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Huntington disease (HD), caused by CAG expansion in the ubiquitously expressed huntingtin gene, is characterized by early dysfunction
and death of striatal medium-sized spiny neurons (MSNs). Previous work has shown MSN-specific alterations in NMDA receptor
(NMDAR) expression and cell death signaling. Furthermore, studies in HD human brain tissue and a knock-in mouse model demonstrate
increases in calpain activity, which can be stimulated by NMDARs and contribute to excitotoxicity. Here, we report increased calpain
activity in MSNs from the yeast artificial chromosome (YAC) transgenic mouse model of HD, expressing human full-length huntingtin
with 128 polyglutamine repeats (YAC128), compared with wild type. Moreover, the calpain-cleaved product of NMDAR subunit NR2B is
increased early, and NR2B expression levels are reduced, in YAC128 striatum. Although steady-state NMDAR surface expression is
similar in wild-type and YAC128 MSNs, the rate of loss of NR2B-containing surface receptors is enhanced in YAC128 MSNs, suggesting
that NMDAR forward trafficking to the surface is also faster, as previously reported for YAC72 MSNs. Calpain inhibitor-1 treatment
normalized the loss rate of surface NMDARs in YAC128 MSNs to that of wild type, and significantly increased surface NMDAR expression
in YAC128, but not in wild type or YAC72. With acute NMDAR overstimulation, the increase in calpain activity correlated with polyglu-
tamine length, and calpain inhibitor treatment reduced NMDA-induced apoptosis in YAC72 and YAC128 MSNs to wild-type levels. Thus,
the cumulative effect of increasing huntingtin polyglutamine length is to enhance MSN sensitivity to excitotoxicity at least in part by
calpain-mediated cell death signaling.
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Introduction
NMDA glutamate receptors contribute to excitatory neurotrans-
mission (Dingledine et al., 1999), but NMDA receptor
(NMDAR) overactivation causes excitotoxic neuronal death (Pa-
padia and Hardingham, 2007). Altered NMDAR activity has been
implicated in the pathogenesis of Huntington disease (HD),
caused by CAG expansion in the gene for huntingtin (htt), result-
ing in selective degeneration of striatal medium-sized spiny neu-
rons (MSNs) (The Huntington’s Disease Collaborative Research

Group, 1993; Vonsattel and DiFiglia, 1998). Similar selective
neurodegeneration is reproduced by striatal injection of
NMDAR-specific agonists (Beal et al., 1986; Sanberg et al., 1989),
and postmortem analysis of human HD brains suggests
NMDAR-expressing neurons are particularly vulnerable to de-
generation (Young et al., 1988; Albin et al., 1990). Although other
mechanisms are also involved in neuronal dysfunction and death
in HD (Cowan and Raymond, 2006), excitotoxicity may help
explain neuronal selectivity.

Mouse models of HD provide further evidence for the excito-
toxicity hypothesis. Yeast artificial chromosome (YAC) trans-
genic mice express full-length human htt with normal (YAC18)
or pathological (YAC72, YAC128) polyQ sizes (Hodgson et al.,
1999; Slow et al., 2003). In this model, severity of striatal excito-
toxicity parallels expression of htt polyQ expansion-mediated
toxicity, since mice expressing caspase-6 cleavage-resistant htt, or
particular htt fragments, lack an HD phenotype and exhibit re-
sistance to striatal excitotoxicity despite presence of the polyQ
expansion (Slow et al., 2005; Graham et al., 2006). Moreover,
NMDA-evoked current density in MSNs increases with htt polyQ
length, and the enhanced current observed in YAC72 MSNs can
be explained by increased numbers of surface NMDARs, result-
ing from accelerated forward trafficking (Fan et al., 2007). In
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YAC72 MSNs, the larger NMDAR current amplitude correlates
with enhanced NMDA-induced apoptosis (Shehadeh et al.,
2006). In YAC128 MSNs, however, NMDAR current density is
similar to WT (Fernandes et al., 2007), whereas NMDA-induced
apoptosis is enhanced as in YAC72 MSNs (Graham et al., 2006a;
Shehadeh et al., 2006). We hypothesize that the extreme polyQ
expansion in YAC128 MSNs produces greater cell stress, result-
ing in activation of signaling pathways that downregulate
NMDAR surface numbers while enhancing sensitivity to
apoptosis.

In addition to caspases, calpains, calcium-activated cysteine
proteases that are involved in neuronal apoptosis (Harwood et
al., 2005), may also play a role in HD. Activated calpains have
been detected in striata of HD knock-in mice and postmortem
HD human brain (Gafni and Ellerby, 2002; Gafni et al., 2004).
The htt protein itself is a substrate for calpains at residues 469 and
536 (Gafni et al., 2004), which may contribute to the toxic gain-
of-function theory of htt proteolysis (Goldberg et al., 1996; Well-
ington and Hayden, 1997). Susceptibility of htt to calpain cleav-
age in vitro increases with polyQ length (Gafni and Ellerby, 2002),
and mutation at the two calpain-cleavage sites eliminates htt ag-
gregation and toxicity (Gafni et al., 2004).

Here we address whether tonic calpain activity is altered in
MSNs from YAC mice and what effect this has on NMDAR func-
tion and expression. Furthermore, we determine whether calpain
activation after NMDA exposure correlates with htt polyQ length
and contributes to the enhanced NMDAR-mediated excitotoxic-
ity observed with htt polyQ expansion.

Materials and Methods
Mice
Mice used in all experiments were either wild-type FVB/NJ, or the off-
spring of crosses between homozygous mice expressing the full-length
human htt transgene contained in the yeast artificial chromosome (YAC)
on a pure FVB/NJ background. Transgenic mice used were YAC18 (line
212), YAC72 (line 2511), and YAC128 (line 55). Mice were housed and
handled according to Canadian Committee on Animal Care guidelines.

MSN primary culture
As previously published (Zeron et al., 2004), striata were dissected from
postnatal day 0 –1 mice in HBSS on ice; digested in papain solution (4.5%
papain, 1 mM CaCl2, 0.2 mg/ml cysteine hydrochloride, 500 �M EDTA in
HBSS) at 37°C for 10 min; further dissociated through a series of Pasteur
pipettes in 37°C trypsin inhibitor solution (0.25% trypsin inhibitor,
0.25% BSA, 20 �g/ml DNase in Neurobasal media); and plated in serum-
free Neurobasal media (Invitrogen) with 2% B27 (Invitrogen), 2 mM

L-glutamine and 100 U/ml penicillin/streptomycin at a density of 2 � 10 5

cells/well on glass coverslips coated with 50 �g/ml poly-D-lysine in 24-
well culture plates. Cells were grown at 37°C, 5% CO2 for 9 d.

