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PSD-95 and PSD-93 Play Critical But Distinct Roles in
Synaptic Scaling Up and Down
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Synaptic scaling stabilizes neuronal firing through the homeostatic regulation of postsynaptic strength, but the mechanisms by which
chronic changes in activity lead to bidirectional adjustments in synaptic AMPA receptor (AMPAR) abundance are incompletely under-
stood. Furthermore, it remains unclear to what extent scaling up and scaling down use distinct molecular machinery. PSD-95 is a scaffold
protein proposed to serve as a binding “slot” that determines synaptic AMPAR content, and synaptic PSD-95 abundance is regulated by
activity, raising the possibility that activity-dependent changes in the synaptic abundance of PSD-95 or other membrane-associated
guanylate kinases (MAGUKs) drives the bidirectional changes in AMPAR accumulation during synaptic scaling. We found that synaptic
PSD-95 and SAP102 (but not PSD-93) abundance were bidirectionally regulated by activity, but these changes were not sufficient to drive
homeostatic changes in synaptic strength. Although not sufficient, the PSD-95 MAGUKs were necessary for synaptic scaling, but scaling
up and down were differentially dependent on PSD-95 and PSD-93. Scaling down was completely blocked by reduced or enhanced PSD-95,
through a mechanism that depended on the PDZ1/2 domains. In contrast, scaling up could be supported by either PSD-95 or PSD-93 in a
manner that depended on neuronal age and was unaffected by a superabundance of PSD-95. Together, our data suggest that scaling up
and down of quantal amplitude is not driven by changes in synaptic abundance of PSD-95 MAGUKs, but rather that the PSD-95 MAGUKs
serve as critical synaptic organizers that use distinct protein–protein interactions to mediate homeostatic accumulation and loss of
synaptic AMPAR.

Introduction
Synaptic scaling has emerged as an important form of synaptic
plasticity that contributes to the homeostatic regulation of neu-
ronal activity both in vitro and in vivo (Turrigiano and Nelson,
2004; Turrigiano, 2008; Pozo and Goda, 2010). During synaptic
scaling, miniature EPSC (mEPSC) amplitude is bidirectionally
regulated to compensate for chronic changes in neuronal firing,
and these homeostatic adjustments in synaptic strength can
mostly be accounted for by changes in synaptic AMPA receptor
(AMPAR) (Turrigiano, 2008). Although the molecular under-
pinnings of synaptic scaling have recently come under intense
scrutiny (Shepherd et al., 2006; Stellwagen and Malenka, 2006;
Cingolani et al., 2008; Ibata et al., 2008; Seeburg et al., 2008;
Gainey et al., 2009; Goold and Nicoll, 2010), the mechanisms by
which chronic changes in activity lead to homeostatic adjust-
ments in the abundance of synaptic AMPAR are incompletely
understood, and it remains unclear to what extent scaling up and
down use distinct molecular mechanisms.

AMPARs diffuse into and out of synaptic sites in which they
interact with and are stabilized by scaffold proteins (Malinow and

Malenka, 2002; Newpher and Ehlers, 2008). PSD-95 is a member
of the membrane associated guanylate kinase (MAGUK) family
that includes SAP102 and PSD-93. PSD-95 binds indirectly to
AMPAR, regulates synaptic strength, and has been proposed to
serve as a “slot” protein that determines synaptic AMPAR con-
tent (Schnell et al., 2002; Colledge et al., 2003; Ehrlich and Mali-
now, 2004; Elias and Nicoll, 2007; Keith and El-Husseini, 2008).
PSD-95 accumulates at synapses and is necessary for the enhanced
AMPAR accumulation induced by chronic activity blockade in
hippocampal neurons (Noritake et al., 2009) and physically
interacts with SPAR (Pak et al., 2001), a postsynaptic protein
important for scaling down (Seeburg et al., 2008). These obser-
vations raise the possibility that activity-dependent changes in
the abundance of synaptic PSD-95 or other MAGUKs could drive
the bidirectional changes in AMPAR accumulation that underlie
synaptic scaling; alternatively PSD-95 might function as a signal-
ing scaffold to mediate synaptic scaling.

To distinguish between these possibilities, we performed gain-
and loss-of-function experiments to probe the role of the PSD-95
MAGUKs in regulating bidirectional synaptic scaling in neocor-
tical neurons. We found that, although synaptic PSD-95 abun-
dance was bidirectionally regulated by activity, this was not
sufficient to drive homeostatic changes in AMPAR accumula-
tion. Although not sufficient, PSD-95 was necessary for synaptic
scaling, in a manner that depended on the direction of scaling and
neuronal age. In young neurons, scaling down required PSD-95,
whereas scaling up could be supported by either PSD-95 or PSD-
93. PSD-95 expression increased with age, and, in older neurons,
scaling up as well as down became critically dependent on
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PSD-95. Finally, PSD-95 overexpression blocked scaling down
through a mechanism that required the PDZ1/2 domains but had
no effect on scaling up at any age. Together, these data demon-
strate that PSD-95 plays distinct and developmentally regulated
roles in scaling up and down. Our data suggest that, in neocortical
pyramidal neurons, synaptic PSD-95 abundance is not a direct
determinant of quantal amplitude but rather that the PSD-95
MAGUKs serve as critical synaptic organizers that mediate the
homeostatic accumulation and loss of synaptic AMPAR.

