supporting information
on the PNAS web site). siRNAs and eGFP were cotransfected in
primary neurons to enable visualization of neurons with a high
probability of siRNA expression. When we compared neurons
expressing eGFP plus siRNAs with neurons expressing only eGFP,
we observed a significant increase in the frequency of AMPAR
mEPSCs while detecting no change in amplitude of events (Fig.
3C). We also obtained siRNAs that specifically knock down only
SynGAP-« [si ALPHA (13)], the isoform of SynGAP that binds to
synaptic PDZ proteins. These oligonucleotides were equally effec-
tive in knocking down SynGAP protein (data not shown). Trans-
fection of these siRNAs also significantly enhanced the frequency
of AMPAR-mediated mEPSCs in cultured neurons, indicating that
this isoform is dominant in regulating synaptic AMPAR function.
Although the effects of both siRNAs were strikingly similar to data

4346 | www.pnas.org/cgi/doi/10.1073/pnas.0600084103

A al e+ 3122 *
[
g,
o
- x
mww 0 3
8,
9"8 of”o's
B bl b2 |,
~ T
38 *
QO
2 205
| 2§ \
-I- (GFP-SynGAP) S5 §
xg 0 S Uy
9090://',%
) e

C

Cc1 GFPalone c2
o
[T
&
SiRNA + GFP s
x
7]
D d1 (.- GFP alone d2
o
[T
I &
<o.
(-/-) SiRNA + GFP =
.

Fig. 3. Decreased SynGAP expression results in enhancement of synaptic
transmission. (Aa7) Representative recordings from either WT (+/+) or Syn-
GAP-null (—/—) neurons. Five sequential traces from each neuron are overlaid
to illustrate relative mEPSC frequency and amplitude. (Aa2) Normalized
mEPSC amplitude and frequency from both populations (+/+ = 1.45 + 0.25
Hz, 18.5 + 1.0 pA, n = 17; —/— = 2.67 + 0.45 Hz, 16.9 = 0.79 pA, n = 17).
(Calibration: 1's, 20 pA.) *, P < 0.05. (Bb7) Representative recordings from
either an untransfected neuron or GFP-SynGAP-expressing neurons derived
from SynGAP-null (—/—) mice. Five sequential traces from each neuron are
overlaid to illustrate relative mEPSC frequency and amplitudes. (Bb2) Normal-
ized mEPSC amplitude and frequency from all cells in each population[-/— =
4.85+0.78Hz, 14.3 = 1.9pA, n = 5; GFP-SynGAP (—/—) = 2.34 = 1.2 Hz,9.45 +
0.37 pA, n = 5]. (Calibration: 15,20 pA.) *, P< 0.05. (Cc7) siRNAs and eGFP were
cotransfected together, and recordings were performed after 72 h. These record-
ings were compared with neurons expressing eGFP alone for at least 72 h. In each
condition, recordings illustrated are five, 5-sec traces that have been superim-
posed. (Cc2) si-PAN- or si-ALPHA-expressing neurons were normalized to eGFP-
only-expressing neurons for both mEPSC frequency and amplitude (si-PAN: GFP =
1.50 = 0.20 Hz, 12.5 = 0.53 pA, n = 16; GFP + siRNA = 2.53 = 0.27 Hz, 12.5 + 0.62
pA, n = 17;si-ALPHA: GFP = 4.42 = 0.99 Hz, 14.8 = 1.5 pA, n = 13; GFP + siRNA =
8.42 + 1.3 Hz, 15.8 = 1.2 pA, n = 13). Black bars, mEPSC frequency; gray bars,
mEPSC amplitude. (Calibration: 1, 20 pA.) *, P < 0.05; **, P < 0.01. (Dd7) siRNAs
and eGFP were cotransfected together and recordings were carried out after 72 h
by using neurons derived from SynGAP-null mice (—/—). These recordings were
compared with neurons expressing only eGFP after 72 h. In each condition the
recordings illustrated are five, 5-sec traces that have been superimposed. (Dd2)
siRNA-expressing neurons were normalized to eGFP-only-expressing neurons for
both mEPSC frequency and amplitude in SynGAP-null mice [(—/—) GFP = 7.59 +
2.03Hz, 12.2 = 2.27 pA, n = 6; (—/—) siRNA + GFP = 7.41 + 1.67 Hz, 22.8 = 1.27
pA, n = 6]. (Calibration: 500 ms, 20 pA.)
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obtained from SynGAP null mice, we wanted to test for potential
off-target effects of these siRNAs. To achieve this, we transfected
siRNAs targeted against SynGAP into SynGAP KO neurons. We
observed no detectable changes in mEPSCs (Fig. 3D), suggesting
that these siRNAs are highly specific. Together, these data suggest
SynGAP loss of function causes an increase in synaptic strength
through enhanced AMPAR function and further support the
hypothesis that SynGAP acts as a negative regulator of AMPAR
function.