In vitro excitotoxicity
Methods used to induce NMDAR-mediated apoptosis in cultured MSNs
were as previously published (Shehadeh et al., 2006). Primary cultured
MSNs at 9 DIV were pretreated (or not) for 1 h at 37°C with 1 �M calpain
inhibitor 1 (CI-1) added to conditioned media; then treated for 10 min at
37°C with 500 �M NMDA in BSS (139 mM NaCl, 3.5 mM KCl, 2 mM

NaHCO3, 11 mM D-glucose, 50 �M glycine, pH 7.35), in the continued
presence or absence of 1 �M CI-1. Controls were treated with DMSO or
BSS alone, as appropriate. Cells were then returned to conditioned me-
dia, with or without 1 �M CI-1, for 24 h, before being fixed with 4%
paraformaldehyde (PFA) in PBS for 15 min at room temperature (for
subsequent immunocytochemistry) or for 1 h at 4°C (for analysis of
apoptotic death).

Immunocytochemistry
Spectrin. Cells were treated with 10 mM sodium citrate, pH 6, at 95°C for
15 min; permeabilized in 0.5% Triton X-100 in PBS for 5 min at room

temperature; blocked in 5% bovine serum albumin (BSA) in PBS for 30
min at room temperature; incubated in anti-cleaved-spectrin � II
(h1186) primary antibody (Santa Cruz, s.c.-23464) at 1:50 in 2% BSA in
PBS for 1 h at room temperature; washed 3 times in PBS; incubated in
AlexaFluor 488-conjugated anti-goat secondary antibody (Molecular
Probes) at 1:400 in 2% BSA in PBS for 1 h at room temperature; washed
3 times in PBS; counterstained with 10 �M Hoechst in PBS for 10 min at
room temperature; and mounted with Fluormount (Southern
Biotechnology).

Surface/internal NR1. Sister coverslips of cultured striatal MSNs at 9
DIV were treated with vehicle dimethyl sulfoxide (DMSO) or 1 �M CI-1
dissolved in DMSO for 24 h and subjected to immunostaining of surface
and internal NR1 as previously described (Fan et al., 2007). Cells were
blocked in 10% normal goat serum (NGS) in PBS for 30 min at room
temperature; incubated in anti-NR1 primary antibody (Chemicon,
MAB363) at 1:500 in 1% NGS in PBS for 12–18 h at 4°C; washed 3 times
in PBS; incubated in AlexaFluor 488-tagged anti-mouse secondary anti-
body (Molecular Probes) at 1:1000 in 1% NGS in PBS for 40 min at room
temperature; washed 3 times in PBS; permeabilized in 0.5% Triton X-100
1% PFA in PBS for 5 min at room temperature; blocked in 10% NGS in
PBS for 30 min at room temperature; incubated again in the same anti-
NR1 primary antibody for 90 min at room temperature; washed 3 times
in PBS; incubated in AlexaFluor 594-labeled anti-mouse secondary an-
tibody (Molecular Probes) at 1:1000 in 1% NGS in PBS for 40 min at
room temperature; washed 3 times in PBS; and mounted with Fluor-
mount (Southern Biotechnology).

Analysis of immunocytochemistry
Cells were viewed at 630� magnification with an Axiophot (Zeiss) epi-
fluorescence microscope, with the experimenter blinded to condition.
To analyze calpain activity, photographs of MSNs labeled with anti-
cleaved spectrin were taken (6 pairs of photographs per coverslip per
condition, from n � 3– 6 independent batches of cultures, equating to
�200 dendrites per data point) keeping exposure time and all other
imaging parameters constant. Proximal dendrites of MSNs were then
traced using Northern Eclipse Software, and the average fluorescence
intensity of each dendrite was measured. To assess the ratio of surface to
internal NR1 [as described by Fan et al. (2007)], pairs of photographs
were taken in the same way, and ImageJ software was used to stack the red
(internal NR1) and green (surface NR1) images, draw around each MSN
soma and a section of proximal dendrite, and measure the average fluo-
rescence intensity. An individual background reading was subtracted for
each image.

TUNEL
As previously published (Zeron et al., 2002; Shehadeh et al., 2006), cells
were incubated in 0.25% Triton X-100 and 0.25% sodium citrate in PBS
for 2 min on ice; incubated in 16 �l/ml RNase in PBS for 30 min at room
temperature; incubated in fluorescein-conjugated terminal dUTP nick-
end labeling (TUNEL) mixture (Roche, as per manufacturer’s instruc-
tions) for 60 min at 37°C; counterstained with 10 �M propidium iodide
or 1 �M Hoechst in PBS for 10 –15 min at room temperature; and
mounted with Fluormount (Southern Biotechnology). MSNs were
scored as apoptotic or nonapoptotic visually at 630� magnification us-
ing an epifluorescence microscope (Zeiss Axiophot), with the experi-
menter blinded to condition. Strict criteria of cellular and nuclear apo-
ptotic morphology in conjunction with TUNEL positivity were used (see
Shehadeh et al., 2006). One thousand cells were counted per condition
per n; n � 3–7 independent batches of primary cultures.

Preparation of protein samples from tissue and cells
Two-month-old mice were killed by terminal halothane anesthesia fol-
lowed by decapitation; all procedures were approved by the UBC Animal
Care Committee and adhere to Canadian Committee on Animal Care
guidelines. Striata were dissected out on ice and homogenized in harvest
buffer [1 mM EDTA, 1 mM EGTA, 2 �g/ml aprotinin, 1 mM phenylmeth-
ylsulfonyl fluoride, 2 �g/ml leupeptin, 4 �g/ml pepstatin A, 30 mM NaF
(pH 7), 40 mM �-glycerophosphate (pH 7), 20 mM sodium pyrophos-
phate (pH 7), 3.5 mM sodium orthovanadate, in PBS]. The homogenate
was spun down briefly at 14,000 rpm, the supernatant discarded, and the
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pellet resuspended and sonicated in lysis buffer (harvest buffer, 0.2%
SDS, 0.8% Triton X-100). Primary MSNs were collected for protein ly-
sates by scraping the cells into chilled harvest buffer, sonicating the cell
pellet in lysis buffer in the same way as for tissue, followed by a 30 min
rotation at 4°C, 10 min spin at 14,000 rpm, and transfer of supernatant to
fresh tube, discarding any pellet. Tissue and cell lysates were stored at
�80°C.

