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In Huntington’s disease (HD), the mutant huntingtin (mhtt) protein is associated with striatal dysfunction and
degeneration. Excitotoxicity and early synaptic defects are attributed, in part, to altered NMDA receptor
(NMDAR) trafficking and function. Deleterious extrasynaptic NMDAR localization and signalling are increased
early in yeast artificial chromosome mice expressing full-length mhtt with 128 polyglutamine repeats
(YAC128 mice). NMDAR trafficking at the plasma membrane is regulated by dephosphorylation of the
NMDAR subunit GluN2B tyrosine 1472 (Y1472) residue by STriatal-Enriched protein tyrosine Phosphatase
(STEP). NMDAR function is also regulated by calpain cleavage of the GluN2B C-terminus. Activation of
both STEP and calpain is calcium-dependent, and disruption of calcium homeostasis occurs early in the
HD striatum. Here, we show increased calpain cleavage of GluN2B at both synaptic and extrasynaptic
sites, and elevated extrasynaptic total GluN2B expression in the YAC128 striatum. Calpain inhibition signifi-
cantly reduced extrasynaptic GluN2B expression in the YAC128 but not wild-type striatum. Furthermore, cal-
pain inhibition reduced whole-cell NMDAR current and the surface/internal GluN2B ratio in co-cultured
striatal neurons, without affecting synaptic GluN2B localization. Synaptic STEP activity was also significantly
higher in the YAC128 striatum, correlating with decreased GluN2B Y1472 phosphorylation. A substrate-
trapping STEP protein (TAT-STEP C-S) significantly increased VGLUT1-GluN2B colocalization, as well as
increasing synaptic GluN2B expression and Y1472 phosphorylation. Moreover, combined calpain inhibition
and STEP inactivation reduced extrasynaptic, while increasing synaptic GluN2B expression in the YAC128
striatum. These results indicate that increased STEP and calpain activation contribute to altered NMDAR
localization in an HD mouse model, suggesting new therapeutic targets for HD.

INTRODUCTION

NMDA receptors (NMDARs) play an important role in learn-
ing and memory (1). However, NMDAR dysregulation contri-
butes to pathogenesis in some neurological disorders,
including Huntington’s disease (HD) (2–4). HD is character-
ized by striatal dysfunction and neurodegeneration (5),
caused by a polyglutamine expansion in the protein huntingtin

(mutant huntingtin, mhtt) (6). NMDAR current, surface ex-
pression and excitotoxicity are enhanced early in HD transgen-
ic mice (7–14), and the function and trafficking of NMDARs
that contain the GluN2B subunit are altered (8,15–18).

Mhtt induces faster NMDAR trafficking to the surface
membranes in striatal neurons (8), where receptors accumulate
at extrasynaptic sites in young yeast artificial chromosome
mice expressing full-length human huntingtin with 128
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polyglutamine repeats (YAC128) (17). Synaptic and extrasy-
naptic NMDARs (Ex-NMDARs) are linked to survival and
apoptotic signalling cascades, respectively (19,20). At low
concentrations, the selective Ex-NMDAR antagonist meman-
tine restores YAC128 cyclic AMP-response element-binding
(CREB) protein pro-survival signalling deficits, and improves
motor learning, behaviour and neuropathology (17,21).
However, the mechanisms by which mhtt alters NMDAR
surface distribution are unknown.

The NMDAR C-terminus contains multiple protein-
interaction domains that regulate receptor trafficking and
downstream signalling (22–24). Posttranslational modifica-
tions such as proteolytic cleavage and phosphorylation modu-
late NMDAR membrane trafficking, as well as lateral
diffusion between synaptic and extrasynaptic sites (3).
Several studies have reported that the Ca2+-dependent prote-
ase calpain cleaves the GluN2B C-terminus (25,26) and
thereby may alter surface NMDAR distribution. In human
postmortem brains and HD mouse models, calpain activation
is elevated, and the GluN2B subunit is one of several
cleaved substrates (27,28).

The membrane-associated STriatal-Enriched protein tyro-
sine Phosphatase 61 (STEP61) downregulates synaptic
NMDAR expression by dephosphorylating a regulatory tyro-
sine (Y1472) residue on GluN2B (29–31). STEP61 activity
is downregulated in excitotoxin-resistant (late stage) HD
mouse models (32); however, in early stage HD, disruption
of Ca2+ homeostasis might result in enhanced STEP activity
via calcineurin activation (33,34). Whether STEP activity is
altered in synaptic or extrasynaptic compartments in an
excitotoxin-sensitive (early stage) model such as young
YAC128 mice is unknown.

Here, we compare the effects of two Ca2+-dependent
enzymes, calpain and STEP, on NMDAR subcellular localiza-
tion in YAC128 striatal neurons, prior to onset of the motor
phenotype. We find that increased activation of both
enzymes contributes to enhanced extrasynaptic GluN2B ex-
pression and activity, at a stage when these mechanisms
could contribute to early cognitive deficits.

RESULTS

Enhanced calpain cleavage of NMDARs contributes to
increased non-synaptic GluN2B in YAC128 striatal tissue

Previous studies report that calpain cleavage of NMDARs as
well as the expression of extrasynaptic full-length GluN2B is
elevated in presymptomatic YAC128 mice (17,27). To deter-
mine whether calpain cleavage of NMDARs occurs at both syn-
aptic and extrasynaptic sites, striatal subcellular fractionation
was performed from 1- to 2-month-old wild-type (WT) and
YAC128 mice. The purity of the fractionation was indicated
by enrichment of postsynaptic density protein-95 (PSD-95)
and synaptophysin in postsynaptic density (PSD) and
non-PSD fractions, respectively (data not shown). An N-
terminal GluN2B antibody was used that recognizes both full-
length (180 kDa) and cleaved (115 kDa) GluN2B. Full-length
GluN2B was abundantly expressed in the PSD fraction,
whereas cleaved GluN2B was enriched in the non-PSD

(extrasynaptic-containing) fraction from WT and YAC128
mice (Fig. 1A). There was a significant increase in full-length,
cleaved and total (full-length plus cleaved) GluN2B expression
in the YAC128 non-PSD fraction compared with the WT
(Fig. 1A and B). Cleaved GluN2B expression was also signifi-
cantly increased in the YAC128 versus WT PSD fraction.
However, increased levels of cleaved GluN2B were not asso-
ciated with reduced full-length GluN2B expression in either
fraction from YAC128 striata, suggesting the involvement of
a secondary upregulatory mechanism (Fig. 1A and B).