SynGAP Regulates Synaptic Strength by Altering AMPAR Trafficking.
Our data indicate that SynGAP acts as a potent negative regulator
of AMPAR-mediated synaptic transmission. We hypothesized that
this change in function might arise from either a loss in synaptic
AMPARs resulting in fewer synapses with AMPAR-mediated
responses (i.e., a change in silent synapses) or a loss in the number
of excitatory synapses. To test these hypotheses, we transfected
GFP-SynGAP into low-density cultured neurons and subsequently
labeled neurons with an antibody generated against the N terminus
of the glutamate receptor subunit 1 (GluR1) of the AMPAR (14).
We compared the density of GluR1 synaptic clusters in neurons
expressing GFP-SynGAP with those from neighboring untrans-
fected neurons. The surface GluR1 signal was clearly reduced in
GFP-SynGAP-transfected neurons, whereas untransfected neigh-
bors showed robust AMPAR immunolabeling (Fig. 44). Quanti-
fication revealed a significant decrease in the density of AMPAR

Rumbaugh et al.

total GluR1
(12

insertion 30 min
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Fig.4. SynGAP alters AMPAR trafficking. (Aa7) GFP-SynGAP
and untransfected (control) neurons were labeled with N-
terminal GIuR1 polyclonal antibodies (GIuR1-N; JH1816). Den-
drites originate from neurons on the same coverslip and in
close proximity to each other. (Aa2) Quantification of GluR1
surface puncta after transfection with either GFP-SynGAP (SG)
or GFP-SynGAP_QTRE (SG_QTRE). Data represent numbers of
detected GIuR1 clusters per unit dendrite length. *, P < 0.001.
(Aa3) Shown are neighboring somas from either a control
neuron (right soma, untransfected) or GFP-SynGAP-express-
ing (left soma) neuron. Both are labeled with GluR1-C anti-
bodies. (Aa4) Quantification of total GIuR1 expression. (BbT)
Cy3-conjugated GIuR1-N antibodies were applied to cultures
in nontrafficking conditions (10°C) to label only surface re-
ceptors. (Bb2) Neurons were first labeled with unconjugated
GluR1-N antibodies before being labeled with Cy3-conju-
gated GIuR1-N antibodies (10°C). (Bb3) Neurons were blocked
with unlabeled GIuR1-N antibodies (10°C) and subsequently
placed at 37°C with Cy3-GluR1-N for 10 min (insertion 10 min).
(Bb4) Neurons were blocked with unlabeled GluR1-N antibod-
ies (10°C) and subsequently placed at 37°C with Cy3-GIuR1-N
for 30 min (insertion 30 min). Images were acquired with equal
parameters and were scaled identically illustrating true rela-
tive differences in signal intensity among conditions. Asterisk,
location of soma. (Cc7) Dendrite from a GFP-SynGAP-
transfected neuron (arrow) adjacent to a dendrite from an
untransfected neuron (arrowhead). (Cc2) Insertion 30-min sig-
nal showing newly inserted AMPARs from either an untrans-
fected neuron (arrowhead) or a GFP-SynGAP-expressing neu-
ron (arrow). (Cc3 and Cc4) Higher-resolution images of newly
inserted AMPARs from either a GFP-SynGAP-expressing neu-
ron or an untransfected neuron (control). Dendrites were
taken from neurons shown in Cc2 in the vicinity of the arrow
(GFP-SynGAP) and the arrowhead (untransfected). Asterisk,
location of soma. (D) Quantification of data from C (black
bars, untransfected; hatched bars, GFP-SynGAP). (Dd7) Aver-
age cluster area represents the pixel area from all puncta
detected in all dendrites measured. (Dd2) Cluster density rep-
resents number of detected objects from a thresholded den-
drite. The average number of objects per length of dendrite
was then calculated. (Dd3) Average pixel intensity represents
the average gray level from a single pixel from a single cluster

*%

A\

(n=21) of newly inserted receptors. **, P < 0.01; *, P < 0.05.