Immunoprecipitation
Striatal lysates from 2-month-old mice were prepared as described
above. One-tenth volume of the homogenate was reserved for subse-
quent loading to SDS-PAGE as the lysate (“Lys”) sample. The remainder
was incubated with protein A- and protein G-linked beads, rotating for
1 h at 4°C, followed by centrifugation for 5 min at 14,000 rpm. The
supernatant was transferred to a fresh tube and incubated with 1 �g of
NR2C antibody (A-6475, Invitrogen), rotating 1 h at 4°C, after which
protein A- and protein G-linked beads were added with rotation for
another 1 h at 4°C. The sample was centrifuged for 3 min at 5000 rpm,
and supernatant discarded. Beads were washed 5 times with 500 �l of Tris
washing buffer (Tris 50 mM, pH 7.4; NaCl 150 mM; EDTA 1 mM; EGTA 1
mM; 1% Triton X-100), each time centrifuging briefly at 5000 rpm and
removing supernatant. Immunoprecipitated proteins were uncoupled
from the beads and solubilized in protein sample buffer. All samples in
loading buffer were boiled for 3 min at 98°C before loading to SDS-
PAGE, as described below.

Western blotting
Protein concentration of tissue or cell lysates was determined by bicin-
choninic acid (BCA) protein assay (Pierce); and 20 – 40 �g of proteins,
boiled for 2 min in 3� protein sample buffer (6% SDS, 0.4 mM Tris pH
6.8, 30% glycerol, pyronin Y, 70 mg/ml dithiothreitol), were resolved by
8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE); and trans-
ferred by wet electrophoresis onto polyvinylidene difluoride (PVDF)
membrane (Bio-Rad). Membranes were wetted in methanol; equili-
brated in water and Tris-buffered saline (TBS); blocked for 90 min in 3%
BSA 0.5% Tween 20 in TBS; incubated in primary antibody in blocking
solution for 12–18 h at 4°C; washed 3 times in 0.05% Tween 20 in TBS
(TBS-T); incubated in horseradish peroxidase-coupled secondary anti-
body (Amersham) at 1:5000 in blocking solution for 1 h at room tem-
perature; washed 3 times in TBS-T; and visualized using enhanced
chemiluminescence substrate (Amersham) and exposure to film
(Kodak). Primary antibodies used were: anti-calpain 1 (Santa Cruz s.c.-
7531 at 1:100); anti-NR1 C-terminal epitope (Upstate, 06-311 at 1 �g/
ml); anti-NR2B C-terminal epitopes (Upstate 06-600 at 1:1000; or Trans-
duction Labs, 610417 at 1:250; or Alomone Labs, AGC-003 at 1:1000);
anti-NR2B N-terminal epitope (Invitrogen 71– 8600 at 1:250); goat anti-
actin (Santa Cruz s.c.-1616 at 1:400 to 1:100); and an antibody against the
N-terminal 25–130 aa of NR2C (Molecular Probes A-6475 at 1:200).
Calpain activity was assessed using a rabbit anti-spectrin antibody recog-
nizing calpain-cleaved spectrin—AB38 1:3000 (Roberts-Lewis et al.,
1994) (gift from Dr. David Lynch, University of Pennsylvania, Philadel-
phia, PA) using the same blotting protocol, except that blocking solution
and antibody diluent was 3% milk in TBS-T instead of BSA. Densitom-
etry of resulting bands was performed using Scion Image software.

Biotinlyation analysis of receptor surface expression and
degradation rate
Primary cultures of MSNs were prepared in parallel from WT and
YAC128 mice. Cells at 9 DIV were washed and precooled to 10°C to halt
cellular metabolism, before incubation for 12 min at 10°C with 1.5 mg/ml
NHS-SS-Biotin (Pierce) in PBS containing 0.1 mM Ca 2� and 1 mM Mg 2�

to biotinylate surface proteins. Following two washes with 0.1% BSA in
PBS containing 0.1 mM Ca 2� and 1 mM Mg 2�, cells were harvested in
PBS supplemented with 1 mM EDTA, 1 mM EGTA, and protease inhibi-
tors, and proteins were solubilized with 1% Triton X-100. Twenty per-
cent of the lysate was reserved for loading to SDS-PAGE (“Lys” sample)
and the remaining 80% was incubated with NeutrAvidin biotin-binding
resin (Pierce) for 2.5 h at 4°C. Following sedimentation of bound biotin-
labeled proteins by centrifugation, one-quarter of the supernatant was
saved as the “Sup” sample, while the protein-bound resin was washed 4

times in solubilization buffer before the proteins were eluted by incuba-
tion in 3� protein sample buffer (“Biot” sample). Samples were subse-
quently resolved by SDS-PAGE and immunoblotted for NR1 or NR2B to
determine fraction of receptors at the cell surface under basal conditions.
Mean band intensities were measured, and the percentage of biotin-
labeled receptors relative to total NR1 or NR2B was calculated as “Biot”
divided by the sum of “Biot” and four times the intensity of “Sup.”

To analyze the effects of calpain inhibition on receptor degradation
rate, cells were pretreated (or not) for 1 h at 37°C with 1 �M CI-1 added
to conditioned media. Following the biotinylation step, cells were replen-
ished with conditioned media with or without CI-1 and replaced at 37°C,
5% CO2 for 0, 12, or 24 h. Cell lysates were then collected and processed
as before, and NR2B expression measured in eluate and supernatant
samples to determine of the rate of receptor loss from the cell surface.

Materials
All reagents are from Sigma except where otherwise stated.

Results
Calpain activity is chronically elevated in the striatum of
YAC128 mice
Previous studies indicate that calpain activity is elevated in brains
from humans with HD as well as knock-in HD mice (Gafni and
Ellerby, 2002; Gafni et al., 2004), and this enzyme is known to
contribute to cell death signaling in neurons (Czogalla and Sikor-
ski, 2005). Although NMDAR current amplitudes are similar in
YAC128 and WT MSNs (Fernandes et al., 2007), YAC128 MSNs
are more sensitive to NMDAR-mediated apoptosis (Graham et
al., 2006b) and show a slower recovery following NMDA-
induced calcium loads (Fernandes et al., 2007). We hypothesized
that an increase in chronic, basal levels of calcium-dependent
protease activity may contribute to the increased vulnerability to
apoptosis.

