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Caspase cleavage of huntingtin (htt) and nuclear htt accumulation represent early neuropathological changes in brains of patients with
Huntington’s disease (HD). However, the relationship between caspase cleavage of htt and caspase activation patterns in the pathogenesis
of HD remains poorly understood. The lack of a phenotype in YAC mice expressing caspase-6-resistant (C6R) mutant htt (mhtt) high-
lights proteolysis of htt at the 586 aa caspase-6 (casp6) site as a key mechanism in the pathology of HD. The goal of this study was to
investigate how proteolysis of htt at residue 586 plays a role in the pathogenesis of HD and determine whether inhibiting casp6 cleavage
of mhtt alters cell-death pathways in vivo. Here we demonstrate that activation of casp6, and not caspase-3, is observed before onset of
motor abnormalities in human and murine HD brain. Active casp6 levels correlate directly with CAG size and inversely with age of onset.
In contrast, in vivo expression of C6R mhtt attenuates caspase activation. Increased casp6 activity and apoptotic cell death is evident in
primary striatal neurons expressing caspase-cleavable, but not C6R, mhtt after NMDA application. Pretreatment with a casp6 inhibitor
rescues the apoptotic cell death observed in this paradigm. These data demonstrate that activation of casp6 is an early marker of disease
in HD. Furthermore, these data provide a clear link between excitotoxic pathways and proteolysis and suggest that C6R mhtt protects
against neurodegeneration by influencing the activation of neuronal cell-death and excitotoxic pathways operative in HD.

Introduction
Huntington’s disease (HD) is characterized by progressive cognitive
decline and selective neuronal loss first evident in the striatum
(Vonsattel et al., 1985). Early neuropathological changes include the
appearance of N-terminal nuclear htt fragments, increases in the
excitotoxic markers quinolinate and 3-hydroxykynurenine,
and increased levels of glutamate (Taylor-Robinson et al.,
1996; Wellington et al., 2002; Guidetti et al., 2004).

Proteolytic cleavage of mutant huntingtin (mhtt) appears to
be a critical event in the pathogenesis of HD. Expression of mhtt
fragments are toxic (Mangiarini et al., 1996; Hackam et al., 1998;
Ratovitski et al., 2007), and accumulation of N-terminal trun-

cated products of htt are observed early in HD brain (Kim et al.,
2001;Wellington et al., 2002). Increasing evidence supports the
importance of the specific protein context of mhtt fragments in
initiating toxic signaling pathways specific to HD (Yu et al., 2003;
Slow et al., 2005; Graham et al., 2006a).

htt is proteolytically cleaved by caspases (Wellington et al.,
2000; Kim et al., 2001), releasing an N-terminal fragment con-
taining the glutamine tract. Eliminating cleavage at the 586 aa
caspase-6 (casp6) site of mhtt (C6R mhtt) is sufficient to preserve
striatal volume and behavioral disturbances in a YAC model of
HD (Graham et al., 2006a; Pouladi et al., 2009). Furthermore,
C6R mice are resistant to NMDA receptor (NMDAR)-mediated
excitotoxicity (Graham et al., 2006a; Milnerwood et al., 2010).
The lack of an HD phenotype in the C6R mice demonstrates that
cleavage at the casp6 site plays a key role in the development of
HD and implicates casp6 as a critical target in HD.

Apoptosis is a genetically programmed form of cell death that
uses caspases. Casp6 was originally identified as an executioner
caspase because of its role in cytoskeletal alterations and cleavage
of nuclear lamins. However, casp6 has since been shown to also
function as an initiator caspase through its ability to cleave and
activate casp2 and casp3 (Xanthoudakis et al., 1999; Allsopp et al.,
2000; Henshall et al., 2002), and active casp6 is present in preclin-
ical Alzheimer’s disease (AD) brains that do not have cellular
apoptotic morphology (Albrecht et al., 2007).
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Proteolytic cleavage of specific substrates has also been dem-
onstrated to be an important cellular event in the pathogenesis of
AD (Gervais et al., 1999; Guo et al., 2004) and spinocerebellar
ataxia (Garden et al., 2002). Interestingly, in a mouse model of
AD, mutation of the casp6 cleavage site at Asp664 in the amyloid
� precursor protein (APP) suppressed synapse loss, dentate gyral
atrophy, and memory loss (Galvan et al., 2006, 2008; Saganich et
al., 2006; Zhang et al., 2010).