clusters (Fig. 44a2) from neurons transfected with GFP-SynGAP.
There was also a significant difference in the average cluster size
from all puncta when comparing transfected with untransfected
neurons, indicating that clusters remaining on the surface con-
tained fewer AMPARs (Fig. 10, which is published as supporting
information on the PNAS web site). Importantly, neurons trans-
fected with GFP-SynGAP_QTRE showed no change relative to
untransfected controls (Fig. 44a2). We hypothesized that the
reduced number of synaptic AMPARSs might be due to a deficit in
the total level of GluR1 expression. To test this possibility, we
labeled both untransfected and GFP-SynGAP-expressing perme-
abilized neurons with an antibody generated against the C terminus
of GluR1. There was no difference in somatic total GluR1 signal
between transfected and untransfected neurons (Fig. 4 Aa3 and
Aa4), indicating that reduced surface AMPAR expression was not
due to changes in global GluR1 expression levels. In addition,
similar results were obtained by using an antibody raised against the
C terminus of GluR2 (data not shown).

It is possible that a reduction in the frequency of mEPSCs can
occur from changes in the number of excitatory synapses. To test
whether SynGAP overexpression regulates synapses in general, we
transfected cultured neurons with GFP-SynGAP and subsequently
labeled neurons for Bassoon or NR1. Bassoon has been shown to
be a component of nearly all synapses in the forebrain, rendering
it an ideal marker for changes in synapse number (15). We observed
no changes in total synaptic density or excitatory synapse number
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Fig. 5. SynGAP suppresses ERK activity. (Aa7-Aa3) Neurons were transferred to a media containing 1 uM tetrodotoxin, 10 uM 2,3-dihydroxy-6-nitro-7-
sulfamoylbenzo[flquinoxaline, and 100 uM 2-amino-5-phosphonovaleric acid for 5 min (blocked). (Aa2) Neurons undergoing activation (5 min) were placed in
artificial cerebrospinal fluid free of synaptic blockers and MgCl; that included 100 uM glycine. (Aa3) Neurons were first pretreated with 10 uM U0126 for 30 min
and then treated asin Aa2. All neurons were then labeled with antibodies that detect phosphorylated ERK. (Aa4-Aa9) Neurons were first transfected with either
eGFP (Aa4-Aab) or GFP-SynGAP (Aa7-Aa9), then activated (as in Aa2), and finally labeled with phospho-ERK antibodies. (B) Quantification of phosphorylated
ERK immunofluorescence from neurons expressing eGFP, GFP-SynGAP (SG), GFP-SynGAP_AL (GAP**), SynGAP-targeted siRNA (si_PAN), or control siRNA. The
intensity of transfected neurons was normalized to untransfected neighboring neurons. U0, ratio of neurons pretreated with U0126 to neurons pretreated with
DMSO. Filled bars, activated (as in Aa2); open bars, blocked (as in Aa7). ***, P < 0.001. (Cc7) WT (+/+) neurons were either blocked or activated (see Aa7 and
Aa2) and then labeled with both phospho-ERK (p-ERK) and pan-ERK (total ERK) antibodies. (Cc2) Neurons from SynGAP-null mice (—/—) were blocked or
activated and then labeled with both phospho-ERK (p-ERK) and pan-ERK (total ERK) antibodies. (D) Quantification of data from phosphorylated ERK
immunocytochemical labeling in neurons from WT and SynGAP KO mice. Normalized values were derived from dividing p-ERK integrated intensity by total Erk
integrated intensity from either WT or KO neurons (see Materials and Methods). Open bars, blocked; filled bars, activated. ***, P < 0.01. (E) Normalized AMPAR
mMEPSCs from neurons expressing a dominant negative (dn) or WT (wt) form of ERK2. Black bars, mEPSC frequency; gray bars, mEPSC amplitude. *, P < 0.05.

as measured by Bassoon and NMDA receptor immunolabeling
(Fig. 11, which is published as supporting information on the PNAS
web site), suggesting that acute SynGAP overexpression specifically
regulates AMPARS at existing synapses.

Our data show that SynGAP overexpression results in a decrease
in the number of AMPARs found at excitatory synapses and
reduces synaptic strength. The steady state level of synaptic recep-
tors is a balance of exocytosis, endocytosis, and recycling processes.
To examine the exocytosis of AMPARs, we developed an assay to
measure the rate of newly inserted endogenous AMPARSs in
cultured neurons (Fig. 4B). Receptor insertion in control untrans-
fected neurons was robust, suggesting a high level of basal insertion
of AMPARs, whereas receptor insertion in neurons expressing
GFP-SynGAP was low (Fig. 4C). Quantification of these data
revealed that the average cluster density, cluster size, and single-
pixel intensity of newly inserted receptors were all significantly
decreased in GFP-SynGAP-expressing neurons (Fig. 4D). These
data strongly suggest that GFP-SynGAP regulates plasma mem-
brane insertion of AMPARSs in cultured neurons and provide a
mechanism for decreased AMPAR synaptic expression.