To determine the effect of calpain cleavage on GluN2B ex-
pression, parasagittal slices were incubated with the calpain
inhibitor, calpeptin. For accurate quantification of non-PSD
GluN2B, lower and higher exposure blots were used for
cleaved and full-length GluN2B analysis, respectively
(Fig. 1C). Similar to whole striatum fractionations (Fig. 1A
and B), cleaved and total GluN2B expression were significant-
ly increased in the vehicle [dimethyl sulfoxide (DMSO)]-
treated YAC128 non-PSD fraction relative to the WT
(Fig. 1C–E). Non-PSD full-length GluN2B expression was
also significantly increased in the vehicle-treated YAC128
slices relative to the WT (Fig. 1C; quantification not shown).
Calpeptin treatment significantly reduced YAC128 non-PSD
cleaved (33% decrease) and total (30% decrease) GluN2B ex-
pression relative to the vehicle control, bringing GluN2B
down to WT levels (Fig. 1C–E). Since calpeptin had a
similar effect on both cleaved and full-length GluN2B expres-
sion (33 and 30% reduction, respectively), cleaved/full-length
GluN2B ratios were not directly compared between treat-
ments. In contrast, calpain inhibition had no effect on total
(Fig. 1C and F), cleaved or full-length GluN2B (Fig. 1C) ex-
pression in the synaptic fraction of either WT or YAC128
mice (cleaved GluN2B/b-actin ratios in PSD for vehicle:
0.50+ 0.09 and 0.60+ 0.12 for WT and YAC128, respective-
ly; for calpeptin: 0.68+ 0.14 and 0.63+ 0.14 for WT and
YAC128, respectively; no significant difference detected
with a two-way analysis of variance (ANOVA); P . 0.05, n
¼ 4). Together, these results suggest that calpain cleavage of
GluN2B is increased early in this excitotoxin-sensitive
mouse model, and that cleaved GluN2B-containing receptors
are relatively stable at extrasynaptic sites.

Increase in GluN2B-containing NMDAR surface
expression and whole-cell current is rescued by calpain
inhibition in YAC128 co-cultured striatal neurons

We next determined the effect of calpain inhibition on surface
NMDAR levels in mhtt-expressing medium-sized spiny striat-
al neurons (MSNs) co-cultured with cortical neurons after 14
days in vitro (DIV14). Yellow fluorescent protein (YFP)-
GluN2B was transfected into WT and YAC128 co-cultured
MSNs and treated with either vehicle or calpeptin. After treat-
ment, co-cultures were first live stained for surface YFP-
GluN2B (green), and then fixed, permeabilized and stained
for internal YFP-GluN2B (red) and the presynaptic glutama-
tergic marker, vesicular glutamate transporter 1 (VGLUT1,
blue). We found a significant increase in the surface/internal
GluN2B intensity in YAC128 versus WT MSNs in the
vehicle condition (Fig. 2A and B). Calpain inhibition signifi-
cantly reduced the YAC128 but not WT surface/internal
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GluN2B intensity ratio compared with the vehicle-treated
control (Fig. 2A and B). These results suggest that enhanced
calpain activation in YAC128 versus WT MSNs favours a
shift towards increased surface expression of NMDARs.

To investigate the effect of calpain inhibition on synaptic
GluN2B, puncta analysis was performed on thresholded
images. Calpeptin treatment had no significant effect on the
percentage puncta colocalization of the presynaptic marker

Figure 1. Synaptic and extrasynaptic full-length and cleaved GluN2B expression and effect of calpain inhibition. (A) Representative immunoblots of WT and
YAC128 striatal non-PSD and PSD fractions probed for GluN2B (using an N-terminal antibody) and b-actin. (B) Quantification of non-PSD and PSD full-length,
calpain-cleaved and total (full-length plus cleaved) GluN2B in YAC128 mice relative to WT mice. Synaptic (PSD) cleaved GluN2B and non-PSD full-length,
cleaved and total GluN2B are elevated in YAC128 mice relative to the WT. Significance tested using one-sample t-tests (n ¼ 8, ∗P , 0.05, ∗∗P , 0.01). (C)
Representative immunoblots of striatal non-PSD and PSD fractions from WT or YAC128 parasagittal slices treated with either vehicle (Veh; DMSO) or cal-
peptin (Cal), and probed for GluN2B and b-actin. For the non-PSD, lower and higher exposures were used for cleaved and full-length GluN2B quantification,
respectively. (D and E) In the vehicle condition, YAC128 non-PSD cleaved and total GluN2B expression was significantly higher than WT and was significantly
reduced by calpeptin treatment. Quantification of vehicle- and calpeptin-treated WT and YAC128 non-PSD calpain-cleaved (D) and total (E) GluN2B expression
relative to the protein loading control, b-actin. A two-way ANOVA revealed significant differences for non-PSD cleaved GluN2B for treatment (F(1,7) ¼ 100.3,
∗∗∗P , 0.001), genotype (F(1,7) ¼ 14.76, ∗∗P , 0.01), interaction (F(1,7) ¼ 49.63, ∗∗∗P , 0.001), subjects (matching, F(7,7) ¼ 22.11, ∗∗∗P , 0.001); ∗∗∗P ,

0.001 by Bonferroni’s post hoc tests; n ¼ 4 (D). Significant differences were also detected for non-PSD total GluN2B for treatment (F(1,7) ¼ 19.94, ∗∗P ,
0.01), genotype (F(1,7) ¼ 12.90, ∗∗P , 0.01), interaction (F(1,7) ¼ 10.07, ∗P , 0.05), subjects (matching, F(7,7) ¼ 5.38, ∗P , 0.05); ∗∗P , 0.01, ∗∗∗P , 0.001
by Bonferroni’s post hoc tests; n ¼ 4 (E). (F) Calpeptin treatment had no effect on synaptic total GluN2B expression in either WT or YAC128 mice. Quanti-
fication of vehicle- and calpeptin-treated WT and YAC128 PSD total GluN2B expression relative to b-actin; no significance detected for either total (F) or
cleaved GluN2B expression (quantification not shown) with a two-way ANOVA (P . 0.05, n ¼ 4).

Human Molecular Genetics, 2012, Vol. 21, No. 17 3741



VGLUT1 with surface GluN2B (Fig. 2C and D), or on the size
and density of VGLUT1 and GluN2B puncta in either WT or
YAC128 MSNs [GluN2B puncta size (in mm2) for vehicle:
WT, 0.09+ 0.003; YAC128, 0.09+ 0.004; calpeptin: WT,
0.08+ 0.005; YAC128, 0.08+ 0.005; GluN2B puncta
density (per mm) for vehicle: WT, 1.31+ 0.08; YAC128,
1.49+ 0.07; calpeptin: WT, 1.38+ 0.08; YAC128, 1.50+
0.09; no significant difference detected with either unpaired
t-tests or two-way ANOVAs, P . 0.05, cell n ¼ 21 from
four cultures. Data for VGLUT1 are not shown]. Consistent
with biochemistry results (Fig. 1C and F), these data suggest
that calpain inhibition does not affect synaptic GluN2B

expression. Together, these results indicate that increased
calpain activation in the YAC128 striatum may promote ele-
vated striatal Ex-NMDAR expression, since preventing
calpain cleavage reduces the surface/internal GluN2B ratio
(Fig. 2A and B) and decreases extrasynaptic GluN2B expres-
sion (Fig. 1C–E).