Accumulation of nuclear htt fragments is delayed in the C6R
mice (Graham et al., 2006a), suggesting that inhibiting casp6
cleavage of mhtt alters proteolytic pathways active in the early
stages of HD. In striatal neurons exposed to staurosporine, acti-
vation of casp6 is observed and active casp6 translocates to the
nucleus and colocalizes with the 586 aa htt fragments, suggesting
that nuclear localization is important for the neurotoxicity of this
fragment (Warby et al., 2008).

We have previously determined in vitro that casp6 cleaves htt
at the IVLD 586 aa site (Wellington et al., 2000; Graham et al.,
2006a). casp6 interacts with htt and dominant-negative inhibi-
tion of casp6 activity in primary striatal neurons protects neurons
from degeneration (Hermel et al., 2004). If casp6 is an essential
rate-limiting step in the pathogenesis of HD, it may be expected
that casp6 activation occurs early in the disease process. We
therefore set out to determine the natural history of casp6 activa-
tion patterns in human and murine HD brain. Furthermore,
based on previous findings, we aimed to explore the underlying
mechanism of the neuroprotection observed in the C6R mice.

Materials and Methods
Protein analysis and Western blotting. Human brain tissue was obtained
from the Canadian Brain Tissue Bank, New York Brain Bank, and Neu-
rological Foundation of the New Zealand Human Brain Bank. Ethical
approval was obtained from the University of British Columbia review
committee (CW06-0171/H06-70410). Human or murine tissue protein
lysates and Western blots were prepared as described previously (Slow
et al., 2003). Membranes were probed with �casp6 (catalog #0703; MBL
International) or �casp3 (catalog #557035; BD Pharmigen). Densito-
metric values from scanned Western blots were obtained using Quantity
One software (Bio-Rad).

CAG size. DNA was extracted from leukocytes and CAG repeat as-
sessed as described previously (Andrew et al., 1994).

HD transgenic mice. YAC128 and C6R (lines C6R7 and C6R13) mice
were identified as described (Slow et al., 2003; Graham et al., 2006), and
tissues were harvested according to University of British Columbia Ani-
mal Protocol A07-0106. BACHD mice are as described previously (Gray
et al., 2008).

Immunohistochemistry. Mouse brains were fixed, sectioned, and
immunoassayed as described previously (Slow et al., 2003; Graham et
al., 2006a,b) with casp6 (catalog #9761; Cell Signaling Technology),
casp3 (catalog #9661; Cell Signaling Technology), or casp6-cleaved
tau (Guo et al., 2004). No staining was observed in a negative control
without primary antibody. Photographs were taken on a light micro-
scope (Carl Zeiss).

Fluorogenic caspase activity assay. The protein concentration of tissue
lysates (prepared as described above) was measured using the Bradford
assay. The lysate was incubated with the reaction mix (as per the instruc-
tions of the manufacturer) containing the fluorogenic casp6 substrate
Ac-VEID-AFC (acetyl-Val-Glu-Ile-Asp-7-amino-4-methylcoumarin)
(BIOMOL Research Laboratories) at 50 �M in 100 �l of reaction volume
at 37°C for 1 h. The fluorescent units were read at 405 nm excitation
and 535 nm emission. The micromolar AFC was calculated against the
AFC standard curve and normalized to protein concentration. The
relative casp6 activity is expressed as micromolar AFC per milligram
of protein. casp3 activity was assayed as above with Ac-DEVD-AFC
(acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin) (BIOMOL Re-
search Laboratories) as substrate.