SYynGAP Negatively Regulates ERK Signaling. SynGAP contains a
RasGAP domain, and mutation of this domain disrupts its ability
to regulate AMPAR-mediated synaptic transmission (Fig. 2). To
test whether SynGAP may regulate AMPAR trafficking through
the MAPK pathway, we examined the regulation of ERK activity
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in neurons using an antibody that specifically detects phosphory-
lated, or activated, ERK (16). To observe the maximal range of
activation of ERK in cultured neurons, it was necessary to first
inhibit the high basal Ras/ERK activity due to spontaneous syn-
aptic activity in the cultures. Cultures were treated with tetrodo-
toxin, 2-amino-5-phosphonovaleric acid, and 2,3-dihydroxy-6-nitro-
7-sulfamoylbenzo|f]quinoxaline to inhibit synaptic transmission and
glutamate receptor function for at least 8 h (“blocked” neurons).
This treatment significantly suppressed the level of phospho-ERK
staining in the cultures (Fig. 54al). The ERK pathway was then
acutely activated by applying media containing low magnesium and
high glycine to facilitate synaptic NMDA receptor activation (“ac
tivated” neurons). Indeed, this treatment resulted in significant
ERK activation, as shown by the robust increase in phospho-ERK
antibody labeling (Fig. 54a2). Because this activation was com-
pletely abolished by the MAPK kinase (MEK) inhibitor U0126
(Fig. 54a3) and a constitutively active form of MAPK kinase
(MEK-DD) resulted in a significant increase in phospho signal (Fig.
12, which is published as supporting information on the PNAS web
site), we are confident that this antibody preferentially detects
activated ERK1/2 kinase. To test the possibility that SynGAP
suppresses NMDA-receptor-dependent ERK activation, we com-
pared phosphorylated ERK signal in neurons expressing GFP-
SynGAP to untransfected neighboring neurons in activated cultures
(Fig. 5 Aa7-Aa9). GFP-SynGAP significantly reduced the level of
detectable phosphorylated ERK signal, indicating that SynGAP
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can depress this pathway (Fig. 5B). Interestingly, GFP-SynGAP
with a mutated GAP domain did not significantly reduce phos-
phorylated ERK, implicating GAP activity as a mechanism respon-
sible for this effect (Fig. 5B). eGFP expression did not affect ERK
activation because transfected and untransfected neurons had
equally robust phospho-Erk signal (Fig. 5 Aa4-Aa6 and B). Finally,
we observed no change in phospho-ERK signal with these con-
structs in blocked neurons (data not shown), indicating that our
synaptic blocking paradigm largely inhibits ERK activity.

Overexpression of SynGAP protein inhibits ERK activation in
neurons, suggesting that neurons derived from SynGAP KO mice
may exhibit enhanced ERK activation. In WT mice, blocking
synaptic transmission had similar effects to those seen in rat
neurons because there is little phosphorylated ERK signal detected
(Fig. 5Ccl). After activating WT neurons by promoting NMDA
receptor activation, a modest phospho-ERK signal was seen in
dendrites, whereas a pronounced signal was observed in the soma.
Interestingly, when we analyzed ERK activity in SynGAP KO mice,
we observed substantial ERK activation even when synaptic trans-
mission and glutamate receptors were inhibited (Fig. 5 Cc2 and D).
However, activation of the cultures resulted in a further increase in
ERK activation, demonstrating that signaling via this pathway was
not saturated (Fig. 5 Cc2 and D).

To determine whether acute down-regulation of SynGAP had
the same effect on ERK activity, we transfected siRNAs targeted
against SynGAP into primary neurons and measured phosphory-
lated ERK immunofluorescence. siRNA knockdown of SynGAP
protein resulted in a significant increase in phosphorylated ERK
from activity-inhibited neurons, whereas control siRNAs had no
effect on ERK activity (Fig. 5B). We observed no change in ERK
signal from activated neurons with either control or SynGAP
siRNA (data not shown).