To address whether basal protease activity is altered by mutant
htt expression, we assessed striatal tissue from 2-month-old WT
or YAC mice, which do not show an obvious motor or neuro-
pathological phenotype (Hodgson et al., 1999; Slow et al., 2003).
Probing Western blots with an antibody against the calpain pro-
tein, we found no difference in levels of calpain between WT,
YAC18, YAC72, YAC128 homozygote (line 55) or YAC128 het-
erozygote (line 53) mice (Fig. 1A,B). However, when we probed
similar blots with a neo-epitope antibody specific for spectrin
cleaved by calpain (Roberts-Lewis et al., 1994), we found that
levels of the 150 kDa spectrin cleavage product were significantly
elevated in YAC128 compared with WT striata, and that YAC72
striata showed an intermediate level of calpain activity by this
assay (Fig. 1C,D). Thus, even though we found no evidence for
increased levels of calpain in the YAC transgenic mice at this
stage, cleavage of a calpain substrate was significantly increased in
YAC128 striatal tissue, suggesting that calpain activity levels were
elevated.

Our previous studies measuring NMDAR current and excito-
toxicity were done in MSNs cultured from newborn mice, so we
repeated the assay for calpain-cleaved spectrin in MSNs under
normal culture conditions. As with striatal tissue from 2-month-
old mice, we found a trend toward increased levels of the 150 kDa
cleaved spectrin product in YAC128 MSNs (cleaved spectrin to
actin ratio was: 0.48 � 0.1, 0.59 � 0.18, and 1.13 � 0.57 for WT,
YAC72, and YAC128 MSNs, respectively; n � 4 paired experi-
ments; data not shown).

NR2B fragment produced by calpain cleavage is increased in
YAC128 striatal tissue
Calpain activation results in cleavage of the C-terminal tail
(around amino acid 1030) of the NR2B subunit of NMDARs (Bi
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et al., 1998a; Guttmann et al., 2001, 2002; Simpkins et al., 2003).
We hypothesized that the elevated calpain activity levels we found
in YAC128 striatal neurons would be associated with an increased
proportion of calpain-cleaved NR2B. To measure this directly,

we took advantage of an antibody raised against the N-terminal
region of rat full-length NR2C, which in Western blotting has
been shown to recognize most NR2 subunit species, including
NR2A, NR2C, NR2B, and the C-terminal-truncated fragment of
NR2B produced by calpain (Simpkins et al., 2003; Dong et al.,
2004).

We probed Western blots of striatal and cerebellar lysates
from 2-month-old YAC mice and controls with the NR2C anti-
body and found that the band corresponding to the 115 kDa
calpain-cleaved fragment of NR2B was indeed stronger in
YAC128 striatum than striata from other genotypes (Fig. 2A, top
panel). This difference was not observed in the cerebellum. As
expected from the literature, we also noted that the band density
for full-length NR2B was stronger in striatum than cerebellum;
NR2C was stronger in cerebellum and undetectable in striatum;
and the 115 kDa calpain-cleaved fragment of NR2B was stronger
in striatum than cerebellum.

To confirm the published reports that the 115 kDa band we
detected with the NR2C antibody is indeed the calpain-cleaved
fragment of NR2B, we performed additional controls in which
cultured MSNs were treated for 24 h with 1 �M CI-1 (Fig. 2A,
bottom panel); under these conditions the 115 kDa band density
was significantly reduced by 40% (ratio of NR2B 115 kDa frag-
ment to full-length NR2B was 0.69 � 0.12 and 0.41 � 0.05 for
vehicle-treated versus CI-1-treated MSN cultures; p � 0.05 by
paired t test, n � 7 different treatment-paired experiments in
either YAC72 or WT MSNs). This long treatment time was cho-
sen because, although calpain should be fully inhibited after 30
min of CI-1 treatment (Adamec et al., 1998), it has been shown
that the NR2B fragments are relatively stable for at least that
period (Simpkins et al., 2003); however, it is possible that the
partial reduction of cleaved NR2B resulted from progressive deg-
radation of CI-1 in the culture medium.

One caveat for interpreting the density of the full-length band
is that this could represent either NR2B or NR2A as the antibody
does not distinguish between these two with similar molecular
weights. To more accurately determine the ratio of NR2B frag-
ment to full-length and also to confirm that the 115 kDa band
detected with the anti-NR2C antibody indeed represents a
cleaved fragment of NR2B, we used the anti-NR2C antibody to
immunoprecipitate NR2 subunits from striatal tissue of WT and
YAC128 2-month-old mice, then performed Western blot anal-
ysis using an antibody specific for an N-terminal epitope of
NR2B. As shown in Figure 2B, this antibody recognized the same
115 kDa band visualized with the anti-NR2C antibody in Figure
2A. Moreover, as with the NR2C antibody, the N-terminal NR2B
antibody revealed an increased ratio of 115 kDa fragment to full-
length NR2B for YAC128 compared with WT striatal tissue (Fig.
2B) (ratios were 0.85 � 0.15 and 0.33 � 0.03, respectively; n � 4
paired experiments from different mice of each genotype; p �
0.05 by two-tailed paired t test)

The experiment shown in Figure 2A was repeated a total of
three times using different mice of each genotype for each exper-
iment, and the densities of the 115 kDa NR2B band were ex-
pressed as a ratio to full-length NR2B/NR2A (Fig. 2C). Results
indicated that there was significantly more calpain-cleaved NR2B
in the YAC128 striatum than in striata from other genotypes. To
control for the possibility that this may be an artifact resulting
from less total NR2B in YAC128 striata (see below), we also ex-
pressed the results as a ratio of calpain-cleaved NR2B to NR1.
With this analysis, the increase observed in YAC128 striatum was
even more significant and also not seen in the cerebellum (Fig.

Figure 1. Calpain activity, but not total calpain protein, is increased early and chronically in
the striatum of YAC128 mice compared with WT. A, B, Western blot (A) and graph (B) of calpain
expression in 2-month-old mouse striatum from WT, 18Q, 72Q, and 128Q (lines 53 and 55) show
no difference in the levels of calpain protein between genotypes. However, Western blots of
similar tissue probed for the calpain substrate �-spectrin (C, and graph D) show a significant
increase in the 150 kDa fragment of �-spectrin produced specifically by calpain-mediated
cleavage in striatal tissue from YAC128 over WT mice [**p � 0.0013 by one-way ANOVA for
genotype difference among three groups, F(2,12) � 12.07; ***p � 0.001 for YAC128 versus WT
by Dunnett’s post hoc test; n � 5 independent experiments in which striatal tissue (dissected
from different mice for each independent experiment) from each of the three genotypes was
run together on the same gel, followed by Western analysis].
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2D). We also observed a trend toward the same result in primary
cultured MSNs (data not shown).