NMDAR-mediated excitotoxicity. Cultures were maintained in vitro for
9 –10 d, after which they were exposed to balanced salt solution (BSS) or
500 �M NMDA (Sigma) in BSS for 10 min in a procedure described
previously (Zeron et al., 2002; Graham et al., 2006a,b). Cells were fixed 4
or 6 h after NMDA with 4% paraformaldehyde (PFA) in PBS. Cells were
permeabilized in 0.5% Triton X-100/1% PFA in PBS and then blocked in
3% NGS in PBS and incubated in active-casp6 antibody (catalog #9761;
Cell Signaling Technology) at 1:500 in 2% NGS in PBS. Secondary anti-
rabbit Alexa Fluor-584 (Invitrogen) was used at 1:800 in 2% NGS in PBS.
Neurons were counterstained with 10 �M Hoechst and then mounted
with Fluormount (Southern Biotechnology). In each experiment, a neg-
ative control without primary antibody was included. To assess percent-
age of medium spiny neurons (MSNs) positive for active casp6, the
experimenter was blinded to conditions and took six pairs of photo-
graphs per coverslip using a 63� objective (Carl Zeiss axiophot micro-
scope). The intensities of light captured for individual MSNs were then
measured using Northern Eclipse software, and all MSNs with intensities
of more than 2 SDs greater than the mean intensity of negative control
MSNs were considered to be immunopositive. For casp6 mRNA analysis,
total RNA was extracted from BSS- or NMDA-treated MSNs (3.5 h after
treatment) with RNeasy Micro kit (Qiagen). First-strand cDNA was pre-
pared using SuperScript III First-Strand Synthesis System (Invitrogen).
1⁄100 of the first-strand cDNA was used as template in real-time PCR
reaction in a final volume of 10 �l. The sequences of the casp6 primers
were 5�TGGCTCCTGGTACATTCAGGAT 3� and 5� TCCGTGAACTC-
CAGGGAACT 3�, and the �-actin primers were 5� ACGGCCAGGT-
CATCACTATTG 3� and 5�CAAGAAGGAAGGCTGGAAAAGA 3�.
��Ct comparative assay was performed using the ABI 7500 Fast Real-
Time PCR System and Power SYBR Green PCR Master Mix (Applied
Biosystems). All samples were run in triplicate and done for three sepa-
rate cultures. Primary data analysis was performed using system software
from Applied Biosystems. Relative quantification was used to analyze the
results. casp6 activity assays were performed on BSS- or NMDA-treated
MSN lysate 3.5 h after treatment as described above. For assessment of
apoptotic cell death, cultures were prepared and exposed to BSS, 500 �M

NMDA (Sigma), 500 �M NMDA plus casp6 inhibitor z-VEID-fmk
(benzyloxycarbonyl-Val-Glu-Ile-Asp-fluoromethylketone) (catalog
#218757; Calbiochem), or 500 �M NMDA plus casp3 inhibitor z-DEVD-
fmk (benzyloxycarbonyl-Asp-Glu-Val-fluoromethyl ketone) (catalog
#264155; Calbiochem) for 10 min. Neurons with the caspase inhibitor
were pretreated for 1 h with either 5 �M z-VEID-fmk or z-DEVD-fmk
before NMDA application. Twenty-four hours after NMDA, cultures
were fixed and assessed for apoptotic cell death as described previously
(Graham et al., 2006a,b).

Statistical analysis. Statistical analysis was done using Student’s t
test, one-way ANOVA (in cases of significant effect of genotype, post
hoc comparisons between genotypes were performed using Turkey’s
or linear trend post hoc test). p values, SEM, means, and SDs were
calculated using Prism version 4.0 (GraphPad Software). Linear re-
gression analysis for r 2 and p values was calculated by Pearson’s cor-
relation coefficient. Differences between means were considered
statistically significant if p � 0.05.