Materials and Methods
Neuronal cultures and transfection. Neuronal cultures were prepared as
described previously (Wierenga et al., 2005). Cultures were made from
dissociated visual cortex of postnatal day 1–3 Long–Evans rats and were
plated on a confluent layer of astrocytes. All experiments were performed
on day in vitro (DIV) 7–9 for young cultures and DIV 14 –16 for older
cultures. All experimental conditions were compared with age-matched
controls from sister cultures. Electrophysiology and immunocytochem-
istry were performed on pyramidal neurons, which can be identified by
their characteristic morphology, including a thick, long apical-like dendrite
and a teardrop-shaped soma. Neurons were transfected 2–4 d before exper-
imentation using Lipofectamine 2000 (Invitrogen) according to the instruc-
tions of the manufacturer. All experiments were performed 2–4 d after
transfection unless otherwise noted. TTX (2 �M), DNQX (20 �M), bicucul-
line (50 �M), and picrotoxin (PTX) (100 �M) were added to cultures for 1 d
and in some experiments were refreshed 4–6 h before the experiment.

DNA constructs. The following DNA constructs were used in the ex-
periments as described previously: PSD-95– enhanced green fluorescent
protein (EGFP) (Pratt et al., 2008), short hairpin RNAs (shRNAs) against
PSD-95, PSD-93, and SAP102 (gifts from Dr. Nicoll, University of Cali-
fornia, San Francisco, San Francisco, CA, and Dr. Fukata, National In-
stitute for Physiological Sciences, Okazaki, Japan) (Elias et al., 2006;
Noritake et al., 2009). The PSD-95 deletion mutants (�GK, �PDZ1/2,
and PDZ1/2) were gifts from Dr. Nicoll and Dr. Sabatini (Harvard Med-
ical School, Boston, MA) (Schnell et al., 2002; Sturgill et al., 2009). Trans-
membrane AMPA receptor regulatory protein (TARP) �3 was a gift from
Dr. Nicoll (Shi et al., 2009). Transfections with hairpins were performed
for 2– 4 d before 24 h of drug treatment. In control experiments, we
compared the degree of knockdown (KD) at 3 and 6 d and found no
difference: the degree of PSD-95 KD after 3 d transfection (n � 15 neu-
rons) was 97 � 11% of that after 6 d (n � 11 neurons, p � 0.45).

Immunostaining. The following primary antibodies were used: PSD-95
(1:500; MA1-046; Affinity BioReagents), PSD-93 (1:500; AB5168, Milli-
pore), PSD-93 (1:2000; ab2930; Abcam), SAP102 (1:500; 75-058; Neu-
roMab), VGluT-1 (1:500; 135 304; Synaptic Systems), and pan-TARPs
(1:500; 07-577; Millipore). Intracellular staining of PSD-95, PSD-93,
SAP102, and pan-TARPs were performed as described previously (Wi-
erenga et al., 2005; Ibata et al., 2008). Alexa Flour 488, Texas Red, and
Cascade Blue (1:200; Invitrogen) were used as secondary antibodies. All
images were acquired on an Olympus IX-70 or IX-81 microscopes under
an oil-immersion 60� objective using an Orca ER camera. A 6% neutral
density filter was used to avoid photobleaching during image acquisition.
Images were obtained and analyzed using Openlab (Improvision) or
MetaMorph (Molecular Devices) software. The total fluorescence inten-
sity of puncta was measured using the “granularity” function in Meta-
Morph. To allow pooling of data across imaging experiments, the data
generated from each experiment were normalized to the mean control
value for the respective experiment. To generate cumulative distribu-
tions of puncta fluorescence intensity (see Fig. 1 B), 30 puncta from each
neuron were randomly selected.

Culture electrophysiology. Whole-cell recordings were performed as
described previously (Turrigiano et al., 1998; Wierenga et al., 2005).
Briefly, after 2– 4 d of transfection and 24 � 2 h of activity blockade (TTX
or DNQX) or activity elevation (PTX or bicuculline), cultured neurons
were perfused at 25°C with artificial CSF (ACSF) containing the follow-
ing (in mM): 126 NaCl, 5 KCl, 1 NaHPO4, 25 NaHCO3, 2 CaCl2, and 14
dextrose, pH 7.4 (osmolarity 325–330; oxygenated with 95% O2/5% CO2

throughout the recording). All recordings for mEPSCs contain TTX (0.1

�M), AP-5 (50 �M), and picrotoxin (25 �M) to isolate AMPA mEPSCs.
Internal recording solution contains the following (in mM): 120
KMeSO4, 10 KCl, 2 MgSO4, 10 K-HEPES, 0.5 EGTA, 3 K2ATP, 0.3
NaGTP, 10 Na2phosphocreatine. mESPC recordings were performed on
pyramidal neurons voltage clamped to �70 mV using an Axopatch 200B
amplifier. Neurons in which Vm � �50 mV, series resistance � 20 M�,
or any of these parameters changed by �20% during the recording were
excluded from analysis. To generate cumulative distributions of mEPSC
amplitude under each condition, 25 mEPSC events were randomly se-
lected from each neuron. Neurons with fewer than 25 mEPSC events
were excluded from analysis. However, mEPSC frequency was reduced
markedly in SAP102 knockdown and PSD-95/SAP102 double knock-
down conditions, and so to evaluate changes in mEPSC frequency for
these experiments, we included in our frequency analysis all recordings
with at least one mEPSC event. For current-clamp recording, the cells
were perfused at 30°C with normal ACSF. The baseline firing rate in
PSD-95 KD neurons was not significantly different from control
(PSD-95 KD, 90.8 � 40.7% of control; control, n � 20 neurons; PSD-95
KD, n � 10 neurons; p � 0.97). Furthermore, acute PTX treatment
induced strong bursting activity under all conditions similar to that re-
ported previously (data not shown) (Turrigiano et al., 1998). All physi-
ology data were analyzed with in-house Igor Pro software.