These data suggest that ERK lies downstream of SynGAP in
neurons and may mediate the effect of SynGAP on AMPAR
function. To test whether ERK is a positive regulator of AMPAR
function, we transfected either WT or dominant negative ERK2
into cultured neurons and recorded AMPAR-mediated mEPSCs
(Fig. 5SE). Dominant negative ERK?2 significantly suppressed the
amplitude of AMPAR-mediated mEPSCs while also depressing the
frequency of events, although this effect was not significant. In
contrast, WT ERK2 exhibited a trend toward enhanced frequency
and amplitude of AMPAR-mediated mEPSCs indicating that ERK
signaling positively regulates AMPAR function in cultured neu-
rons. These data are consistent with the hypothesis that SynGAP
mediates its effects on AMPAR function, at least in part, through
ERK activation.

SYynGAP Positively Regulates p38 MAPK Signaling. ERK and P38
kinases are thought to have opposing functions on AMPAR
trafficking in neurons (17). Because our data indicate that Syn GAP
normally suppresses ERK function, we designed experiments to test
the effect of SynGAP on P38 signaling. Neurons that had been
blocked overnight (no synaptic transmission) displayed minimal,
although detectable, levels of phospho-specific P38 labeling (Fig.
64). Stimulation of these cultures, which promoted synaptic
NMDA receptor activation, resulted in a robust increase in phos-
pho-P38 signal especially in the nuclear region (Fig. 6 4 and B).
Interestingly, blocked neurons transfected with GFP-SynGAP ex-
hibited significantly enhanced P38 activity (Fig. 6D) reminiscent of
a pattern seen with synaptic activation (Fig. 64), although we
observed no effect of SynGAP on P38 activity in activated neurons
(data not shown). In contrast, GFP-SynGAP with compromised
GAP function had no effect on P38 activity (Fig. 6D). We then
examined P38 function in SynGAP KO mice. The phosphorylated
P38 signal in blocked neurons from SynGAP KO mice was signif-
icantly lower than that measured in WT neurons (Fig. 6C), although
there was no detectable difference between WT and KO mice in
activated cultures. These data suggest that the presence of SynGAP
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Fig. 6. SynGAP enhances P38 signaling. (A) Neurons were either blocked or
activated as above, except that the stimulation duration was increased to 10 min.
Neurons were then immunolabeled with phospho-P38 (p-P38) and microtubule-
associated protein 2 (MAP2) antibodies. (B) Quantification of phospho-P38signal
[average pixel intensity (API)] in neurons. ***, P < 0.001. (C) Quantification of
data (average pixel intensity) from phosphorylated P38 labeling of neurons
derived from WT or SynGAP KO mice. Open bars, blocked; filled bars, activated.
*, P <0.01. (D) Quantification of phosphorylated P38 immunofluorescence from
either blocked or activated neurons expressing eGFP, GFP-SynGAP, GFP-
SynGAP_AL (GAP**), or siRNA (si_.PAN) constructs. The intensity of transfected
neurons was normalized to untransfected neighboring neurons. ***, P < 0.001.

protein increases P38 MAPK activity in activity-deficient cultures.
We also examined P38 activity in neurons transfected with sSiRNAs
directed against SynGAP into neurons and measured P38 activity.
siRNA knockdown of SynGAP protein did not affect P38 phospho-
signal in either blocked or activated neurons (Fig. 6D).

We examined phospho-P38 labeling before and after sorbitol
stimulation of HEK293 or primary neurons to determine the
specificity of this antibody. Osmotic shock through sorbitol stimu-
lation is known to activate the P38 pathway in many cell types (18).
This treatment resulted in a significant increase of P38 activity in
both HEK293 cells and neurons (Fig. 13, which is published as
supporting information on the PNAS web site), confirming the
specificity of phospho-P38 immunolabeling.

Discussion

We report here that SynGAP expression level in cultured neurons
has a dramatic effect on synaptic strength. When SynGAP protein
is present at high levels, AMPAR-mediated synaptic transmission
was significantly depressed. We further show that this change in
function is a consequence of the presence of fewer AMPARs at
excitatory synapses. Because we observed little change in NMDA
receptor synaptic clustering, or total synaptic density, these results
strongly suggest that SynGAP specifically regulates AMPARS and
therefore silent synapse number. This idea is strengthened by data
showing a potentiation of AMPAR-mediated synaptic transmission
in neurons with low-to-absent SynGAP expression. Previously, we
and others have shown that SynGAP hetero (+/—) mice have
decreased LTP (8, 9). Recent studies have suggested that LTP
expression in CA1 hippocampus can arise from insertion of AM-
PARs into previously silent excitatory synapses (5). If loss of
SynGAP function results in fewer silent synapses, then the magni-

PNAS | March 21,2006 | vol. 103 | no.12 | 4349

w
-
2
&
<
g
>
[c}
E
=
=

NEUROSCIENCE



Lo L

P

1\

BN AS DN AS P

tude of LTP expression may be significantly reduced. Therefore, it
is possible that the mechanism for reduced LTP in SynGAP mutant
mice results from a decrease in silent synapse number. In support
of this idea, overexpression of proteins that potentiate AMPAR
transmission, such as PSD-95 (19, 20) or CaMKII (21), have also
been shown to occlude LTP induction. In addition, overexpression
of PSD-95 decreases the number of functionally silent excitatory
synapses (19), further suggesting that proteins involved in regulating
silent synapses also regulate neuronal plasticity.