Results
Activation of caspase-6 is an early feature in patients with HD
To investigate whether apoptotic pathways in human HD brain
correlate with the findings in the YAC128 model of HD, we first
determined whether normal aging alone influences activation of
casp6. In tissues from individuals younger than 50 years of age,
the inactive p34 proform of casp6 is detected in the striatum and
frontal cortex of human control tissue (Fig. 1A,B). However,
starting in the fifth decade and thereafter, a decrease in the pro-
form of casp6 is observed with a concomitant increase in the
active p20 fragment of casp6 (Fig. 1A,B). In general, increases in
caspase activation and activity are associated with a decrease in
the proform and an increase in the activated form of the specific
caspase (Zhang et al., 2003). Comparison of relative active casp6
striatal expression levels in binned age samples reveals a signifi-
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cant difference in active casp6 expression levels with age
(ANOVA, p � 0.0061, post hoc; 0 –20 vs 60 – 80 years, p � 0.05;
20 – 40 vs 60 – 80 years, p � 0.05). None of the older individuals
from whom control tissue was obtained died of a neurodegenera-
tive disease nor were there any other factors that could account
for the active casp6 observed with advanced age in control tissues.
Demographics on the human control tissues is included in sup-
plemental Table 1 (available at www.jneurosci.org as supplemen-
tal material).

We next investigated expression levels of casp6 in human HD
grade 0 –1 and control striatum by Western blot. In age-matched
human brain tissue, increased levels of the active p20 form of
casp6 are observed in early-grade HD striatum compared with
control brain (Fig. 1C) ( p � 0.01, n � 3), demonstrating that
casp6 is processed and activated early in the pathogenesis of HD.
These patients were aged 35– 46 years. Importantly, we observe

active casp6 in brain tissue from a pr-
esymptomatic individual �15 years be-
fore predicted onset [�90% conditional
probability to have onset within 15 years
(Langbehn et al., 2004), age at death of 37
years, 45 CAG repeat, grade 0]. Of note, a
review of transcriptional profiling studies
performed on control and HD human
brain tissue reveal that casp6 mRNA is in-
creased in early-grade (0 –2) human HD
caudate and motor cortex compared with
control tissue (Hodges et al., 2006).

Analysis of grade 3– 4 human HD stri-
atum and frontal cortex similarly demon-
strates increased active p20 casp6 in brains
of HD patients compared with control tis-
sue (age-matched, p � 0.001, n � 5; p �
0.01, n � 6, respectively), as observed pre-
viously (Hermel et al., 2004), implying
that cleavage and activation of casp6 is
also evident in end-stage HD (Fig. 1D,E).
In this particular sense, this implies accel-
erated aging in the brains of human HD
individuals.

If caspase activation is key to the
pathogenesis of HD and the severity of ill-
ness, one would predict that CAG size
might modulate this effect. To examine
the influence of CAG size on casp6 activa-
tion in human HD brain, we plotted CAG
size against normalized levels of active
casp6 in the respective grade 3– 4 HD
brain sample. A positive correlation is ob-
served between striatal levels of active
casp6 and CAG size (Fig. 1F) (F(1,8) � 8.9,
r 2 � 0.524, p � 0.017, age at death of
41–75 years, n � 10). Furthermore, com-
parison of age of onset and normalized
levels of active casp6 reveals an inverse
correlation between these two variables
(Fig. 1G) (F(1,8) � 7.1, r 2 � 0.471, p �
0.02, n � 10). However, although there is
a linear correlation between CAG size and
expression levels of active casp6 in the stri-
atum, there is no correlation with active
casp6 and duration of disease (r 2 �
0.1948, p � 0.202).

Active p20 casp6 levels also correlate with CAG size in human
frontal cortex brain tissue (F(1,8) � 6.2, r 2 � 0.470, p � 0.04, CAG
range of 42–53, age at death of 41–75 years, n � 10) and there is a
trend toward an inverse correlation with age of onset (F(1,8) � 3.4,
r 2 � 0.302, p � 0.10, n � 10). This correlation with CAG size
points to a fundamental mechanism contributing to how longer
polyglutamine stretches are associated with a more severe disease
phenotype. If casp6 activation were important in the pathogene-
sis of HD, one might expect predominant casp6 activation in
those regions of the brain in which selective neuronal loss is most
evident, and these data suggest that this activation is influenced
by CAG size.