NR2B levels are decreased in YAC128 striatum
Increased levels of calpain-cleaved NR2B would be expected to
enhance NMDAR endocytosis and lysosomal degradation (Scott
et al., 2004). Although NR2B expression levels are similar for WT
and YAC72 striatal tissue from 2-month-old mice (Li et al.,
2003), NR2B expression has not been assessed in brains from
YAC128 mice. To test whether the observed increase in basal
calpain activity in YAC128 MSNs is associated with a decrease in
total NR2B protein levels, we performed Western blots on striatal
lysates from YAC128 and age-matched WT mice at 2 and 12
months of age. As expected, we found that levels of NR2B protein
were significantly decreased in striatal, but not cortical, hip-
pocampal, or cerebellar, tissue from YAC128 compared with WT
mice at 12 months of age (shown in Fig. 3A,B for n � 4 different
paired experiments of WT and YAC128 tissue). At 2 months,
levels of NR2B in YAC128 striata were only 52% of WT, which
was not a significant difference for the four paired experiments
shown in Figure 3B. However, when the results of an additional
four paired experiments were pooled with this data, normalizing
band densities for YAC128 to WT in each experiment, the reduc-

tion in NR2B expression was significant
(the ratio of NR2B to actin band density
from YAC128 striatal tissue normalized to
that of WT striatal tissue was 0.52 � 0.12;
p � 0.05, n � 8). By 12 months, levels of
NR2B in YAC128 striata had further de-
creased to 29% of WT ( p � 0.05 by paired
t test, n � 4). At both ages, despite reduc-
tions in the striatum, there was no signifi-
cant difference in NR2B expression levels
between YAC128 and WT in the cerebel-
lum, neocortex, or hippocampus; how-
ever, there was a trend toward reduced
NR2B at 12 months in the YAC128 neo-
cortex. It is also notable that in both geno-
types and all brain regions there was a de-
crease in total levels of NR2B between 2
and 12 months, as previously reported in
rats (Magnusson, 2000), and that in both
genotypes and both ages there was very lit-
tle detectable NR2B protein in the cerebel-
lum, as expected (Monyer et al., 1994;
Wenzel et al., 1997).

Accelerated loss of surface NR2B
mediated by calpain activity in
YAC128 MSNs
Calpain cleavage of the NR2B C terminus
would be expected to accelerate receptor
loss from the surface by unmasking an AP2
binding site that promotes NR2B endocy-
tosis and trafficking to late endosomes for
degradation (Scott et al., 2004). We hy-
pothesized that loss of NMDARs from the
surface of YAC128 MSNs would be en-
hanced as a result of calpain cleavage, and
that this might explain the similar
NMDAR current densities observed in
YAC128 and WT MSNs (Fernandes et al.,
2007) while YAC72 MSNs exhibit en-

hanced NMDAR surface expression and current (Fan et al.,
2007).

To test our hypothesis we first determined the proportion of
NMDARs expressed at the surface of cultured MSNs, using two
different approaches. As shown in Figure 4, A and B, after incu-
bation of MSN cultures with a membrane-impermeable biotiny-
lating agent and isolation of biotinylated (surface) proteins by
pull-down with NeutrAvidin beads, the calculated proportion of
surface NR1 and NR2B was not significantly different for WT and
YAC128 MSNs. As a second approach we used immunocyto-
chemistry, sequentially labeling for NR1 on the cell surface (be-
fore membrane permeabilization) and intracellular NR1 (after
membrane permeabilization), detected with green and red fluo-
rescent secondary antibodies, respectively, as previously de-
scribed (Fan et al., 2007). We then assessed the ratio of surface
(green) to internal (red) fluorescence intensity (see Materials and
Methods). The ratio of surface to internal NR1 in YAC128 MSNs
was not significantly different from WT (0.65 � 0.09 and 0.58 �
0.08 for YAC128 and WT MSNs, respectively; data from 5 paired
experiments on different batches of cultures; p � 0.09 by paired t
test). Thus, NMDAR surface expression correlates well with the
lack of significant difference between WT and YAC128 MSN
NMDAR current densities (Fernandes et al., 2007). Using this

Figure 2. The 115 kDa fragment of NR2B produced by calpain cleavage is increased in YAC128 tissue, specifically in the
striatum. A, Top panel, Western blots showing lysates of striata and cerebella from 2 month-old YAC and WT mice probed with an
antibody raised against NR2C (top strip), which recognizes all NR2 subunits. Indicated are the bands representing full-length
NR2B/2A, NR2C, and the 115 kDa calpain-cleaved fragment of NR2B. Blots are reprobed with antibodies against NR1 (middle strip)
and actin (bottom strip) and are representative of 3 independent experiments. Bottom panel, Control showing that when cultured
YAC72 MSNs are treated with 1 �M calpain inhibitor-1 (CI-1) for 24 h before harvesting, the 115 kDa band is markedly reduced, as
detected with the anti-NR2C antibody. Blot is representative of n � 7 independent experiments with 4 different culture batches
of YAC72 and 3 different batches of WT MSNs. B, NR2 subunits were immunoprecipitated (IP lanes) from 2-month-old WT and
YAC128 striatal tissue using the anti-NR2C antibody, and Western blots were probed with an antibody against the N-terminal
region of NR2B. Note the bands representing full-length and the 115 kDa fragment of NR2B in both IP and lysate (Lys) lanes, and
that the ratio of NR2B fragment to full-length protein is higher in YAC128 than WT striatal tissue. Blot is representative of 4 paired
experiments from 4 different mice of each genotype. C, Graph showing the band densities averaged from 3 experiments as shown
in A (striatum and cerebellum were dissected from 1–2 mice for each genotype in each independent experiment), expressed as a
ratio of 115 kDa NR2B fragment to full-length NR2B. This ratio was significantly higher in YAC128 than in WT striatum (*p � 0.05
by unpaired two-tailed Student’s t test). There was no difference between genotypes in the cerebellum. D, Data from the same
blots, expressed as a ratio of 115 kDa NR2B fragment to NR1. Again, this ratio was significantly higher in YAC128 striatum than WT
striatum (**p � 0.01 by unpaired two-tailed Student’s t test), and there was no difference between genotypes in the cerebellum.
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immunocytochemical approach, we
found that treatment of cultured MSNs
with CI-1 for 24 h resulted in a small but
significant increase in the surface to inter-
nal ratio of NMDAR expression in
YAC128 MSNs but not in WT or YAC72
MSNs (Fig. 4C,D), suggesting that excess
calpain activity in YAC128 MSNs is asso-
ciated with downregulation of surface
NMDAR expression.