Statistics. All the data were expressed as mean � SEM for the number
of neurons indicated, unless otherwise noted. Statistical analyses were
performed with unpaired Student’s t tests or for multiple comparisons
ANOVA followed by corrected t tests. For comparisons of cumulative
distributions, a Kolmogorov–Smirnov (K–S) test was used. A p value
equal to or smaller than 0.05 was considered statistically significant.

Results
Activity-dependent synaptic accumulation of PSD-95 MAGUKs
The mechanisms underlying altered receptor accumulation dur-
ing synaptic scaling remain incompletely understood. It has been
suggested that the number of synaptic AMPARs is determined by
the synaptic levels of scaffolding proteins such as the PSD-95
family of MAGUKs, which included PSD-95, PSD-93, and
SAP102 (El-Husseini et al., 2000; Schnell et al., 2002; Colledge et
al., 2003; Stein et al., 2003; Ehrlich and Malinow, 2004; Elias et al.,
2006). We began by examining the possibility that bidirectional
changes in the accumulation of MAGUKs underlie the bidirec-
tional changes in AMPAR accumulation during synaptic scaling.
As a first step toward testing this, we examined the synaptic ac-
cumulation of PSD-95, PSD-93, and SAP102 by using antibodies
against the endogenous proteins and quantifying the intensity of
staining at punctate dendritic accumulations (Fig. 1); the major-
ity (�70%) of these puncta colocalize with synaptic markers (Pratt
et al., 2003, 2008; Wierenga et al., 2005, 2006) and so represent pu-
tative synaptic sites. Activity blockade [using TTX or DNQX (Tur-
rigiano et al., 1998)] or activity elevation [using bicuculline or
picrotoxin (Turrigiano et al., 1998; Seeburg et al., 2008)] for 24 h
bidirectionally regulated the intensity of PSD-95 and SAP102
puncta. In contrast, synaptic levels of PSD-93, a closely related
MAGUK, were not significantly affected by either manipulation
(Fig. 1), indicating that MAGUKs are differentially regulated by
chronic changes in activity. The puncta densities of the MAGUKs
were not significantly affected by synaptic scaling protocols (Fig. 1D)
(ANOVA; PSD-95, p � 0.08; PSD-93, p � 0.16; SAP102, p � 0.14).

Changes in synaptic PSD-95 are not sufficient to drive
homeostatic changes in AMPAR accumulation
PSD-95 is known to regulate the amplitude of evoked AMPA
currents in hippocampal pyramidal neurons (El-Husseini et al.,
2000; Schnell et al., 2002; Stein et al., 2003; Ehrlich and Malinow,
2004), suggesting that the bidirectional changes in synaptic accu-
mulation of PSD-95 described above might drive the bidirec-
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tional changes in AMPAR accumulation
during synaptic scaling. However, almost
nothing is known about the role of the
PSD-95 MAGUKs in regulating basal
AMPA-mediated transmission in neocor-
tical pyramidal neurons, and only one
previous study has examined the effects of
PSD-95 overexpression on neocortical
AMPA minis and found no effect (Béïque
and Andrade 2003). If increased synaptic
PSD-95 drives scaling up in neocortical
neurons, then directly increasing synaptic
PSD-95 through overexpression should
mimic the effects of activity blockade. To
test this, we transfected neurons at low ef-
ficiency with PSD-95–EGFP and recorded
mEPSCs 2– 4 d after transfection. Despite
a fourfold to fivefold increase in synaptic
PSD-95 protein levels (Fig. 2A,B), there
was no significant change in mean mEPSC
amplitude (Fig. 2C–E). An inspection of
the cumulative distribution of mEPSC
amplitudes revealed that PSD-95 overex-
pression had a small effect toward the high
end of the amplitude distribution (Fig.
2D) ( p � 0.027, K–S test); this is in
marked contrast to activity blockade,
which scales up the entire amplitude dis-
tribution uniformly (see Figs. 4A, 6C).
Other studies have also found only mod-
est or no effects of acute PSD-95 overex-
pression on mEPSC amplitude (Béïque
and Andrade 2003; Stein et al., 2003; Eh-
rlich and Malinow, 2004; Kelsch et al.,
2008). Consistent with previous reports
(Béïque and Andrade 2003; Stein et al.,
2003; Ehrlich and Malinow, 2004), PSD-95
overexpression significantly increased
mEPSC frequency (Fig. 2E) and also increased the length density of
PSD-95 puncta (Fig. 2B), suggesting that PSD-95 overexpression
might increase the number of functional synaptic sites.

To examine the role of endogenous PSD-95 in regulating mEPSC
amplitude, we used shRNAs directed against PSD-95 to knock down
the endogenous protein; this shRNA and those used below for
SAP102 and PSD-93 have been extensively characterized and are
specific for their targets with no apparent off-target effects (Elias et
al., 2006, 2008). Neurons were transfected at low efficiency with the
PSD-95 hairpin and GFP, and 3 d after transfection, we examined
PSD-95 protein levels in transfected neurons by immunostaining
(Fig. 3A). The hairpin decreased the fluorescent intensity and density
of PSD-95 puncta to 34.4 and 47.3% of control, respectively, giving
an overall reduction in synaptic PSD-95 levels of �84% (Fig. 3B),
whereas transfected with a scrambled hairpin had no effect on
PSD-95 expression (intensity: scrambled, 111.5 � 11.2% of control,
p � 0.34; density: scrambled, 88.5 � 7.6% of control, p � 0.32; n �
11 and 21 neurons, respectively). Knockdown of PSD-95 had no
significant effect on baseline mEPSC amplitude (Fig. 3C–E). A sim-
ilar analysis for PSD-93 and SAP102 revealed that no single knock-
down had significant effects on mini amplitude (Figs. 3E, 4B).
Furthermore, various combinations of double or triple knockdowns
also failed to significantly affect baseline mEPSC amplitude (Figs. 3E,
4B). mEPSC frequency was unaffected by KD of PSD-95 (Fig. 3E) or
PSD-93 alone (data not shown) but was significantly reduced by

SAP102 KD and PSD-95/SAP102 double KD (Fig. 3E). Together,
our data show that synaptic PSD-95 MAGUK levels have only subtle
effects on baseline mEPSC amplitude in young neocortical neurons,
and activity-dependent changes in synaptic MAGUK abundance are
not sufficient to account for synaptic scaling of quantal amplitude.