To examine the effect of calpain inhibition on striatal
NMDAR function, whole-cell current density was recorded
from YFP-labelled postnatal MSNs in co-culture. In the
vehicle condition, the mean NMDA-evoked peak current
density of YAC128 MSNs was significantly greater than that
of WT MSNs, indicating increased NMDAR activation at

Figure 2. Calpain inhibition reduces the YAC128 surface/internal YFP-GluN2B intensity ratio with no effect on VGLUT1-GluN2B puncta colocalization. (A)
Representative embryonic YFP-GluN2B-transfected co-cultured MSNs live stained with a chicken anti-GFP antibody (surface GluN2B, green), fixed, permea-
bilized and stained again with a rabbit anti-GFP (internal GluN2B, red). Cultures were treated with either vehicle (DMSO) or calpeptin (1 h). (B) In the vehicle
condition, the surface/internal YFP-GluN2B intensity ratio was significantly increased in YAC128 MSNs relative to WT and was significantly reduced to WT
levels after calpain inhibition. Quantification of vehicle- and calpeptin-treated surface/internal YFP-GluN2B fluorescence intensities for WT and YAC128. With
a two-way ANOVA, there was a significant effect of treatment (F(1,40) ¼ 20.79, ∗∗∗P , 0.001), genotype (F(1,40) ¼ 9.79, ∗∗P , 0.01), interaction (F(1,40) ¼
17.69, ∗∗∗P , 0.001); ∗∗∗P , 0.001 by Bonferroni’s post hoc tests; cell n ¼ 21 from four cultures. (C) Representative images of vehicle- and calpeptin-treated
WT and YAC128 YFP-GluN2B-transfected co-cultured MSNs live stained with an anti-GFP antibody (surface GluN2B, green), fixed, permeabilized and stained
with an anti-VGLUT1 antibody (blue). Magnified images are example dendrites with VGLUT1-GluN2B puncta colocalization. (D) Calpain inhibition does not
alter VGLUT1-GluN2B colocalization in either WT or YAC128 MSNs. The percentage of VGLUT1 puncta colocalized with surface YFP-GluN2B is quantified.
No significance was obtained with either a two-tailed unpaired t-test or a two-way ANOVA.
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the cell surface (Fig. 3A–C). Calpain inhibition by calpeptin
had no significant effect on NMDA-induced current in WT
MSNs. In contrast, NMDA-induced current was significantly
reduced by calpeptin in YAC128 MSNs. Overall, these
results indicate that elevated calpain activity promotes
increased extrasynaptic expression and activation of
NMDARs in the YAC128 striatum.

Increased synaptic STEP activity and reduced GluN2B
Y1472 phosphorylation in YAC128 striatal tissue

The results so far suggest that calpain, which removes most of
the GluN2B C-terminus, does not affect synaptic GluN2B ex-
pression but modulates Ex-NMDAR expression in YAC128
striatal neurons. Next, we investigated the role of another
Ca2+-dependent enzyme, STEP61, which downregulates
NMDAR synaptic retention by dephosphorylating a single
residue (Y1472) in the GluN2B subunit (29–31,35). There-
fore, we postulated that STEP61 activation might influence
the distribution of GluN2B to extrasynaptic sites.

Subcellular fractionation was performed from whole stri-
atum dissected from WT and YAC128 mice. Non-PSD and
PSD fractions were subsequently probed to assess GluN2B ex-
pression and Y1472 phosphorylation (pY1472; Fig. 4A), as
well as STEP61 expression and phosphorylation (pSTEP61;
Fig. 4B). The pY1472/GluN2B ratio was significantly lower

in YAC128 non-PSD and PSD fractions compared with WT
mice (Fig. 4A and C). As previously observed in the hippo-
campus and cortex (36,37), STEP61 was specifically enriched
at extrasynaptic membranes compared with the PSD (Fig. 4B).
NMDAR-mediated Ca2+ influx leads to activation of the
Ca2+-dependent phosphatase, calcineurin, which dephosphor-
ylates STEP61 at its kinase domain serine 221 residue and
thereby allows it to associate with and dephosphorylate sub-
strates (33). Thus, a significant reduction in YAC128 synaptic
pSTEP61 levels indicates that STEP61 is more active in the
YAC128 PSD (Fig. 4B and C). These results suggest that ele-
vated synaptic STEP activity is associated with GluN2B
Y1472 dephosphorylation and reduced synaptic stability of
GluN2B-containing NMDARs.

Figure 3. Calpain inhibition decreases the YAC128 NMDAR current. (A and
B) Representative NMDAR currents from postnatal YFP-transfected WT (A)
or YAC128 (B) co-cultured MSNs evoked by NMDA (solid line) in the
vehicle condition (grey trace) or following treatment with calpeptin (black
trace). (C) Mean peak current density is not changed by calpain inhibition
in WT MSNs (vehicle n ¼ 14 cells, calpeptin n ¼ 9). In the vehicle condition,
YAC128 MSNs (n ¼ 9) show a greater peak current density than WT MSNs
(∗P , 0.05), which is decreased by calpeptin treatment (n ¼ 6) to WT
levels. A minimum of three independent cultures was used per condition.
Differences between groups were tested by a one-way ANOVA followed by
Bonferroni’s post hoc tests.

Figure 4. GluN2B Y1472 and STEP phosphorylation levels. (A and B) Rep-
resentative immunoblots of WT and YAC128 striatal non-PSD and PSD
samples probed with anti-GluN2B (N-terminal), pY1472 and b-actin anti-
bodies (A) or with anti-STEP, pSTEP and b-actin antibodies (B). (C)
YAC128 non-PSD and PSD GluN2B-pY1472 is significantly reduced com-
pared with WT, and YAC128 PSD pSTEP61 is also significantly lower than
WT levels. YAC128 pY1472/full-length GluN2B and pSTEP61/STEP61
levels are normalized to WT for both PSD and non-PSD fractions. Signifi-
cance tested using one-sample t-tests [n ¼ 4 (non-PSD) and n ¼ 5 (PSD),
∗P , 0.05, ∗∗P , 0.01].
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STEP inactivation increases synaptic GluN2B-containing
NMDARs

In several studies, a substrate-trapping STEP C-S protein has
been used to determine the effect of STEP inactivation on
NMDAR and AMPA receptor trafficking (31,38,39). This con-
struct has a point mutation in the catalytic domain that renders
it inactive. However, it still binds to its substrates and thereby
protects them from dephosphorylation by endogenous STEP.
We used trans-activating transduction (TAT)-linked STEP
C-S to determine whether STEP modulates synaptic and/or
extrasynaptic GluN2B expression and whether it is correlated
with changes in GluN2B-pY1472 in WT and YAC128 striata.
WT and YAC128 parasagittal slices were incubated with arti-
ficial cerebrospinal fluid (aCSF) containing either TAT-myc
(negative control) or TAT-STEP C-S fusion proteins. It has
been shown in several studies that the fusion proteins efficient-
ly enter cells due to the presence of the HIV-1 TAT protein
transduction domain (31,38,39).