Increased cleavage of the NR2B
C-terminal region, as shown in Figure 2,
might lead to an enhanced rate of loss of
surface NR2B. To test this idea we labeled
surface NMDARs with biotin and fol-
lowed their loss over a 24 h period. We
chose to use the C-terminal NR2B anti-
body (that detects full-length NR2B only)
for these experiments, as we found it to be
more sensitive than the N-terminal NR2B
antibody. As shown in Figure 5A, the rate
of loss of surface NR2B was significantly
faster in YAC128 compared with WT
MSNs. Importantly, treatment with 1 �M

CI-1 for 1 h before biotinylation, and then
for the subsequent 24 h period, abolished
the difference between WT and YAC128
MSNs in rate of loss of surface NR2B (Fig. 5B).

NMDA-induced calpain activation correlates with enhanced
apoptotic death in cultured YAC72 and YAC128 MSNs
To assess whether calpain activation is involved in NMDA-
induced apoptosis of MSNs in the YAC HD mouse model, we
again used an antibody specific to the cleaved form of spectrin
produced by the enzymatic activity of calpain as a measure of
calpain activity, as others have done (Czogalla and Sikorski,
2005). An example of primary MSNs labeled by fluorescence im-
munocytochemistry for cleaved spectrin is shown (Fig. 6A). We
fixed MSNs from the various YAC genotypes at 5 time points
from 0 to 6 h after a 10 min treatment with 500 �M NMDA;
labeled for anti-calpain-cleaved-spectrin; and assessed the inten-
sity of immunostaining in dendrites using Northern Eclipse (see
Materials and Methods). The curves showing calpain activity as a
function of time following NMDA exposure were significantly
different among genotypes (two-way ANOVA, with genotype
and time as variables; p � 0.04, F(3,69) � 2.9 for effect of genotype;
p � 0.05 for YAC128 vs YAC18 and for YAC72 vs YAC18 by LSD
post hoc test) (Fig. 6B). Notably, calpain activity increased in the
first 30 min after NMDA treatment for all genotypes except
YAC18, and the magnitude of this change showed a trend toward
correlating with polyQ length (Fig. 6B,C). The lack of calpain
activation in response to NMDA for YAC18 MSNs is consistent
with previous studies showing that striatal neurons from this
mouse line are resistant to excitotoxicity both in vitro and in vivo
(Leavitt et al., 2006; Shehadeh et al., 2006).

To assess whether calpain activity is necessary for the increase
in NMDA-induced cell death that we have observed in the YAC72
and YAC128 MSNs, we used the in vitro excitotoxicity paradigm
as previously described (Shehadeh et al., 2006), in the presence or
absence of CI-1. Cells were labeled with TUNEL to detect apo-
ptotic nuclei, and counterstained with Hoechst or propidium
iodide to detect all nuclei. We found that treatment with 1 �M

CI-1 significantly reduced NMDA-induced apoptosis in both

YAC72 and YAC128 MSNs (Fig. 7). Furthermore, the percentage
of apoptotic cells seen 24 h after a 10 min NMDA exposure in
cultured MSNs treated with CI-1 was similar for all genotypes
(Fig. 7B). Therefore calpains contribute to the additional suscep-
tibility to excitotoxicity observed in striatal MSNs from the YAC
mice expressing polyQ-expanded htt. Numerous questions, in-
cluding the temporal and cell specific relationship between
caspase and calpain activation, remain to be further explored.

Discussion
Here we have demonstrated increased tonic calpain activity asso-
ciated with polyQ-expanded htt in the YAC128 HD mouse
model. This result is consistent with previous studies showing
elevated calpain activity in human HD autopsy brain tissue and a
knock-in HD mouse model (Gafni and Ellerby, 2002; Gafni et al.,
2004). The tonically enhanced activity of this protease, which is
known to be involved in cell death signaling and also plays an
important role in synaptic plasticity (Vanderklish et al., 1996),
occurs early in YAC128 striatum and may contribute to the be-
havioral changes and MSN degeneration observed at �2 and 6
months of age, respectively (Slow et al., 2003; Van Raamsdonk et
al., 2005).

Although peak NMDAR-mediated current and intracellular
Ca 2� responses are similar in YAC128 and WT MSNs, prolonged
(5 min) exposure to NMDA triggers a rise in cytosolic Ca 2� that
is significantly slower to recover to baseline in YAC128 MSNs
(Fernandes et al., 2007), producing a larger cytosolic Ca 2� re-
sponse integrated over several minutes. Lower levels of excitation
that occur repeatedly over time (days to weeks) may also trigger
an enhanced, integrated cytosolic Ca 2� load, thereby contribut-
ing to the chronically elevated calpain activity in YAC128 MSNs.

Role of calpain in regulating NMDAR surface expression
Calpains have been shown to cleave htt to produce N-terminal
fragments, which may accumulate in the nucleus and contribute
to cell death and dysfunction as proposed by the toxic fragment

Figure 3. Levels of NR2B, a calpain substrate, are decreased in YAC128 striatum. A, Representative Western blots of lysates of
cerebellum (Cb), cortex (Cx), hippocampus (H), and striatum (S) from 2-month and 12-month mice, probed for NR2B and actin.
Blots are representative of results from WT and YAC128 brain tissues that were collected and processed in parallel in 4 independent
experiments (brain tissue was dissected from different mice in each independent experiment). B, Bar graphs show the average of
4 independent experiments. Note there is a trend toward a decrease in NR2B in the striatum of YAC128 mice at 2 months, and a
statistically significant decrease by 12 months (*p � 0.05). Levels of NR2B are not different between genotype in any other brain
region examined. Very little NR2B was detected in the cerebellum.
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hypothesis (Wellington et al., 1997; Gafni and Ellerby, 2002;
Gafni et al., 2004). Indeed, mutation of calpain cleavage sites
significantly reduces polyQ-expanded htt toxicity in cell lines
(Gafni et al., 2004). However, a direct role for calpain-mediated
mutant htt cleavage in MSN dysfunction and degeneration has
not been established, whereas eliminating caspase-6-mediated
cleavage of mutant htt rescues the abnormal behavioral and neu-
rodegeneration observed in YAC128 mice (Graham et al.,
2006b).