Functional compensation among PSD-95 MAGUKs during
scaling up in young cortical neurons
MAGUKs are thought to play both scaffolding and signaling roles
within the PSD (Elias and Nicoll, 2007; Steiner et al., 2008; Xu et
al., 2008). Although changes in synaptic MAGUK levels are not
sufficient to drive synaptic scaling, one or more of the PSD-95
family of MAGUKS might be necessary for the regulated en-
hancement or reduction in mEPSC amplitude induced by synap-
tic scaling protocols. To test the role of PSD-95 MAGUKs in
synaptic scaling in young neocortical neurons (DIV 7–9), we first
examined the effects of acute KD on scaling up. Activity blockade
significantly scaled up mEPSC amplitude in control, PSD-95 KD,
or PSD-93 KD neurons to a similar extent (Fig. 4), suggesting that
neither PSD-95 nor PSD-93 is essential for the expression of syn-
aptic scaling up in young neurons. However, PSD-95 MAGUKs
are known to compensate for each other under some conditions
(Elias et al., 2006, 2007). To address the possible functional re-
dundancy of PSD-95 MAGUKs during scaling up, we examined
scalingupafterdoubleortripleknockdownofPSD-95MAGUKs.Scal-
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Figure 1. Selective regulation of PSD-95 MAGUK accumulation during synaptic scaling. A, Sample images showing the differ-
ential regulation of PSD-95 MAGUK proteins by chronic activity blockade or activity elevation for 1 d. Scale bar, 10 �m. B,
Cumulative distributions of puncta fluorescence intensity for PSD-95, PSD-93, and SAP102, for control, activity blockade, and
activity elevation. a.u., Arbitrary units. C, Summary of the changes in puncta fluorescence of PSD-95 MAGUK proteins during
synaptic scaling protocols. Values were normalized to control. D, Summary of the changes in puncta length density of PSD-95
MAGUK proteins. n � 21–50 for each condition. Different from control, **p 	 0.01, ***p 	 0.001.
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ing up was intact in PSD-95/SAP102 double KD neurons (Fig.
4A), indicating that SAP102 is not required for scaling up. In
contrast, double KD of PSD-95/PSD-93 or triple KD of PSD-95/
PSD-93/SAP102 completely blocked scaling up (Fig. 4A,B). To-
gether, these results show that either PSD-95 or PSD-93 are
sufficient to support scaling up, suggesting that these two
MAGUKs play redundant roles in scaling up and thus can com-
pensate for each other. Consistent with this ability to compensate
for each other, PSD-95 and PSD-93 puncta were highly colocal-
ized (64.2 � 3.8%, n � 11 neurons), supporting their ability to
compensate for each other. Interestingly, even on a PSD-95/
SAP102 double KD background, chronic activity blockade did
not affect the synaptic accumulation of PSD-93 (for fluorescence
intensity, activity blockade was 114.8 � 9.1% of control, p � 0.16;
for length density, activity blockade was 105.5 � 6.4% of control;
n � 17 and 20 neurons, respectively), underscoring the point that
the role of PSD-93 in mediating scaling up was independent of
changes in synaptic abundance.

PSD-95 is necessary for scaling down
It is unclear whether scaling up and scaling down of mEPSC
amplitude is driven by similar or distinct signaling pathways
(Ibata et al., 2008; Turrigiano, 2008; Goold and Nicoll, 2010), so
next we tested the necessity of PSD-95 MAGUKs for scaling
down. As reported previously (Turrigiano et al., 1998; Seeburg et
al., 2008), elevating firing for 24 h (using picrotoxin or bicucull-
ine) significantly reduced mEPSC amplitude in nontransfected
neurons (Fig. 5). KD of SAP102 or PSD-93 (Fig. 5) did not block
scaling down. Strikingly, KD of PSD-95 alone completely blocked
scaling down; in fact, activity enhancement increased mEPSCs

slightly in KD neurons (Fig. 5), and the double KD of PSD-95/
SAP102 looked similar to KD of PSD-95 alone (Fig. 5). Thus,
PSD-95 plays an essential role in scaling down, and, in contrast to
scaling up, PSD-93 is unable to compensate for loss of PSD-95.

PDZ1/2 domains of PSD-95 are required for scaling down
Our data suggest that interactions between PSD-95 and other
proteins are necessary for the regulated reduction in quantal
amplitude that underlies synaptic scaling down. This raised
the possibility that a superabundance of PSD-95 might have
dominant-negative effects on scaling down, by interfering with
these protein–protein interactions. Consistent with our knock-
down data, scaling down was completely blocked by PSD-95
overexpression, whereas scaling up was unaffected (Fig. 6C). To
ask how critically dependent scaling down is on PSD-95 levels, we
reduced the concentration of PSD-95 cDNA and found that ele-
vating synaptic PSD-95 by as little as 1.5- to 2.5-fold was still able
to block scaling down (scaling down condition was 96 � 5% of
control; n � 13 and 17 neurons, respectively; p � 0.66). Thus,
unlike scaling up, scaling down is highly sensitive to the amount
of synaptic PSD-95 and can be disrupted by either too much or
too little of this MAGUK.