As previously observed in Figure 1, immunoblots show
increased non-PSD cleaved, full-length and total GluN2B ex-
pression in the YAC128 control condition relative to the WT
(Fig. 5A). TAT-STEP C-S increases total, particularly full-
length, GluN2B expression in the YAC128 PSD but not
non-PSD fraction (Fig. 5A–C). Quantification indicates a sig-
nificant increase (58%) in YAC128 but not WT PSD total
GluN2B expression after TAT-STEP C-S treatment compared
with TAT-myc (Fig. 5C). Moreover, immunoblots indicate
increased pY1472 levels after STEP inactivation in the
YAC128 but not WT PSD (Fig. 5A; quantification not
shown; PSD TAT-STEP C-S/TAT-myc pY1472 ratios for
WT: 1.37+ 0.19 and YAC128: 1.49+ 0.06; significance
obtained for YAC128 using a one-sample t-test, ∗∗P , 0.01,
n ¼ 5). The pY1472/GluN2B ratios were not compared
between treatments since YAC128 STEP inactivation pro-
duced a similar increase in both synaptic full-length GluN2B
(46%) and pY1472 (49%) levels. Together, these data
suggest that elevated STEP activity in the YAC128 PSD
may contribute to synaptic instability of GluN2B-containing
NMDARs.

To determine the effect of STEP inactivation on NMDAR
internalization and/or lateral diffusion, YFP-GluN2B was
transfected into co-cultured embryonic MSNs followed by
treatment with either TAT-myc (control) or TAT-STEP C-S
fusion proteins. Puncta analysis indicates that TAT-STEP
C-S treatment significantly increased the size and density of
surface GluN2B puncta in YAC128, while having no detect-
able effect in WT MSNs [YAC128 GluN2B puncta size
(in mm2) for TAT-myc: 0.05+ 0.002; TAT-STEP C-S:
0.06+ 0.002;∗P , 0.05 with a two-tailed unpaired t-test,
cell n ¼ 30 from four cultures. YAC128 GluN2B puncta
density (per mm) for TAT-myc: 1.30+ 0.07; TAT-STEP
C-S: 1.56+ 0.08;∗P , 0.05 with a two-tailed unpaired
t-test]. There was no effect of STEP C-S on VGLUT1
puncta quantification (data not shown). Fluorescence images
and colocalization analysis also indicate that the STEP C-S
fusion protein significantly increased the percentage of

Figure 5. STEP inactivation increases YAC128 synaptic GluN2B and pY1472
levels. (A) Representative immunoblots of striatal non-PSD and PSD fractions
isolated from parasagittal slices treated with either TAT-myc or TAT-STEP
C-S fusion proteins (1 h). Samples were probed with anti-GluN2B
(N-terminal), pY1472 and b-actin antibodies. Low and high exposure blots
were used for cleaved and full-length GluN2B quantification, respectively.
(B) STEP inactivation has no effect on either WT or YAC128 non-PSD
total GluN2B expression levels. Quantification of TAT-myc and TAT-STEP
C-S-treated WT and YAC128 non-PSD total GluN2B expression relative to
b-actin; no significance detected with a two-way ANOVA (P . 0.05,
n ¼ 4). (C) STEP inactivation significantly increases YAC128 but not WT
total GluN2B expression in the PSD. The effect of TAT-myc and
TAT-STEP C-S on total GluN2B levels is quantified for both WT and
YAC128 in the PSD fraction. A two-way ANOVA revealed significant differ-
ences in synaptic total GluN2B for treatment (F(1,8) ¼ 15.14, ∗∗P , 0.01) and
subjects (matching, F(8,8) ¼ 8.72, ∗∗P , 0.01); ∗∗P , 0.01 by Bonferroni’s
post hoc tests; n ¼ 5. As indicated in the immunoblots (A), this was associated
with increased Y1472 phosphorylation in the PSD of YAC128 but not WT
striata (quantification not shown).
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VGLUT1 colocalized with surface GluN2B (by 30%) (Fig. 6A
and B). This suggests that STEP inactivation has a larger
effect on YAC128 synaptic GluN2B localization compared
with the WT, as also indicated by subcellular fractionation
experiments (Fig. 5A and C).

Consistent with results shown in Figure 2, TAT-myc (control)
treated YAC128 MSNs showed significantly higher surface/
internal GluN2B fluorescence intensity compared with the
WT. However, TAT-STEP C-S had no significant effect on
WT or YAC128 surface/internal GluN2B fluorescence inten-
sities [quantification not shown; the surface/internal GluN2B
ratio for TAT-myc: WT, 0.67+ 0.04; YAC128, 0.82+ 0.05;
for TAT-STEP C-S: WT, 0.77+ 0.06; YAC128, 0.93+ 0.08;

significant difference detected between WT and YAC128
TAT-myc conditions with a two-tailed unpaired t-test (∗P ,
0.05), cell n ¼ 30 from four cultures]. Together, our data
suggest that enhanced synaptic STEP activation in the
YAC128 striatum induces a shift in surface NMDAR distribu-
tion from the PSD to extrasynaptic sites. This is consistent
with no significant change in the YAC128 surface to internal
GluN2B ratio as well as increased density and size of GluN2B
puncta and elevated colocalization of VGLUT1 and GluN2B
upon STEP inactivation (Fig. 6A and B).

Decreasing both calpain and STEP activity alters both
synaptic and extrasynaptic NMDAR localization
in the YAC128 striatum

To determine the effect of combined calpain inhibition and
STEP inactivation, parasagittal slices were incubated with
either vehicle (DMSO) plus TAT-myc (control) or calpeptin
plus TAT-STEP C-S. Combined treatment with calpeptin
and TAT-STEP C-S significantly reduced non-PSD total
GluN2B levels (by 24%; Fig. 7A and B) and also increased
synaptic total GluN2B expression (by 42%; Fig. 7A and C)
in the YAC128 striatum. As illustrated in the representative
immunoblots (Fig. 7A), the increase in total GluN2B in the
YAC128 PSD was associated with elevated GluN2B-pY1472
levels (quantification not shown; PSD calpeptin plus
TAT-STEP C-S/vehicle plus TAT-myc pY1472 ratios for
WT: 1.47+ 0.31 and YAC128: 1.55+ 0.18; significance
obtained for YAC128 using a one-sample t-test, ∗P , 0.05,
n ¼ 4). In summary, it is apparent that combined calpain in-
hibition and STEP inactivation is sufficient to decrease
non-PSD GluN2B levels and increase PSD GluN2B expres-
sion in the YAC128 striatum.

DISCUSSION

Early cognitive decline in HD is associated with synaptic
dysfunction and enhanced sensitivity to NMDAR-mediated
excitotoxicity (reviewed in 40,41). Previously, it has been
reported that acute brain slices and mono-cultured MSNs
expressing polyQ-expanded htt exhibit enhanced striatal neur-
onal NMDAR activation, current and surface expression due
to increased forward trafficking of receptors (7–12,14,42).
Supporting this, we have shown that YAC128 co-cultured
MSNs have increased NMDAR whole-cell current as well as
an elevated ratio of surface to internal GluN2B receptors com-
pared with WT MSNs. However, the mechanism(s) underlying
altered receptor localization were unknown. This study deter-
mined that activation of calpain and STEP contributes to
increased expression of Ex-NMDARs, while inhibition of
these two enzymes attenuates the disrupted receptor localiza-
tion. The data suggest that elevated STEP activity in the
YAC128 PSD reduces synaptic NMDAR retention and facili-
tates movement to extrasynaptic sites, and that increased
calpain cleavage of GluN2B promotes Ex-NMDAR expres-
sion in HD (see proposed model in Fig. 8). Elevated
Ex-NMDAR localization and signalling is linked to activation
of downstream apoptotic signalling cascades that facilitate
further synaptic dysfunction and neurodegeneration (41).