Our results indicate that chronically augmented calpain activ-
ity in the YAC128 striatum results in increased NR2B cleavage
and rate of removal/degradation of surface NMDARs. Others
have shown that NR2B is cleaved by calpain near the C terminus,
removing the region where anchoring protein interactions take
place, as well as the Tyr-1472 site which when phosphorylated
promotes stability of receptors at the surface, and exposing the
843 Tyr-Trp-Gln-Phe sequence which promotes receptor inter-
nalization and subsequent degradation (Kornau et al., 1995;
Ehlers et al., 1996; Roche et al., 2001; Scott et al., 2004; Dong et al.,
2004). NMDARs with calpain-truncated NR2B initially remain
functional and at the plasma membrane, but then are believed to
be internalized and degraded rather than recycled (Simpkins et
al., 2003; Dong et al., 2004). Indeed, a recent study demonstrates
that calpain-cleaved surface NR2B is degraded more quickly than
surface full-length NR2B (Yuen et al., 2008), supporting the hy-
pothesis that enhanced calpain-mediated cleavage of NR2B un-
derlies the more rapid degradation rate of surface receptors we
found in YAC128 compared with WT cultured MSNs.

We previously reported that NMDAR surface expression and
current increases with htt polyQ length in the YAC18, 46 and 72
transgenic mouse models, a result that could be explained by
mutant htt-associated accelerated forward trafficking of
NMDARs to the neuronal plasma membrane (Fan et al., 2007).
The fact that YAC128 MSNs deviate from this trend, exhibiting
similar NMDAR current (Fernandes et al., 2007) and surface
expression as WT MSNs, may be in part explained by the tonically
elevated calpain activity we observed in YAC128 but not YAC72
(or WT) striatal neurons: enhanced calpain-mediated NR2B
cleavage would promote more rapid turnover of surface
NMDARs that is offset by accelerated NMDAR surface delivery,
all resulting from expression of htt with a severely expanded
polyQ.

Over time, accelerated calpain cleavage of NR2B might be
expected to impact total NR2B expression levels; indeed, we dem-
onstrate 50% reduction of NR2B in the striatum of 2-month-old
YAC128 mice that progresses to 70% reduction at 12 months.
Although we have not yet determined whether total NR2B ex-
pression is reduced in MSNs cultured from P0 YAC128 com-
pared with WT mice, we observed a (nonsignificant) trend to-
ward reduced NMDAR current amplitude (by �15%; Fernandes
et al., 2007) despite a trend toward increased NR2B surface to

4

NR2B: n�5 and 4 independent experiments for WT and YAC128 MSNs, respectively, from 5 and
4 different cultures batches. C, Representative photomicrographs of surface (left panels) and
internal (right panels) NR1 immunostaining in WT compared with YAC128 MSNs. MSN cultures
at 9 DIV were incubated with 1 �M CI-1 for 24 h then fixed and incubated with NR1 antibodies
before (surface) and after (internal) membrane permeabilization (see Materials and Methods).
D, Bar graph shows the ratio of intensities of surface to internal NR1 labeling in WT, YAC72 and
YAC128 MSNs treated for 24 h with CI-1, normalized to vehicle-treated sister cultures. Note that
calpain inhibition increases NR1 surface to internal ratio only in YAC128 MSNs and not in WT or
YAC72. n � 6, 6, and 4 experiments from different culture batches for WT, YAC72, and YAC128,
respectively. *p � 0.05, paired two-tailed Student’s t test.

Figure 4. Role of excess calpain activity in regulating NMDAR surface expression in YAC128
versus WT MSNs. A, Representative Western blots probed with antibodies against NR1 or NR2B
showing surface [biotinylated (“Biot”)], internal [supernatant from the centrifugation that pulls
down biotinylated proteins attached to NeutrAvidin beads (“Sup”)], and total [lysate (“Lys”)]
proteins. Note the absence of an actin band in the biotinylated surface protein fraction (Biot), as
would be expected. B, Bar graph shows proportion of NR1 and NR2B at the neuronal surface (see
Materials and Methods) in untreated WT and YAC128 9 DIV MSNs. NR1: n � 7 and 9 indepen-
dent experiments for WT and YAC128 MSNs, respectively, from 7 and 9 different culture batches;
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internal ratio (by 12–15%) (Fig. 4A, results from immunocyto-
chemical staining) ( p � 0.09), suggesting total NR2B is mildly
reduced even at this early age.

Downregulation of NMDAR current and surface expression
by calpain activation has been demonstrated in other brain re-
gions and disease states. It was first shown that in rat synaptic
membrane fractions, treatment with purified calpain decreases
full-length NR2B (Bi et al., 1998b). Subsequently, calpain activa-
tion by NMDAR-mediated calcium influx was shown to reduce
NMDAR current recorded from acutely dissociated or cultured
cortical neurons, and in transient forebrain ischemia (Wu et al.,
2005; Yuen et al., 2008). Another study reported calpain-
dependent reduction in NR2B surface expression 24 h after
NMDA insult (Bretin et al., 2006), and there is recent in vivo
evidence for calpain proteolysis of NR2B (Araújo et al., 2005).
Calpains can also reduce NMDAR function via an indirect mech-
anism: collapsing response mediator protein (CRMP)-2 is
cleaved by calpains activated specifically in response to NMDAR

Figure 5. Effect of calpain inhibition on time course of loss of surface NR2B. A, Top panel,
Representative Western blots probed with NR2B-specific antibodies after isolation of biotinyl-
ated surface proteins (“Biot”) and unbiotinylated internal proteins (“Sup”) as in Figure 4 A.
Shown is NR2B in WT and YAC128 MSN cultures at 0, 12 and 24 h following treatment of live
MSNs with biotinylating reagent. Bottom panel, Plot shows time course of loss of biotinylated,
full-length NR2B over 24 h in untreated WT and YAC128 9 DIV MSN cultures. n � 4 independent
experiments each from different batches of WT and YAC128 MSN cultures. Difference is signif-
icant for time ( p � 0.001), genotype ( p � 0.001), and interaction between time and geno-
type ( p � 0.01) by two-way ANOVA; **p � 0.01, ***p � 0.001 by Bonferroni posttests. B,
Top panel, Representative Western blots probed with NR2B-specific antibodies as in A, except
that MSN cultures were pretreated with CI-1 (1 �M) for 1 h before incubation with the biotiny-
lating reagent, and then 1 �M CI-1 was maintained in the medium for the duration of the
experiment. Bottom panel, Plot shows time course of loss of biotinylated, full-length NR2B over
24 h in CI-1-treated WT and YAC128 9 DIV MSN cultures. N � 3 and 4 independent experiments
from different batches of WT and YAC128 MSN cultures, respectively. No significant difference
between genotypes by two-way ANOVA.