Distinct domains in PSD-95 bind to a variety of synaptic pro-
teins and serve unique functional and structural roles (Fig. 6A).
PSD-95 has three PDZ (PSD-95/Discs large/zona occludens-1)
domains, the first two of which are important in binding to
TARPs [and thus indirectly to AMPAR (Chen et al., 2000; Nicoll

Figure 2. Overexpression of PSD-95 increases mEPSC frequency but not amplitude. A, Ex-
ample images showing PSD-95 protein levels (red) in control dendrite and in dendrite trans-
fected with PSD-95–EGFP (green) for 2–3 d. Scale bar, 5 �m. B, Quantification of fluorescent
intensity and length density of PSD-95 puncta in control (untrans) and PSD-95-overexpressing
neurons (PSD-95). ***p 	 0.001. C, Example traces of mEPSC recordings from each condition.
D, Cumulative distributions of mEPSC amplitude for control neurons or neurons overexpressing
PSD-95. p � 0.027, K–S test. E, Mean mEPSC amplitude and frequency. Different from control,
*p 	 0.05. Number of neurons in each condition indicated on bars.

Figure 3. Knockdown of PSD-95 and SAP102 does not affect mEPSC amplitude. A, Example
images showing PSD-95 protein levels (red) in control (untrans) dendrite and in dendrite trans-
fected with shRNA directed against PSD-95 (green) for 3 d. Scale bar, 10 �m. B, Quantification
of fluorescent intensity and length density of PSD-95 puncta in control and KD neurons. ***p 	
0.001. C, Example raw traces of mEPSC recording from each condition. D, Cumulative distribu-
tions of mEPSC amplitude from control, PSD-95 KD, SAP102 KD, and PSD-95/SAP102 double KD
neurons. E, Mean mEPSC amplitude and frequency. Different from control, **p 	0.01. Number
of neurons in each condition indicated on bars.
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et al., 2006)], and Src homology 3 (SH3) and guanylate kinase
(GK) domains, which are critical for long-term depression (LTD)
induction and bind to proteins such as the A-kinase anchor pro-
tein AKAP and the spine-associated RapGAP protein SPAR (Pak
et al., 2001; Xu et al., 2008; Bhattacharyya et al., 2009). Even mild
PSD-95 overexpression blocks scaling down, so we were not able
to use a KD-and-replace strategy to examine the dependence of
scaling down on particular PSD-95 domains. As an alternative
strategy, we tested the ability of different PSD-95 deletion mu-
tants tagged with GFP to act as dominant negatives during scaling
down (Fig. 6A). All three of these mutants exhibited punctate
expression patterns and were colocalized with the presynaptic
marker vesicular glutamate transporter (VGluT) (Fig. 6B). We
found that truncated PSD-95 proteins missing only the GK do-
main (�GK) or the GK, SH3, and PDZ3 domains (PDZ1/2) were
still able to block scaling down (Fig. 6 D). In contrast, the
reciprocal mutation missing only the first two PDZ domains
(�PDZ1/2) was unable to block scaling down (Fig. 6D). These
results indicate that the PDZ1/2 domains are necessary for the
dominant-negative effects of PSD-95, suggesting that PSD-95

regulates scaling down through PDZ1/2-mediated protein–pro-
tein interactions. This differentiates scaling down from other
forms of synaptic plasticity that also reduce AMPAR number,
such as LTD, that rely on the SH3 and GK domains for their
effects (Xu et al., 2008; Bhattacharyya et al., 2009); interestingly, a
truncated form of PSD-95 that contains the SH3–GK domains
can act as a dominant negative for LTD, suggesting that scaling
down and LTD rely on distinct protein–protein interactions be-
tween PSD-95 and downstream signaling molecules.

PSD-95 binds directly to TARP family members through its
PDZ1/2 domains (Chen et al., 2000; Nicoll et al., 2006). If this
interaction is important for scaling down, then overexpression of
a TARP might also disrupt scaling down. To test this, we overex-
pressed �3 [a TARP highly enriched in cortical neurons (Sager et
al., 2009)], which significantly increased TARP expression both
synaptically and extrasynaptically (Fig. 7B). Overexpression of �3
significantly reduced baseline mEPSC amplitude and completely
blocked (or occluded) scaling down (Fig. 7A,C). Although the
effect of �3 overexpression on AMPA transmission has not pre-
viously been described, overexpression of �8 similarly reduces
mEPSC amplitude without affecting the total number of surface
AMPAR (Milstein and Nicoll, 2009). The reduction in baseline
mEPSC amplitude suggests that excess �3 binds to synaptic
MAGUKs and thus reduces binding of endogenous AMPAR/
TARP complexes and could disrupt scaling down by providing an
excess of TARP/MAGUK complexes that are not bound to AMPAR.
Although the precise mechanism by which �3 overexpression dis-
rupts scaling down remains unclear, these data support the interpre-
tation that PDZ1/2 interactions are critical for the regulated
reduction in quantal amplitude that underlies scaling down.

Figure 4. Functional compensation between PSD-95 and PSD-93 during scaling up in young
cortical neurons. A, Cumulative distributions of mEPSC amplitudes for control and activity blockade for
nontransfected (top left), PSD-93 KD (top right), PSD-95 KD (middle left), PSD-95/SAP102 double KD
(middle right), PSD-93/PSD-95 double KD (bottom left), and PSD-93/PSD-95/SAP102 triple KD (bot-
tom right) conditions. Insets, Average mEPSC waveforms for each condition. B, Summary of mean
mEPSC amplitude for each condition. Different from control, *p 	 0.05, **p 	 0.01, ***p 	 0.001.
n.s., Not significant. Number of neurons in each condition indicated on bars.