Our data show that the activity of two different MAPK signaling
pathways are differentially regulated by SynGAP expression levels.
SynGAP inhibits ERK activity, most likely by direct inhibition of
Ras signaling, and activates P38, most likely through indirect
pathways. Interestingly, in nonneuronal cells, P38 and ERK have
been shown to have opposing functions (22, 23), and stimuli that
activate one pathway can lead to inhibition of the other (24). In
neurons overexpressing SynGAP, we report that ERK activation is
suppressed after NMDA receptor activation, a stimulation known
to potently activate this pathway (17, 25). We also show that P38
signaling is enhanced in neurons overexpressing SynGAP. In con-
trast, basal ERK signaling is potentiated in SynGAP-null mice, and
the P38 pathway is suppressed. Furthermore, in situations where
synaptic activity and glutamate receptor function is inhibited, robust
ERK activation persists in neurons derived from SynGA P KO mice.
This finding suggests that Syn GAP suppresses the ERK pathway
under normal synaptic signaling. It has been shown previously that
SynGAP mutant mice exhibit enhanced ERK activity in vivo (8),
although it was unclear whether changes in this pathway were an
indirect consequence of deficient neuronal plasticity or some other
long-term change caused by loss of SynGAP during development.
Our data show that SynGAP is likely a direct regulator of this
pathway as acute gain-of-function and loss-of-function experiments
result in reciprocal changes in the level of activated ERK. These
data raise the question of how SynGAP-ERK-P38 signaling could
alter synaptic AMPAR surface expression and vesicle trafficking.
Our data show that endogenous SynGAP activity promotes a
condition that favors ERK suppression and P38 activation. We also
show that conditions that favor ERK activation (SynGAP siRNA or
SynGAP KO) result in an enhancement of synaptic strength,
whereas conditions that favor P38 activation (SynGAP overexpres-
sion) lead to a depression in synaptic strength. It has been shown
previously that ERK activation is necessary for insertion of AM-
PARs during LTP, whereas P38 activity is necessary for removal of
AMPARSs after long-term depression (LTD) (17). Taken together,
these data implicate SynGAP as a central regulator of synaptic
signaling modules necessary for certain types of neuronal plasticity.

It is not surprising that SynGAP regulates MAPK signaling
because it contains a putative RasGAP domain that is highly
homologous to known RasGAPs, and Ras is thought to be up-
stream of ERK in neurons (17, 26). Indeed, we show that disruption
of residues that are known to be crucial for RasGAP function in
similar proteins (12) completely abolishes SynGAP function with
respect to its effect on synaptic AMPARs and MAPK regulation.
This finding suggests that SynGAP may regulate Ras in neurons.
However, a recent report suggested that SynGAP may not regulate
Ras, because of persistent Erk activation in H-Ras-null, Syn GAP-
hetero mice (8). The Ras-like superfamily of small GTPases is quite
extensive, although Ras genes themselves are comprised of three
closely related proteins, H-, N-, and K-Ras (27). It is possible that
H-Ras is not the major postsynaptic isoform, and that K- or N-Ras
may mediate signaling in this compartment. Indeed, K-Ras has
been implicated in regulation of LTP expression as well as learning
and memory (28). Alternatively, it is possible that SynGAP func-
tions to catalyze inactivation of Ras related GTPases such as Rin
and Rap, or even distinct GTPases including members of the Rab
family. Indeed, there is precedent for promiscuity among classes of
GAPs and small G proteins (29), and SynGAP has recently been
shown to regulate Rapl in vitro (13). Interestingly, calcium influx
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stimulates a Rapl/BRAF signaling pathway that leads to ERK
activation in neurons (30), and the expression of an inhibitory Rap1
isoform in the forebrain results in suppression of ERK1/2 (31),
suggesting multiple independent pathways for this type of signaling.