Figure 6. Inactivating STEP increases YAC128 VGLUT1-GluN2B colocali-
zation. (A) Representative images of TAT-myc and TAT-STEP C-S treated
(1 h) YFP-GluN2B-transfected MSNs, live stained with an anti-GFP antibody
(surface GluN2B, green), fixed, permeabilized and stained with anti-VGLUT1
antibody (blue). Magnified images are example dendrites of VGLUT1-
GluN2B puncta colocalization. (B) STEP inactivation significantly increases
YAC128 but not WT VGLUT1-GluN2B colocalization. The percentage of
VGLUT1-GluN2B puncta colocalization is quantified for TAT-myc and
TAT-STEP C-S-treated WT and YAC128 MSNs. Significance obtained for
treatment (F(1,58) ¼ 4.14, ∗P , 0.05) with both a two-way ANOVA and a two-
tailed unpaired t-test (∗P , 0.05; cell n ¼ 30 from four different cultures).

Human Molecular Genetics, 2012, Vol. 21, No. 17 3745



Role of calpain activation in altered NMDAR localization

In the presence of mhtt, impairments in metabolic pathways
and mitochondrial function lead to increased cytosolic Ca2+

levels and activation of downstream apoptotic signalling cas-
cades (43). Depolarization of mitochondrial membranes at
lower intracellular Ca2+ concentrations, interaction of mhtt
with voltage-dependent anion channel 1, reduced expression
of genes such as peroxisome proliferator-activated receptor-g
coactivator-1a involved in mitochondrial biogenesis,
increased inositol-1,4,5-trisphosphate receptor sensitivity and
elevated Ca2+ release from intracellular stores may all contrib-
ute to early Ca2+ dyshomeostasis (reviewed in 44–46). In par-
ticular, striatal neurons cultured from new-born YAC128 mice
display increased mitochondrial sensitivity to Ca2+ and
reduced cytosolic Ca2+ clearance (47), which likely contri-
butes to the elevated calpain activity observed in striatal
tissue from 1- to 2-month-old YAC128 mice (27).

Increased calpain activation may contribute to early
neuronal dysfunction and subsequent degeneration in HD
(27,28,48,49). Although calpain can cleave other proteins in-
cluding mhtt, previous studies have reported that calpain
cleavage of the GluN2B subunit is important in modulating
surface NMDAR distribution and that this cleavage is
increased in HD (25–28). Extending previous work (17,27),
we observed that striatal tissue from young YAC128 mice
has elevated non-PSD full-length and cleaved GluN2B expres-
sion, as well as increased synaptic cleaved GluN2B expres-
sion, compared with WT mice. Thus, increased cleavage of
GluN2B did not decrease either synaptic or extrasynaptic full-
length GluN2B expression. This could be because increased
forward NMDAR trafficking to the cell surface in YAC128
MSNs (8) replenishes full-length GluN2B-containing recep-
tors to compensate for enhanced calpain cleavage. Although
calpain may be active at both synaptic and extrasynaptic
sites, the high ratio of cleaved to full-length GluN2B in WT
and YAC128 non-PSD fractions compared with the PSD
implies that calpain preferentially cleaves Ex-NMDARs, in
agreement with previous studies (50,51).

Our data suggest that elevated calpain activity contributes to
increased Ex-NMDAR expression in HD. Calpain inhibition
had no effect on WT or YAC128 synaptic GluN2B expression,
GluN2B puncta size or density, or VGLUT1-GluN2B coloca-
lization, indicating that this protease does not play an import-
ant role in regulating synaptic GluN2B in striatal neurons.
However, calpain inhibition significantly reduced YAC128
surface GluN2B expression, NMDAR whole-cell current and
non-PSD total and cleaved GluN2B expression. It is interest-
ing to note that increased Ex-NMDAR expression and activity
could enhance calpain activity (51) and facilitate further
increases in Ex-NMDAR localization, in a feed-forward cycle.

Although the non-PSD fraction contains endosomal, pre-
synaptic and extrasynaptic membranes, data using three differ-
ent techniques suggest that Ex-NMDAR expression and
function is enhanced in YAC128 mice by increased calpain ac-
tivity. This is consistent with studies reporting that calpain-
cleaved NMDARs remain functional on the plasma membrane

Figure 7. Combined calpain inhibition and STEP inactivation normalizes
YAC128 NMDAR expression. (A) Representative immunoblots of striatal
non-PSD and PSD fractions isolated from parasagittal slices treated with
either vehicle (Veh; DMSO) and TAT-myc or calpeptin and TAT-STEP
C-S (1 h). Samples were probed with anti-GluN2B (N-terminal), pY1472
and b-actin antibodies. Low and high exposure blots were used for cleaved
and full-length GluN2B quantification, respectively. (B and C) Combined
calpain inhibition and STEP inactivation significantly decreases non-PSD
YAC128 total GluN2B expression (B), while significantly increasing
YAC128 PSD total GluN2B levels (C). The effect of the vehicle plus
TAT-myc and calpeptin plus TAT-STEP C-S on non-PSD (B) and PSD (C)
total GluN2B levels is quantified relative to b-actin. The decrease in
YAC128 non-PSD GluN2B after combined calpain inhibition and STEP in-
activation was significant with a two-tailed unpaired t-test [∗P , 0.05, n ¼ 4
(B)]. A two-way ANOVA revealed significant differences in synaptic total
GluN2B for treatment (F(1,8) ¼ 10.60, ∗P , 0.05); ∗P , 0.05 by Bonferroni’s
post hoc tests; n ¼ 5 (C). As indicated in the immunoblots (A), increased
YAC128 synaptic total GluN2B expression was accompanied by increased
YAC128 pY1472 after treatment with both calpeptin and TAT-STEP C-S
(quantification not shown).
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(25,50,52), and that synaptic receptor retention may be
reduced after removal of C-terminal protein-interaction
motifs (3). Although it has been shown that calpain-cleaved
NMDARs are internalized and degraded in cortical neurons
(53) due to unmasking of membrane proximal motifs (54),
this does not seem to reduce Ex-NMDAR expression in the
YAC128 striatum.