Figure 5. PSD-95 is necessary for scaling down in young cortical neurons. Cumulative distribu-
tions of mEPSC amplitudes for control and activity elevation for nontransfected (top left), PSD-93 KD
(top right), SAP102 KD (middle left), PSD-95 KD (middle right), and PSD-95/SAP102 double KD con-
ditions(bottomleft). Insets,AveragemEPSCwaveformsforeachcondition.Bottomright,Summaryof
mean mEPSC amplitude; activity elevation expressed as percentage of control for each condition. Different
fromcontrol,*p	0.05,**p	0.01.Numberofneuronsineachconditionindicatedonbars.
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The requirement of synaptic scaling up for PSD-95 depends
on neuronal age
PSD-95 expression progressively increases during development in
vivo (Sans et al., 2000) and is important for regulating mEPSC fre-
quency in hippocampal neurons from mature, but not young, ani-
mals (Béïque et al., 2006; Elias et al., 2006, 2008), suggesting that the

synaptic function(s) of PSD-95 may be de-
velopmentally regulated. In contrast to our
finding that PSD-95 is not essential for scal-
ing up in young (DIV 7–9) cortical neurons,
a recent study using older hippocampal
neurons (DIV 18–21) found that PSD-95
KD blocked the enhancement of AMPAR
accumulation during activity blockade
(Noritake et al., 2009). To determine
whether the role of PSD-95 in regulating
baseline transmission and synaptic scaling
changes with time, we first examined the ex-
pression profile of PSD-95 in young and
older cortical neurons. Both the density and
intensity of PSD-95 puncta colocalized with
VGluT increased significantly between DIV
7–9 and DIV 14–16 (Fig. 8A). In keeping
with the increase in puncta density, we ob-
served a substantial increase in mEPSC fre-
quency in older cultures (young, 0.80 �
0.14 Hz, n � 26; older, 3.36 � 0.42 Hz; n �
25; p 	 0.001). Together, these data suggest
that the number of PSD-95-containing ex-
citatory synapses is progressively increased
with time in vitro, as is the amount of
PSD-95 at individual synaptic puncta.

Synaptic PSD-95 levels in older neu-
rons are bidirectionally regulated by syn-
aptic scaling protocols (Fig. 8C), as they
are in younger neurons (Fig. 1). Next, we
asked whether the dependence of baseline
mEPSC amplitude and synaptic scaling
on PSD-95 is age dependent. In old as in
young neurons, overexpression of PSD-95
had no significant affect on mEPSC am-
plitude (Fig. 8D). In contrast, KD induced
a small but significant (10.4%) reduction
in mEPSC amplitude in old (Fig. 8D)
( p 	 0.05) but not in young neurons
(Figs. 3E, 4B). The degree of KD in older
neurons (89%) was comparable with that
achieved in younger neurons (84%). Also
in contrast to young neurons in which KD
of PSD-95 did not reduce mEPSC fre-
quency (Fig. 3E), in old neurons, KD and
overexpression of PSD-95 bidirectionally
regulated mEPSC frequency (Fig. 8B).
Thus, PSD-95 plays a more important role
in regulating baseline mEPSC properties in
older than in younger neurons, but modu-
lation of synaptic PSD-95 levels was not suf-
ficient to reproduce synaptic scaling at
either age.

Next we asked whether PSD-95 is crit-
ical for synaptic scaling in older neurons.
In older neurons as for young neurons
(Fig. 6C), overexpression of PSD-95 pref-

erentially blocked scaling down and had no effect on scaling up
(Fig. 8D). Surprisingly, in marked contrast to young neurons,
both scaling up and scaling down were completely blocked by KD
of PSD-95 (Fig. 8D), indicating that PSD-95 is essential for bidi-
rectional expression of synaptic scaling in older neurons. Because
KD but not overexpression blocks scaling up in older neurons, we

Figure 6. Scaling down is mediated through PSD-95 PDZ1/2 domain interactions in young cortical neurons. A, Diagram illus-
trates the domain structure of wild-type (WT) PSD-95 and the various PSD-95 mutant constructs tested here. B, Example images
showing punctate expression patterns of three PSD-95 mutants tagged with GFP (green), VGluT (red), and merge. Scale bar, 5 �m.
C, Cumulative distributions of mEPSC amplitudes in neurons overexpressing PSD-95. Left: n � 18 for control, 9 for activity
elevation, p 	 0.001, K–S test. Right: n � 18 for control, 10 for activity elevation, p � 0.39, K–S test. Insets, Average mEPSC
waveforms for each condition. D, Cumulative distributions of mEPSC amplitudes for control and activity elevation, for nontrans-
fected neurons (top left; n � 46 for control, 44 for activity elevation; p 	 0.001, K–S test) or neurons transfected with the PDZ1/2
construct (top right; n � 12 for control, 7 for activity elevation; p � 0.14, K–S test), the �PDZ1/2 construct (bottom left; n � 20
for control, 18 for activity elevation; p 	 0.001, K–S test), or the �GK construct (bottom right; n � 12 for control, 10 for activity
elevation; p � 0.7, K–S test).
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were able to perform a rescue experiment to
control for off-target effects of the hairpin;
PSD-95 overexpression was able to rescue
scaling up in older PSD-95 KD neurons
(Fig. 8D). These data indicate that the mo-
lecular mechanisms of synaptic scaling up
change during development to become ex-
clusively dependent on PSD-95. The differ-
ential sensitivity of scaling up and down to
overexpression of PSD-95, however, sug-
gests that even in older neurons PSD-95
plays distinct roles in scaling up and down.