GTP-bound Ras is thought to be the principle activator of ERK
in neurons (26), and this pathway has been shown to regulate
synaptic function and LTP expression in hippocampal slices (17). In
addition, Erk signaling is necessary for LTP induction as well as
some forms of spatial learning (32-35). A recent report has shown
that overexpression of activated Ras leads to AMPAR insertion
that results in LTP occlusion in CA1l pyramidal neurons from
hippocampal slice cultures (17). This report also suggested that Ras
lies downstream from CaMKII activation, because neurons express-
ing both dominant negative Ras and constitutively active CaMKII-«
do not have potentiated AMPA-mediated synaptic transmission. It
is unclear how CaMKII activation and the Ras/MAP Kkinase
pathway, which are both necessary for LTP induction and AMPAR
delivery to synapses, are coupled. One possibility is that SynGAP
activity is negatively regulated after NMDA receptor activation of
CaMKII, resulting in synaptic potentiation and LTP induction
through stimulation of the Ras/ERK pathway. Our data supports
this scenario because SynGAP acts to potentiate ERK and depress
P38 signaling in silent or resting cultures with little or no SynGAP
protein expression (KO or siRNA knockdown), an experimental
condition analogous to disruption of SynGAP activity. Mechanis-
tically, this could occur through phosphorylation of SynGAP di-
rectly by CaMKII, resulting in a change in GAP activity. Indeed,
SynGAP is phosphorylated by CaMKII in cultured neurons, al-
though the effect on GAP activity is controversial (7, 13, 36).
Alternatively, calcium influx through NMDA receptors, as a result
of synaptic activation, could act to induce the activity of GEFs
leading to GTPase activation by overriding SynGAP function.

During the preparation of this article, a report was published
suggesting that SynGAP positively regulates AMPAR function and
synaptic strength through inhibition of the Rapl/P38 pathway,
while demonstrating no changes in ERK function (13). This study
investigated the functional consequences of disrupting endogenous
SynGAP-PDZ interactions as well as disrupting SynGAP protein
expression using RNAI. These results are quite different from those
reported here. In these experiments, Krapivinsky ef al. (13) used
peptide and RNAi reagents that should only disrupt the function or
expression of the SynGAP-alpha isoform. However, we observed
identical effects with regards to AMPAR function at synapses
whether we disrupted all SynGAP isoforms or only SynGA P-alpha
by siRNA transfection. It is unlikely that these discrepancies can be
attributed to differences in culture systems that result in SynGAP
coupling to distinct downstream signaling pathways because a
recent report suggests that SynGAP regulates the timing of ERK
activation in synapses (37). Clearly, more work is necessary to better
understand the regulation of signaling events at synapses and their
impact on AMPAR function.

In conclusion, we provide strong evidence that SynGAP modifies
synaptic strength by altering membrane trafficking of AMPARs
through GTPase regulation. Indeed, small GTPase regulation in
neurons is emerging as an important process in neuronal physiol-
ogy. Elucidating the interplay between small GTPase(s), their
regulators, and downstream effectors should provide valuable
insight into mechanisms of synaptic plasticity, potentially strength-
ening the idea of a molecular basis for information storage.

Materials and Methods

Molecular Biology and Cloning. N-terminally tagged GFP and Myc-
tagged SynGAP constructs were created by PCR amplification of
the original SynGAPal clone (6). GFP-SynGAP_AL was gener-
ated by PCR mutagenesis. The codons corresponding to amino
acids 311-312 of SynGAP (6) were mutated from F — A and R —
L with a QuikChange reaction (Stratagene). GFP-SynGAP_QTRE
was generated by PCR amplification from the original SynGAPal
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clone. Because this strategy called for mutating only the final amino
acid in the coding sequence, we designed a reverse primer that
switched the terminal V to E followed by a stop codon. Mouse
ERK2 cDNA was generated by PCR inserted into the pRKS
mammalian expression vector downstream of an N-terminal myc
epitope tag. The previously described K52R kinase-dead mutation
(38) was generated by a QuikChange reaction.

Cell Culture and Neuronal Transfection. Medium-density forebrain
cultures from embryonic day 18 rat pups were prepared as reported
in ref. 14 with minor alterations. Neurons (0.75 X 10°) were added
to a 60-mm culture dish containing poly(L-lysine)-coated coverslips.
Growth media consisted of NeuroBasal (Invitrogen) supplemented
with equine serum (HyClone, Logan, UT), 2% B27, 1% Glutamax,
and 1% Penn/Strep. Neurons were fed twice per week with glia
conditioned growth medium. Mouse cultures were prepared in an
identical manner except that pups were postnatal day 1. Postnatal
day 1 pups were used because SynGAP —/— mice die shortly after
birth (9). Therefore, we prepared SynGAP +/— matings and
genotyped newborns to identify WT from homozygous mice.
Low-density hippocampal neurons were prepared as described in
ref. 39. Neuronal transfections were performed with Lipofectamine
2000 (Invitrogen).