Increased calpain activation may facilitate retention of
surface GluN2B-containing Ex-NMDARs by cleaving the cla-
thrin adaptor protein-2 (AP-2) complex a and b2 subunits and
downregulating clathrin-mediated endocytosis (55). This
could explain why calpain inhibition results in a net loss of
surface Ex-NMDARs and no significant increase in either syn-
aptic or extrasynaptic total GluN2B expression in YAC128
MSNs. Previously, we reported that incubating YAC128
mono-cultured MSNs with calpain inhibitor I for 12–24 h
slows lysosomal degradation of surface NMDARs (27),
whereas here we show that 1 h of calpeptin treatment increases
NMDAR internalization in YAC128 co-cultured MSNs. Pos-
sible explanations for this apparent discrepancy include lack
of cortical input in mono-cultured MSNs, different inhibitors

utilized and different effects of short- and long-term calpain
inhibition.

Altered STEP activity prevents accumulation of synaptic
GluN2B-containing NMDARs in HD

Previously, we showed that delivery of GluN2B-containing
NMDARs to the surface of MSNs is accelerated in neuronal
cultures (8); however, GluN2B surface expression is enhanced
only at extrasynaptic sites in YAC128 mouse brain tissue and
acute parasagittal slices, whereas synaptic NMDAR current
and expression is similar to WT levels (17). The current
study suggests that enhanced STEP61 activity results in
reduced retention of synaptic NMDARs and limits accu-
mulation of synaptic GluN2B despite accelerated surface
delivery.

This is the first time that STEP regulation has been investi-
gated in an excitotoxin-sensitive HD mouse model. In
excitoxin-resistant models, STEP61 expression and activity
is downregulated because of altered STEP61 transcription
and phosphorylation levels, via dysregulation of PKA and

Figure 8. Model summarizing consequences of elevated calpain and STEP activation for GluN2B expression in YAC128 MSNs. Elevated calpain activity pref-
erentially promotes YAC128 Ex-NMDAR expression, as calpain inhibition significantly reduced both surface and extrasynaptic GluN2B-containing NMDAR
expression and function. Increased STEP activation in the YAC128 PSD could mediate reduced synaptic NMDAR retention. Since receptors laterally diffuse on
the plasma membrane, enhanced STEP61-mediated GluN2B Y1472 dephosphorylation may facilitate increased NMDAR lateral diffusion from the PSD to extra-
synaptic sites. Alternatively, STEP activation could trigger internalization of synaptic NMDARs followed by rapid recycling to the extrasynaptic membrane (not
shown in model). GluN2B-containing NMDARs may then be more stable extrasynaptically because of enhanced calpain-mediated cleavage of the AP-2 a and
b2 subunits and reduced clathrin-mediated endocytosis. NMDAR mislocalization could contribute to altered activation of cell survival and apoptotic signalling
cascades in HD.

Human Molecular Genetics, 2012, Vol. 21, No. 17 3747



calcineurin (32). In those models, increased pSTEP61 may be
due to decreased calcineurin activity and/or increased PKA ac-
tivity in response to elevated D-1 and D-2 dopamine receptor
activation (56–58). In excitotoxin-sensitive models, NMDAR
over-activation and excessive intracellular Ca2+ may activate
calcineurin (34,59,60), which increases STEP61 dephosphory-
lation and activation (33). Although elevated Ex-NMDAR ac-
tivation can facilitate calpain cleavage of STEP61 (51), this
does not seem to diminish synaptic STEP activity in the
YAC128 striatum.

The role of STEP in NMDAR trafficking has not been deter-
mined in the striatum, as previous studies were performed in
heterologous cells and other brain areas (29–31). In the
YAC128 striatum, STEP inactivation resulted in increased
synaptic GluN2B and pY1472 levels, increased surface
GluN2B puncta size and density and elevated VGLUT1-
GluN2B colocalization without changing the surface to intern-
al GluN2B ratio. This was in contrast to WT mice, in which
STEP inhibition had no effect on synaptic GluN2B expression,
pY1472 levels or VGLUT1-GluN2B puncta colocalization,
possibly because STEP basal activity was lower in the WT
striatum compared with YAC128 mice. Although STEP inacti-
vation did not reduce YAC128 non-PSD GluN2B levels, traf-
ficking to and from internal pools may have been altered as the
non-PSD fraction included these receptors.

In both WT and YAC128 striatal neurons, STEP C-S treat-
ment had no significant effect on the surface to internal
GluN2B ratio. This suggests that STEP may facilitate lateral
diffusion of GluN2B-containing NMDARs from synaptic to
extrasynaptic sites and/or internalization of synaptic
NMDARs followed by rapid recycling to the extrasynaptic
membrane. This is consistent with the finding that a mutation
in the AP-2 binding motif (YEKL domain containing the
Y1472 residue) specifically disrupts synaptic GluN2B reten-
tion without affecting overall NMDAR surface expression
(35). Thus in the HD striatum, elevated synaptic STEP activity
and increased GluN2B Y1472 dephosphorylation may facili-
tate increased Ex-NMDAR expression by triggering either
lateral diffusion and/or internalization followed by recycling.
In future studies, single molecule imaging experiments that
track individual surface NMDAR diffusion patterns would
help to distinguish these possibilities (61–63).

Notably, in the non-PSD compartment, there was no correl-
ation between STEP activity or GluN2B-pY1472 with altera-
tions in GluN2B expression, suggesting that pY1472
specifically stabilizes synaptic GluN2B-containing NMDAR
expression in the striatum. Other studies support this idea,
since STEP inhibition or YEKL domain mutations increase
synaptic GluN2B expression (30,35). Our results are also con-
sistent with a previous hippocampal study indicating that
pY1472 and pY1336 modulate synaptic and Ex-NMDAR lo-
calization, respectively (36). However, the latter study also
showed that Src-family tyrosine kinases and STEP modulate
synaptic and Ex-NMDARs, respectively, which is not in
agreement with our findings but could be explained by differ-
ences between brain areas. Differential phosphorylation of
GluN2B at synaptic versus extrasynaptic sites could contribute
to increased calpain cleavage of Ex-NMDARs in HD, since
GluN2B pY1336 but not pY1472 potentiates calpain cleavage
of the GluN2B subunit (50).

We found that the effects of calpain inhibition and STEP in-
activation are additive, resulting in increased synaptic and
decreased Ex-NMDAR expression in YAC128 mice. These
data support the idea that enhanced calpain activation prefer-
entially promotes Ex-NMDAR localization, whereas STEP
specifically modulates synaptic NMDAR expression. Thus,
combined treatment with calpeptin and STEP C-S shifts
NMDAR distribution towards WT levels. Future studies will
determine whether cell survival and apoptotic signalling is
also normalized in response to corrected GluN2B localization.

Conclusions

We report mechanisms contributing to enhanced Ex-NMDAR
localization in an excitotoxin-sensitive HD mouse model.
Increased activation of calpain and STEP facilitate altered lo-
calization of GluN2B-containing NMDARs to extrasynaptic
sites. Future studies will investigate these mechanisms
further in both excitotoxin-sensitive and resistant HD mouse
models. The ability to rectify the abnormal distribution of
NMDAR may be a powerful therapeutic approach to
improve early NMDAR function and signalling, synaptic dys-
function and cognitive decline in HD. Specific inhibitors that
prevent extrasynaptic calpain cleavage and synaptic STEP-
mediated GluN2B dephosphorylation may avoid adverse side
effects associated with NMDAR inhibition.