Discussion
The molecular changes within the post-
synaptic density that lead to altered AM-
PAR abundance during synaptic scaling
remain essentially unknown. Here we in-
vestigated the possibility that activity-
dependent changes in the abundance of
the PSD-95 MAGUK family of scaffold
proteins drive bidirectional changes in
AMPAR accumulation during synaptic
scaling. We found that, although synaptic
PSD-95 and SAP102 (but not PSD-93)
abundance was bidirectionally regulated
by activity, these changes were not suffi-
cient to drive synaptic scaling. Although
not sufficient, the PSD-95 MAGUKs were
necessary for the expression of synaptic
scaling, but scaling up and down were dif-
ferentially dependent on PSD-95 and
PSD-93. Scaling down was completely blocked by reduced or
enhanced PSD-95, through a mechanism that depended on the
PDZ1/2 domains. In contrast, scaling up could be supported by
either PSD-95 or PSD-93 in a manner that depended on neuronal
age and was unaffected by a superabundance of PSD-95. To-
gether, our data suggest that scaling up and down of quantal
amplitude is not driven by changes in the synaptic abundance of
PDS-95 MAGUKs but rather that the PSD-95 MAGUKs serve as
critical synaptic organizers that mediate the regulated accumula-
tion and loss of synaptic AMPAR during homeostatic plasticity.

The factors that regulate the number of AMPAR at synapses
under basal conditions and during various forms of synaptic
plasticity are poorly understood. One proposal is that the num-
ber of slots, or AMPAR binding sites, at synapses directly deter-
mines the number of AMPAR (Malinow and Malenka, 2002).
MAGUKs are putative slot proteins widely believed to play a
pivotal role in determining the number of synaptic AMPAR (Sch-
nell et al., 2002; Colledge et al., 2003; Nicoll et al., 2006; Elias and
Nicoll, 2007) and have been implicated in mediating several forms
of synaptic plasticity (Migaud et al., 1998; Ehrlich and Malinow,
2004; Carlisle et al., 2008; Xu et al., 2008; Noritake et al., 2009).
We found that MAGUKs are differentially regulated by chronic
activity manipulations. Synaptic PSD-95 accumulation was in-
creased by activity blockade and reduced by activity elevation,
consistent with previous studies (Kim et al., 2007; Noritake et al.,
2009) but at odds with another, which found bidirectional regula-
tion but in the opposite direction (Ehlers, 2003); the reason for this
discrepancy is not clear. SAP102 was also bidirectionally regulated by
chronic changes in activity, whereas synaptic PSD-93 levels were
unaffected. Thus, synaptic scaling protocols produce complex
changes in the composition of the postsynaptic density.

Manipulations of PSD-95 can dramatically alter evoked syn-
aptic transmission (El-Husseini et al., 2000; Béïque and Andrade,
2003; Stein et al., 2003; Ehrlich and Malinow, 2004; Elias et al.,
2006; Schlüter et al., 2006; Xu et al., 2008), but we found that
PSD-95 overexpression or KD had only moderate effects on
quantal amplitude, in keeping with previous reports (El-Husseini
et al., 2000; Stein et al., 2003; Ehrlich and Malinow, 2004; Béïque
and Andrade, 2003; Gray et al., 2006; Kelsch et al., 2008). Acute
knockdown of various combinations of PSD-95/PSD-93/SAP102
also had little or modest effects on mEPSC amplitude, suggesting
that basal mEPSC amplitude is tightly regulated and is not criti-
cally dependent on variations in MAGUK protein levels. In con-
trast to the modest effects of PSD-95 MAGUK KD on quantal
amplitude, mEPSC frequency was strongly influenced by manip-
ulations of PSD-95 and SAP102, as reported previously for
PSD-95 (Sans et al., 2000; Béïque et al., 2006; Elias et al., 2006,
2008). We found that SAP102 KD reduced mEPSC frequency in
young neurons, whereas PSD-95 KD became important in regulat-
ing mEPSC frequency in more mature neocortical neurons, when
synaptic PSD-95 levels were higher. Our data on quantal amplitude
and frequency are thus consistent with the model that synaptic PSD-
95/SAP102 abundance modulates the number of functional AMPA-
containing synapses rather than directly determining the number of
receptors at individual synaptic sites (Béïque and Andrade, 2003);
this would account for why PSD-95 has profound effects on evoked
transmission but modest effects on quantal amplitude. Together,
our data show that activity-dependent changes in synaptic PSD-95
MAGUK abundance are not sufficient to mediate the changes in
mEPSC amplitude that characterize synaptic scaling.

Although changes in synaptic PSD-95 abundance do not drive
synaptic scaling, our data demonstrate that PSD-95 MAGUKs play