Figure 6. Calpain activity after NMDA insult increases with huntingtin polyQ length. A, Ex-
ample of NMDA-treated MSNs labeled with anti-calpain-cleaved-spectrin antibody. B, Graph of
fluorescence intensity of calpain-cleaved spectrin labeling in MSN dendrites 0 – 6 h after NMDA
insult. n � 4, 3, 5, and 6 independent experiments from different batches of WT, YAC18, YAC72,
and YAC128 MSN cultures, respectively. C, Bars represent mean � SEM fold change in cleaved-
spectrin intensity 30 min after NMDA treatment compared with the baseline intensity for ex-
periments shown in B. A trend toward larger magnitude change in cleaved-spectrin intensity
was observed with increasing CAG repeat-length.
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activation, and in turn the cleaved CMRP-2 downregulates NR2B
(Bretin et al., 2006).

Enhanced calpain activity and striatal neuronal vulnerability
to excitotoxicity
The calpain-mediated downregulation of surface NMDAR ex-
pression suggests a protective role of calpains during neuronal
overexcitation. On the other hand, calpains cleave a variety of
other substrates, including cytoskeletal-associated proteins
(Tamada et al., 2005) and calcineurin and its endogenous inhib-
itor (Kim et al., 2002; Wu et al., 2004), facilitating cell death
signaling. Calpains also potentiate the function of proapoptotic
Bcl-2-family members, both via transcription-dependent and
transcription-independent pathways, and can act in a positive
feedback loop with caspase family members (Blomgren et al.,
2001). Previous studies indicate that chronically elevated calpain
activity contributes to neurodegeneration in Alzheimer’s Disease

(Siman, 1992; Saito et al., 1993; Nixon et
al., 1994). Moreover, calpain cleavage of
NR2B to remove the C-terminal region
that is required for maintaining NR2B-
type NMDARs in the synapse (Prybylowski
et al., 2005) is expected to shift the balance of
NMDAR signaling away from survival and
toward cell death pathways (Wu et al., 2007;
Papadia and Hardingham, 2007).

Here, we found that the dominant ef-
fect of calpain inhibitor-1 was to protect
cultured MSNs against delayed apoptosis
mediated by 10 min exposure to NMDA.
We observed a rise in calpain activity in
MSNs within 30 min of NMDA insult.
Early production of the calpain-
dependent fragment of spectrin in neu-
rons within 5 min of NMDAR activation
has been reported previously (Simpkins et
al., 2003). The calpain activity rise we ob-
served showed a trend toward correlation
with CAG repeat length in YAC MSNs.
Furthermore, treatment with calpain
inhibitor-1 (which inhibits calpains 1 and
2, and cathepsins) protected YAC72 and
YAC128 MSNs against excessive NMDA-
induced in vitro excitotoxicity, reducing
apoptosis to levels observed in WT MSNs.
Therefore, calpains contribute to the addi-
tional susceptibility to excitotoxicity ob-
served in YAC MSNs expressing polyQ-
expanded htt, as previously shown for
mitochondrial permeability transition
(mPT) activation (Zeron et al., 2004).
Similar to our results, in a different rodent
model of HD, induced by systemic injec-
tion of the mitochondrial complex II in-
hibitor 3-nitropropionic acid, calpain in-
hibitor treatment also prevented striatal
apoptosis (Bizat et al., 2003).

Chronically elevated calpain activity,
and the more rapid rise in its NMDA-
stimulated activity, in YAC128 MSNs may
facilitate cleavage and activation of cal-
cineurin and/or inactivation of its inhibi-
tor (Kim et al., 2002; Wu et al., 2004). Cal-

cineurin dephosphorylates and activates the Bcl-2 family
member, Bad (Tan et al., 2006), which is involved in mPT induc-
tion and subsequent release of apoptotic factors (Zinkel et al.,
2006). Therefore, augmented calpain activity at baseline and with
NMDAR stimulation may contribute to increased sensitivity to
mPT induction during NMDA application described previously for
YAC128 MSNs (Fernandes et al., 2007). Our preliminary results
indicate that calcineurin inhibition reduces NMDA-induced apo-
ptosis in YAC128 MSNs with little effect in WT MSNs (CMC and
LAR, unpublished data), similar to results reported here for calpain
inhibition. Further experiments will determine whether calcineurin
acts downstream of calpain activation or if it is involved in a parallel,
independent cell death pathway.

Summary
This study underscores the complexity of signaling pathways al-
tered by mutant htt expression, with implications for striatal dys-

Figure 7. Calpain inhibition reduces NMDAR-mediated apoptosis and abolishes huntingtin polyQ length-dependent differ-
ences in excitotoxicity. A, Photomicrographs of MSNs labeled with TUNEL (green, indicating fragmented DNA) and Hoechst (blue,
all nuclei). Nuclei were considered apoptotic only if positive for TUNEL and showing condensed, blebbed morphology (see Mate-
rials and Methods; typical apoptotic cell is shown in boxed area of bottom left panels). Sister cultures of MSNs were pretreated with
vehicle alone (DMSO) or with 1 �M CI-1 for 1 h followed by 10 min exposure to 500 �M NMDA together with vehicle or CI-1, then
returned to conditioned medium containing vehicle or CI-1 and fixed 24 h later. Note that MSNs treated with NMDA in conjunction
with CI-1 show a reduced proportion of apoptotic nuclei. B, Bar graph quantifying percentage of all nuclei that exhibited apoptotic
morphology and TUNEL staining for n � 7, 4 and 4 paired experiments (NMDA plus vehicle vs CI-1) with different batches of
cultured MSNs from WT, YAC72, and YAC128 mice, respectively. In each experiment, background apoptosis observed in cultures
treated with vehicle or drug treatment alone was subtracted from apoptosis observed in sister cultures treated with NMDA.
Statistical significance for CI-1 treatment was determined by paired t test; **p � 0.01.
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function and vulnerability to neuronal loss. The opposing roles of
calpain activity in excitotoxicity make it a complex therapeutic
target in HD. Recent evidence indicates that NMDARs are pro-
tected from calpain cleavage by association with PSD-95 (Wu et
al., 2007; Yuen et al., 2008), suggesting that enhanced low-level,
chronic calpain activation would preferentially downregulate ex-
trasynaptic NMDARs, which have been implicated in cell death
signaling (Hardingham and Bading, 2003). If so, chronic therapy
with calpain inhibitors could be detrimental in HD. Moreover,
the large number and varied roles of calpain substrates suggest
that blanket inhibition of this family of enzymes would be asso-
ciated with adverse side effects. Therapy targeted to downregula-
tion of enhanced forward trafficking of NMDARs, or else to pro-
moting internalization of extrasynaptic NMDARs in particular
without affecting activity of proapoptotic enzymes, may be more
fruitful in delaying onset of HD.
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