MATERIALS AND METHODS

Transgenic mice, neuron culture preparation
and transfection

WT and YAC128 (line 55) mice bred on the FVB/N mouse
strain were housed, cared for and used according to Canadian
Council on Animal Care regulations at the University of
British Columbia (UBC) Faculty of Medicine Animal Re-
source Unit. For embryonic culture preparation, pregnant (em-
bryonic days 17–18) WT and YAC128 mice were deeply
anesthetized with halothane vapour and killed by decapitation.
Embryos were removed, brains extracted and the striatum and
cortex dissected on ice in Hank’s Balanced Salt Solution
[HBSS, GIBCO; described in detail in reference (16). For
postnatal cultures, striatal and cortical tissue was dissected
from postnatal days 0–1 WT and YAC128 mice. More than
85% of striatal cells cultured from embryonic and/or postnatal
day 0–1 mice are GABAergic MSNs (12).

In experiments using cortico-striatal co-cultured neurons,
striatal cells were labelled by transfection on the day of
plating (DIV0). For patch-clamp recording, postnatal cells
were labelled with YFP on a b-actin promoter (a gift from
K. She and A. M. Craig, UBC, Vancouver, originally from
S. Kaech and G. Banker, Oregon Health Sciences University,
Portland), which was previously linked to a CAG promoter
[gift from J. Miyazaki (64,65)]. For immunocytochemical lo-
calization of surface GluN2B-containing NMDARs, we used
an N-terminally tagged YFP-GluN2B plasmid on a synapsin
promoter to label embryonic striatal cells [gift from K. She
and A. M. Craig, originally from M. Sheng, Genentech, San
Francsco (66)]. Site-directed mutagenesis and polymerase
chain reaction was used to insert YFP and a linker
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LVPRGSRSR into rat GluN2B between amino acids 2 and 4
in a modified pLentiLox 3.7 vector. The coding region se-
quence was subsequently verified. YFP-GluN2B transfections
were performed in order to assess surface GluN2B levels due
to unavailability of sensitive N-terminal anti-GluN2B anti-
bodies suitable for immunocytochemistry. Furthermore, bioti-
nylation of co-cultured neurons was not suitable for surface
GluN2B labelling since the cultures contained a mixture of
both cortical and striatal neurons.

Cells were suspended in electroporation buffer (Mirus Bio)
with DNA and nucleofected (AMAXA nucleofector I). Trans-
fected striatal cells (MSNs) were resuspended with non-
transfected cortical neurons (1:1 ratio) in D-minimum essen-
tial medium (DMEM) (GIBCO) plus 10% fetal bovine
serum (DMEM+). Cells were then plated on glass cover
slips pre-coated with poly-D-lysine (250 mg/ml) in 24-well
plates, at a total density of 2 × 105 cells per well. 1-2 h
after plating, the DMEM+ was replaced with 500 ml plating
medium [PM; B27, penicillin/streptomycin, a-glutamine, neu-
robasal medium (GIBCO)]. At DIV3, another 500 ml PM was
added, after which half of the media was replaced every 3–4
days. The cultures were kept in a humidified 378C incubator
with 5% CO2 until day of use (DIV12–15). Images from YFP-
transfected MSNs indicated that striatal neurons were relative-
ly mature and spiny at this age.

Striatal dissections and brain slice preparation

Male mice between 1 and 2 months of age were
halothane-anesthetized and decapitated. To look at basal
protein expression, brains were rapidly removed and immersed
in ice-cold protease and phosphatase inhibitor-containing
sucrose buffer (0.32 M sucrose, 10 mM HEPES, pH 7.4). The
striatum was dissected on ice in sucrose buffer and homoge-
nized for subcellular fractionation. For parasagittal slice
preparations, brains were immersed in oxygenated (95%
O2–5% CO2), chilled aCSF (in mM: 125 NaCl, 2.5 KCl, 25
NaHCO3, 1.25 NaH2PO4, 6 MgCl2, 2 CaCl2, 10 glucose, pH
7.3–7.4, 300–310 mosmol l21). A 3:1 Mg2+:Ca2+ ratio was
used for cutting aCSF to minimize NMDAR activation. A
vibratome (Leica VT1000) was used to cut 300 mm parasagit-
tal slices, which were placed into a 1:2 Mg2+:Ca2+ containing
aCSF to rest [1 h, room temperature (RT)].

Parasagittal slice treatment

For calpain inhibition, we used calpeptin (Calbiochem), which
inhibits calpain I, calpain II and papain. For STEP inactiva-
tion, a dominant-negative STEP fusion protein (TAT-STEP
C-S) was used, and a TAT-myc protein [containing the mye-
locytomatosis virus (myc) tag] served as a control. The
TAT-STEP C-S fusion protein has a point mutation in the
catalytic domain that inactivates the tyrosine phosphatase.
The STEP fusion protein still binds to its substrates and
thereby acts as a substrate-trapping construct. TAT-STEP
C-S has been well characterized and readily transduces into
slices and neuronal cultures (31,38,39). For calpain inhibition
experiments, parasagittal slices were incubated in aCSF con-
taining DMSO (vehicle control) or 15 mM calpeptin (1 h,
RT) (51). For STEP inactivation, slices were incubated in

aCSF containing either 2 mM TAT-myc (negative control) or
2 mM TAT-STEP C-S (1 h, RT) (51). For combined calpain in-
hibition and STEP inactivation, slices were incubated in aCSF
containing DMSO plus 2 mM TAT-myc or 15 mM calpeptin
plus 2 mM TAT-STEP C-S (1 h, RT). Slices were oxygenated
throughout. After treatment, the striatum was dissected on ice
in sucrose buffer and homogenized in 0.32 M sucrose buffer
for subcellular fractionation.

Subcellular fractionation

The subcellular fractionation protocol was followed as
described previously (17). Striatal PSD and non-PSD fractions
were isolated based on the principle that the PSD fractions are
Triton X-100 insoluble, while non-PSD fractions are soluble
(17,36,67). All buffers contained ‘complete’ protease and
‘phosSTOP’ phosphatase inhibitor cocktails (Roche diagnos-
tics) in addition to 40 mM b-glycerophosphate, 20 mM

sodium pyrophosphate, 1 mM sodium orthovanadate, 30 mM

NaF, 1 mM EDTA, 1 mM EGTA and 15 mM calpeptin.
Fractions were stored at 2808C until use.

Western blotting

Western blotting was performed as described previously (17).
In brief, protein concentration was normalized, samples heated
(4.5 min, 958C) in 3× sample buffer, separated via 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membrane using semi-dry electrophoresis (BioRad).
After transfer, membranes were blocked in 3% BSA or 5%
milk in 0.5% Tween-20 in TBS (TBST) (1 h, RT), and incu-
bated in primary antibody (3% BSA or 3% milk in TBST,
overnight, 48C). After washing, blots were incubated with
horseradish peroxidase (HRP)-coupled secondary antibodies
(1% BSA or 3% milk in TBST, 2 h, RT), washed and visua-
lized using enhanced chemiluminescence substrate (Amer-
sham) and exposed to film (Amersham). b-Actin was
visualized using an anti-goat alkaline phosphatase
(AP)-conjugated secondary antibody and a Lumi-phos WB
chemiluminescent substrate detection system (Pierce).