All neurons in this study were used between 14 and 21 days in
vitro. The equivalent ages for postnatal mouse cultures were 12-19
days in vitro. Experiments were always performed within 24 h of
transfection with the exception of siRNA experiments. For knock-
down experiments, we originally purchased SynGAP siRNAs and
control siRNAs (ON-TARGET siRNA; Dharmacon). In addition,
we purchased siRNAs previously shown to knock down SynGAP-«
expression [Ambion, Austin, TX (13)]. To transfer oligonucleotides
into neurons, we double-transfected 1 pg/ml siRNA (75-80 nM)
and 0.5 pg of pEGFP-C3 plasmid (Clontech-Invitrogen) with
Lipofectamine 2000 and performed experiments after 3 days in vitro
to ensure maximal effects.

Electrophysiology and mEPSC Analysis. Whole-cell patch-clamp re-
cordings were performed from forebrain cultures at the in vitro day
indicated. To isolate AMPA-mediated mEPSCs, neurons were
continuously perfused with artificial cerebrospinal fluid (aCSF) at
a flow rate of 1 ml/min. The composition of the artificial cerebro-
spinal fluid was as follows: 150 mM NaCl, 3.1 mM KCl, 2 mM
CaCl,, 1 mM MgCl,, 10 mM Hepes, 0.1 mM DL-2-amino-5-
phosphonovaleric acid, 0.005 mM strychnine, 0.1 mM picrotoxin,
and 0.001 mM tetrodotoxin. The osmolarity of the artificial cere-
brospinal fluid was adjusted to 305-310, and the pH was adjusted
to 7.3-7.4. Intracellular saline consisted of 135 mM Cs-MeSQOy, 10
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mM CsCl, 10 mM Hepes, 5 mM EGTA, 2 mM MgCl,, 4 mM
Na-ATP, and 0.1 mM Na-GTP. This saline was adjusted to 290-295
mosM, and the pH was adjusted to 7.2.

Transfected neurons were selected based on fluorescent (eGFP)
signal. Once the whole-cell recording configuration was achieved,
neurons were voltage-clamped, and passive properties were mon-
itored throughout. In the event of a change in series resistance or
input resistance >15% during the course of a recording, the data
were excluded from the set. mEPSCs were acquired through a
MultiClamp 700A amplifier (Axon Instruments), filtered at 2 kHz,
and digitized at 5 kHz. Data were recorded continuously only after
a period of 2 min, during which the cell was allowed to stabilize.
mEPSCs were detected manually with MINIANALYSIS software
(Synaptosoft, Decatur, GA) by setting the amplitude threshold to
VRMS X 3 (usually 4 pA). A minimum of 100 events were
collected from each neuron. In all electrophysiological experiments,
a similar amount of data was acquired from both transfected and
untransfected neurons on the same day. Data from each group were
then averaged, and statistical significance was determined by using
Student’s ¢ test (unless noted otherwise). All electrophysiological
experiments were performed from at least two individual platings
of neurons from three different transfections.

Immunocytochemistry. In general, primary neurons were fixed with
4% paraformaldehyde/4% sucrose in PBS for 10 min. For efficient
NMDA receptor or phosphorylated MAPK immunolabeling, an
additional methanol fixation step was necessary. To label surface
GluR1-containing AMPARs, we first added 5 ug/ml Cy3-
conjugated JH1816 (GluR1-N) into neuronal growth media and
incubated neurons at 10°C for 20 min. All antibodies were previ-
ously described or were acquired commercially: SynGAP (6), NR1
[C-terminal, mAb (40)], PSD-95 (mAb; Upstate, Charlottesville,
VA), Bassoon (Stressgen Biotechnologies), GluR1-N [pAb,
JH1816 (14)], GluR1-C [JH1710 (40)], microtubule-associated
protein 2 (mAb; Sigma), phospho-specific Erk1/2 [Sigma (16) or
Promega (Anti-Active MAPK)], pan-Erk1/2 (Cell Signaling Tech-
nology), and phospho-specific P38 MAPK (Anti-Active P38).

For additional methods, see Supporting Methods: Microscopy
and Data Analysis, which is published as supporting information
on the PNAS web site.
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