To investigate the relationship of casp6 to the pathogenesis of
HD in more detail, we assessed casp6 in the YAC128 model in
which we are not limited by the availability of presymptomatic
tissue.

Figure 1. Activation of caspase-6 is an early event in human HD striatum and correlates with CAG size. A, B, After the fifth
decade, a decrease in the proform of casp6 is observed in the striatum and frontal cortex of human control tissue with a concom-
itant increase in the active p20 fragment of casp6. C, Increased levels of the active p20 form of casp6 are observed in early-grade
human HD striatum compared with control brain ( p � 0.01). D, E, Grade 3– 4 human HD striatum and frontal cortex similarly
demonstrate increased active p20 casp6 compared with control tissue ( p � 0.001 and p � 0.01, respectively). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) demonstrates loading for all tissues. Representative immunoblots are shown for casp6. F, A
positive correlation is observed between striatal expression of normalized active casp6 levels and CAG size (F(1,8) � 8.9, r 2 �
0.524, p � 0.017). G, Comparison of age of onset and normalized levels of active casp6 reveals an inverse correlation between
these two variables (F(1,8) � 7.1, r 2 � 0.471, p � 0.02). Levels of casp6 have been corrected for equal loading with tubulin or
GAPDH. Mean measurements and densitometric ratios of casp6p20/p34 and relative casp6 levels are �SD. **p � 0.01; ***p �
0.001. MW, Molecular weight; COB, Control.
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Caspase-6 activation pathways are
observed early and selectively in the
YAC128 mouse model of HD
Coronal sections of wild-type (WT),
YAC128 (HD53), and C6R mice were
stained with an antibody specific for the
active form of casp6 at 3, 9, 12, and 18
months of age (n � 3). In WT murine
brain, active casp6 is detected predomi-
nantly in medium-sized striatal neurons
starting at 9 months with an increase at 18
months of age (Fig. 2Aa–Ad), similar to
the age-related effect observed in the hu-
man control tissue. In contrast, active
casp6 is detected in medium-sized striatal
neurons of YAC128 mice by 3 months
with levels increasing with age (Fig. 2Ae–
Ah), suggesting that at least one compo-
nent of accelerated aging is occurring in
the YAC128 mice similar to that observed
in human HD brain.

Increases in casp6 activation in YAC128
striatum versus WT at 3 months is further
confirmed in vivo by measurement of casp6
activity in protein lysates using the fluoro-
genic substrate VEID-AFC (Fig. 2B) (t test,
p�0.006, n�8). Increased casp6 activity in
YAC128 striatum compared with WT is also
observed at 12 and 18 months of age (Fig.
2C,D) (t test, WT vs YAC128: 12 months,
p � 0.0004, n � 15; 18 months, p � 0.006,
n � 9).

In the striatum of two lines of mice ex-
pressing C6R mhtt (C6R7 and C6R13),
low levels of activated casp6 are observed
at 3 months with no change as the animals
age (Fig. 2Ai–Ap). Measurement of casp6
activity in C6R striatum reveals decreased
casp6 activity in C6R striatum compared
with YAC128 (Fig. 2 B: 3 months,
ANOVA, p � 0.004; WT vs YAC128, p �
0.05; C6R vs YAC128, p � 0.01, n � 8; Fig.
2C: 12 months, ANOVA, p � 0.003; WT
vs YAC128, p � 0.01; C6R vs YAC128, p �
0.05, n � 15; Fig. 2D: 18 months,
ANOVA, p � 0.018; WT vs YAC128, p �
0.05; WT vs C6R, p � 0.05, n � 9).

To determine whether the active casp6
detected by immunostaining and the in-
creases observed in casp6 activity in the
YAC truly represents active casp6 in vivo,
we assessed coronal sections from WT,
YAC128, and C6R mice (n � 3, 18m) us-
ing the neo-epitope antibody to casp6-
cleaved tau, which specifically recognizes
tau cleaved at the VSGD 314 aa casp6 site
(Guo et al., 2004). This antibody strongly
immunostained medium-sized striatal
neurons in YAC128 striata and to a lesser extent in WT and C6R
striatum, correlating with the active casp6 immunostaining ob-
served (Fig. 2E).