Primary antibodies used were rabbit N-terminal anti-
GluN2B (AGC-003; Alomone, 1:500), rabbit anti-pY1472
(p1516-1472, Phosphosolutions, 1:500), goat anti-b-actin
(sc-1616, Santa Cruz, 1:1500), mouse anti-synaptophysin
(S5768; Sigma, 1:1000), mouse anti-PSD-95 (MA1-045,
Affinity BioReagents, 1:500), mouse anti-STEP (23E5,
1:500) (68) and rabbit anti-pSTEP61 (serine 221, 1:500)
(33). Secondary antibodies used were anti-mouse HRP-
conjugated (NA931V, Amersham, 1:5000–1:10 000), anti-
rabbit HRP-conjugated (NA934V, Amersham; 1:5000–1:10
000) and anti-goat AP-conjugated (sc-2037; Santa Cruz,
1:5000). All antibodies were added to BSA-containing
TBST, except for anti-pSTEP61 that required milk.

Electrophysiology

Whole-cell patch-clamp recordings were performed on
DIV12-15 co-cultured YFP-transfected postnatal MSNs. Elec-
trophysiology experiments were conducted under voltage
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clamp at a holding potential of 270 mV, as described previ-
ously (47). Briefly, neurons were superfused at RT with extra-
cellular solution (ECS, in mM: 167 NaCl, 2.4 KCl, 0.010
MgCl2, 10 glucose, 10 HEPES, 2 CaCl2, pH 7.2). Tetrodotoxin
(0.3 mM), glycine (10 mM) and picrotoxin (100 mM) were added
to ECS before use. Calpeptin (10 mM) was applied for 1–2 h in
ECS before and during recording. In the control condition, an
equal volume of the solvent DMSO was applied with ECS.
Rapid switching between ECS and NMDA solutions was
achieved using a pressure-driven solenoid system controlled
by pClamp (Harvard Apparatus). NMDA (1 mM) was
applied for 3 s and repeated 5× at intervals of 60 s. Intracel-
lular recording solution contained in mM: 130 CsMe, 5 CsCl,
4 NaCl, 1 MgCl, 10 HEPES, 5 EGTA, 5 lidocaine, 0.5 GTP,
10 Na-phosphocreatine, 5 MgATP, pH 7.2. Data were
acquired using the Axopatch 200B amplifier and analysed
using the pClamp 10.2 software (Molecular Devices). Whole-
cell current density was calculated as peak NMDA current
(pA)/cell capacitance (pF).

Immunocytochemistry

Embryonic YFP-GluN2B-transfected WT and YAC128 MSNs
co-cultured with cortical neurons were treated at DIV14 with
conditioned media containing either DMSO (vehicle) or
10 mM calpeptin (1 h, 378C) (51). For STEP inactivation
experiments, MSNs were treated with conditioned media
containing either 1 mM TAT-myc or 1 mM TAT-STEP C-S
(1 h, 378C).

Similar to methods in reference (69), cover slips were sub-
sequently live stained with chicken anti-green fluorescent
protein (GFP) antibody (cross reactive with eYFP; ab13970,
AbCam, 1:1000, 10 min, 378C) in conditioned media,
washed (3×, PBS, RT) and fixed with 4% paraformaldehyde
(PFA) plus 4% sucrose (15 min, RT). After washing (PBS),
cover slips were incubated with anti-chicken Alexa-488-
conjugated (green fluorescent) secondary antibody (A11039,
Molecular Probes, 1:1000, 30 min, RT) in PBS. Cover slips
were washed again (PBS), permeabilized with filtered
ice-cold methanol (5 min, 2208C), washed (PBS) and incu-
bated in PBS containing 0.03% Triton X-100 (PBST, 5 min,
RT). Cover slips were blocked in 10% normal goat serum
(NGS) in PBS (30 min, RT) and incubated in guinea-pig anti-
VGLUT1 (AB5905, Chemicon, 1:4000) and rabbit anti-GFP
(132-002, Synaptic Systems, 1:500) primary antibodies in
2% NGS containing PBST (1 h, RT) followed by gentle
shaking (overnight, 48C). Cover slips were washed (PBST)
and incubated in anti-rabbit Alexa 568 (red fluorescent;
A21069, Molecular Probes, 1:1000) and anti-guinea-pig
AMCA (blue fluorescent; 706-155-148, Jackson Laboratories,
1:100) conjugated secondary antibodies (1 h, RT). Cover slips
were finally washed (PBST) and mounted onto slides using
fluoromount (Southern Biotech).

To confirm the specificity of surface (green) and internal
(red) GluN2B staining, control experiments were performed
on non-transfected and YFP-GluN2B-transfected MSNs
(data not shown). In non-transfected MSNs (with and
without permeabilization), no significant dendritic green or
red fluorescent signal was observed. Red fluorescent signal
was also minimal for transfected cells without the

permeabilization step. Under normal staining conditions,
minimal overlap of green and red puncta was observed.

Microscopy

A Zeiss Axiovert 200M fluorescence microscope was used for
image acquisition. To obtain optimal images, approximately
six to ten 0.45 mm z-stacks were taken at ×63 magnification
(NA: 1.4). The same exposure time was used for green, red
and blue channels throughout the experiment. An extended
focus projection function (Axiovision 4.6A) was utilized to
create flattened images from stacks with soma and dendrites
in focus and 16 bit images were exported for data analysis.

Data analysis and statistics

For western blots, the optical density of immunoreactive bands
was quantified using Image J (NIH). The protein loading
control b-actin was used for band density normalization
apart for pY1472 blots where b-actin reprobes were not pos-
sible. For microscope images, Image J was used to quantify
mean intensities of surface (green) and internal (red) YFP-
GluN2B fluorescence in a particular area (mask) of dendrite.
Background intensity measures were subtracted from dendrite
intensities and an average of three dendrites per cell was cal-
culated. Cell averages from four different cultures were subse-
quently assessed.

The same cells and dendrites were used for VGLUT1 and
surface YFP-GluN2B puncta analysis. Images were blinded
and manually thresholded for puncta size, density and coloca-
lization analysis per micron of dendrite. An Image J colocali-
zation plugin [http://rsb.info.nih.gov/ij/plugins/colocalization.
html (70)] was utilized to quantify the percentage of
VGLUT1 puncta colocalized with surface YFP-GluN2B puncta.

Group analysis and statistics was performed in GraphPad
Prism and Microsoft Excel. Data are presented as the
mean + SEM. Significance was tested using two-tailed un-
paired t-tests, one-sample t-tests, one-way and two-way
ANOVAs and Bonferroni’s post hoc tests as indicated;
P-values , 0.05 were deemed significant.
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