Figure 7. Overexpression of �3 TARP reduces baseline mEPSC amplitude and blocks scaling down in young cortical neurons. A,
Cumulative distributions of mEPSC amplitudes for control and activity elevation, for nontransfected neurons (left) and neurons
transfected with �3 (right). B, Example immunostaining images showing the expression of TARPs for nontransfected (untrans)
and �3 overexpressing (OE) neurons. Scale bar, 5 �m. C, Summary of mean mEPSC amplitude for each condition. Different from
control, *p 	 0.05, **p 	 0.01. n.s., Not significant. Number of neurons in each condition indicated on bars.
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an essential and complex scaffolding/signaling role in homeostatic
plasticity. Little is currently known about the degree to which scaling
up and down use the same or distinct signaling pathways. Both occur
through cell-autonomous changes in somatic calcium and involve
changes in calcium/calmodulin-dependent kinase kinase and calci-
um/calmodulin-dependent kinase IV activation and transcriptional
regulation (Ibata et al., 2008; Goold and Nicoll, 2010). In contrast,
some other signaling or AMPAR trafficking elements such as Arc
and TNF� appear to be critical only for scaling up (Shepherd et al.,
2006; Stellwagen and Malenka, 2006). Our data demonstrate that
PSD-95 MAGUKs play central but distinct roles in scaling up and
down. In young neurons, PSD-95 is essential for activity-dependent
scaling down of mEPSCs, whereas scaling up can be supported by
either PSD-95 or PSD-93. PSD-95 and PSD-93 have �71% se-
quence homology and the same domain structure but do differ in the
structure of the PDZ1 domain and so could interact preferentially
with different binding partners (Fiorentini et al., 2009); our data
suggest that scaling down relies on protein–protein interactions
unique to PSD-95, whereas in young neurons scaling up relies on
protein–protein interactions common to both MAGUKs. Adding to
this complexity, in older neurons, PSD-93 can no longer compen-
sate for loss of PSD-95 during scaling up, indicating for the first time
that the dependence of synaptic scaling on particular signaling ele-
ments changes with neuronal age. Because we are taking a KD rather
than knockout approach, we cannot completely exclude the possi-
bility that the differential dependence of scaling up and down on
PSD-95 in young neurons is attributable to a difference in the sensi-
tivity of these two pathways to the small amount of PSD-95 that

remains after KD, but the observations that
(1) the remaining PSD-95 cannot support
scaling up when PSD-93 is also knocked
down, (2) in older neurons a similar degree
of PSD-95 KD is able to block both scaling
up and down, and (3) that a superabun-
dance of PSD-95 blocks scaling down but
not scaling up suggest that this explanation
is unlikely. Rather, we propose that the
pathways that lead to upregulation and
downregulation of synaptic AMPAR abun-
dance during synaptic scaling rely on dis-
tinct PSD-95 (and/or PSD-93)-mediated
protein–protein interactions.

Interestingly, both KD and overexpres-
sion of PSD-95 can prevent scaling down,
whereas scaling up is unaffected by overex-
pression in both young and older neurons.
Scaling down thus appears to depend on
maintenance of a critical level of synaptic
PSD-95, presumably because too much
PSD-95 interferes with downstream signal-
ing elements necessary for the expression of
scaling down. PSD-95 can interact through
its GK domain with SPAR, a synaptic scaf-
folding protein known to be critical for scal-
ing down (Pak et al., 2001; Seeburg and
Sheng, 2008; Seeburg et al., 2008), and LTD
is dependent on the SH3–GK domains of
PSD-95, which can act as a dominant nega-
tive for LTD (Xu et al., 2008). In contrast, we
found that the SH3–GK domains are not
essential for the dominant-negative effects
of PSD-95, indicating that PSD-95 acts to
regulate scaling down through a pathway

that is independent of SPAR and distinct from that mediating LTD.
Instead, scaling down was critically dependent on the PDZ1/2 do-
mains of PSD-95, which are known to physically interact with nu-
merous scaffolding and signaling proteins, including the TARPs,
which link PSD-95 to AMPAR (Kim and Sheng, 2004; Nicoll et al.,
2006). Overexpression of �3 [a TARP highly expressed in neocortex
(Sager et al., 2009)] also blocked scaling down, indicating that a
superabundance of either the PSD-95 PDZ1/2 domains or a com-
plementary binding partner disrupt scaling down. This suggests
that PSD-95 mediates scaling down by targeting the PSD-95–
TARP interaction to reduce synaptic AMPAR stability.

Although PSD-95 is emerging as a critical player in several
important forms of synaptic plasticity, different forms of plastic-
ity appear to rely on different domains of PSD-95. Whereas LTD
depends on the SH3–GK domains, scaling down depends on the
PDZ1/2 domains. Whereas scaling down is critically dependent
on PSD-95, scaling up can be supported by either PSD-95 or
PSD-93 and is unaffected by PSD-95 overexpression. Similarly,
enhancement of synaptic strength during long-term potentiation
(LTP) and scaling up are differentially dependent on PSD-95; KD
does not block LTP (Ehrlich et al., 2007) but does block scaling up
in older neurons, whereas overexpression occludes LTP (Stein et
al., 2003; Ehrlich and Malinow, 2004) but does not affect scaling
up. Together with these studies on Hebbian forms of plasticity,
our data show that PSD-95 is a centrally placed scaffold/signaling
molecule that, by virtue of its many interaction domains, can act
as a platform to simultaneously mediate multiple mechanistically
distinct forms of Hebbian and homeostatic plasticity.

Figure 8. PSD-95 is necessary for both scaling up and down in older cultures. A, Left, Sample images showing changes of PSD-95
expression at different neuronal age in cortical neurons. Right, Quantification of fluorescent intensity and density of PSD-95 puncta
during DIV 7–9 and DIV 14 –16. Different from DIV 7–9, *p 	 0.05, ***p 	 0.001. Scale bar, 5 �m. B, Mean mEPSC frequency for
nontransfected, PSD-95 overexpression, and PSD-95 KD. Different from nontransfected, **p 	 0.01, ***p 	 0.001. C, Quantifi-
cation of fluorescent intensity of PSD-95 puncta for control, activity blockade, and activity elevation in older cultures (DIV14 –16).
*p 	 0.05, ***p 	 0.001. D, Mean mEPSC amplitude for each condition. Different from control, *p 	 0.05, **p 	 0.01, ***p 	
0.001. Number of neurons in each condition indicated on bars.
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