At 3 months of age, active casp6 is not observed in WT or
YAC128 cortex using immunohistochemistry, and there is no differ-

ence in baseline casp6 activity in protein lysates of WT and YAC128
cortex. In murine WT cortex, expression of active casp6 is observed
predominantly in layers 2–5 of the cortex commencing at 12 months
of age with a moderate increase observed at 18 months (Fig. 3Aa–
Af). In contrast, at 9 months of age, YAC128 cortex demonstrates

Figure 2. Accelerated activation of caspase-6 is observed in the striatum of YAC128 mice compared with wild-type and C6R
mice. A, In WT murine brain, active casp6 is detected predominantly in medium-sized striatal neurons starting at 9 months (a– d).
Active casp6 is detected in medium-sized striatal neurons of YAC128 mice by 3 months (e– h). In the striatum of two lines of mice
expressing C6R mhtt (C6R7 and C6R13), low levels of activated casp6 are observed at 3 months with no change as the animals age
(i–p). B–D, Increased casp6 activity is observed in YAC128 striatum compared with WT and C6R striatum at 3 months (B) (ANOVA,
p � 0.004; WT vs YAC128, p � 0.05; C6R vs YAC128, p � 0.01), 12 months (C) (ANOVA, p � 0.003; WT vs YAC128, p � 0.01; C6R
vs YAC128, p � 0.05), and 18 months (D) (ANOVA, p � 0.018; WT vs YAC128, p � 0.05; WT vs C6R, p � 0.05) of age. E, The
neo-epitope antibody to casp6-cleaved tau strongly immunostains medium-sized striatal neurons in YAC128 striata and to a lesser
extent in WT and C6R striatum (18 months). casp6 activity measurements are �SEM. *p � 0.05; **p � 0.01. Magnification,
100�. Scale bar, 10 �m.

15022 • J. Neurosci., November 10, 2010 • 30(45):15019 –15029 Graham et al. • Caspase-6 Activation Is an Early Marker in HD



some immunopositive active casp6-stained neurons, and this in-
creases with age (Fig. 3Ag–Al). Active casp6 immunostaining is also
detected on neurites (Fig. 3A). In mice expressing C6R mhtt, a low
level of immunopositive active casp6-stained neurons are observed
at 12 and 18 months of age (Fig. 3Am–Ax). Correlating with the
immunohistochemical results, a significant increase in casp6 activity
in protein lysates from YAC128 cortex is observed compared with
WT and C6R at 12 and 18 months of age (Fig. 3B: 12 months,
ANOVA, p � 0.013; WT vs YAC128, p � 0.05; C6R vs YAC128, p �
0.05, n � 15; Fig. 3C: 18 months, ANOVA, p � 0.002; WT vs YAC8,
p � 0.01; C6R vsYAC128, p � 0.05; n � 9).

These results demonstrate that, similar to human HD brain,
striatal activation of casp6 is an early event in the YAC128 model
and suggest that cortical upregulation of casp6 occurs later than
striatal activation in this animal model of HD. Furthermore, in-
hibiting casp6 cleavage of mhtt alters casp6 activation patterns in
vivo, suggesting that C6R mhtt protects against neurodegenera-
tion by interfering with activation of casp6 and supporting the
hypothesis that cleavage at amino acid 586 in mhtt is critical for
activation of cell-death pathways in HD.

Severity of disease correlates with caspase-6 activity levels
We have demonstrated previously that onset and progression of
HD is modulated by levels of mhtt in the YAC128 mouse models
(Fig. 4A) (Graham et al., 2006b). To determine the influence of
disease stage on the activation of casp6 in the YAC128 model, we
next assessed casp6 activity in YAC128 line HD54, our lowest
mhtt expressing line that demonstrates a later onset and less se-
vere phenotype compared with YAC128 –HD53.

In contrast to the YAC128 line HD53, at 3 months of age, there
is no difference in casp6 activity in the striatum of WT and HD54

mice ( p � 0.34, n � 8) (Fig. 4B). A one-way ANOVA linear trend
post hoc test reveals a significant trend between WT, HD54, and
HD53 for casp6 activity (ANOVA, p � 0.105, post hoc for linear
trend: slope of 0.065, r 2 � 0.1493, p � 0.03).

If activation of casp6 is a critical event in HD, we would expect
other HD mouse models to similarly demonstrate enhanced
casp6 activation. Therefore, we assessed casp6 activity in the full-
length BACHD model. At 12 months of age, there is a significant
increase in casp6 activity in both striatum and cortex of BACHD
mice ( p � 0.003 and p � 0.02 respectively, n � 4) (Fig. 4C),
consistent with our findings in the YAC128 animals.

Alterations in caspase-3 are not observed early in the
pathogenesis of HD
To determine whether the early enhanced activation of casp6
observed in human HD brain is generalizable to other caspases or
is specific for casp6, we assessed caspase-3 (casp3) activation in
human HD brain and in the YAC128 model. In grade 0 –1 human
HD striatum, no difference was observed in the proform levels of
casp3 compared with age-matched control tissue (Fig. 5A). In
grade 3– 4 HD striatum, there is a trend toward decreased p34
proform levels of casp3 in HD compared with control tissue (n �
6 control, n � 9 HD, p � 0.06) (Fig. 5B). In contrast, in grade 3– 4
HD frontal cortex, a clear increase in p34 proform casp3 levels is
observed compared with control tissue ( p � 0.02, n � 3 control,
n � 5 HD) (Fig. 5C). The active p20 casp3 fragments were not
detected in control or HD striatal or frontal cortex tissue.

To determine whether alterations in casp3 are observed in the
YAC128 model, perfused coronal sections of WT and YAC128
mice were stained with three separate antibodies specific for the
active form of casp3 at 3 and 12 months of age (n � 3). No

Figure 3. Caspase-6 activation is observed in YAC128 cortex subsequent to striatal activation. A, In murine WT cortex, expression of active casp6 is observed predominantly in layers 2–5 of the
cortex commencing at 12 months of age (a–f ). In contrast, at 9 months of age, YAC128 cortex demonstrates some immunopositive active casp6 stained neurons, and this increases with age (g–l ).
In mice expressing C6R mhtt (lines C6R7 and C6R13), a low level of immunopositive active casp6-stained neurons are observed at 12 and 18 months of age (m–x). B, C, A significant increase in casp6
activity is observed in YAC128 cortex compared with WT and C6R at 12 months (B) (ANOVA, p � 0.013; WT vs YAC128, p � 0.05; C6R vsYAC128, p � 0.05) and 18 months (C) (ANOVA, p � 0.002;
WT vs YAC128, p�0.01; C6R vsYAC128, p�0.05) of age. Arrow points to active casp6 immunostaining on neurites. Casp6 activity measurements are�SEM. *p�0.05; **p�0.01. Magnification,
40� and 100�. Scale bars, 10 �m.
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immunopositive staining was observed at either of these time
points in striatum (Fig. 5D) or cortex in WT or YAC128 brain
sections. Correlating with the immunohistochemical data, no
difference in casp3 activity was observed in WT versus YAC128
striatum at 3 and 12 months of age (3 months, p � 0.11, n � 10;
12 months, p � 0.62, n � 12) (Fig. 5E) or cortex (3 months, p �
0.87, n � 9; 12 months, p � 0.15, n � 12) (data not shown).
Immunopositive active casp3 was detected in the corpus callo-

sum of both WT and YAC128 brain slices, but no difference in
the extent of staining was observed between genotypes (Fig.
5D). The casp3-positive immunostaining did not colocalize
with cresyl violet-stained cells and may represent lysosome or
autophagosome-like structures as has been described previ-
ously (Stadelmann et al., 1999).

Casp2 activity was also assessed in WT and YAC128 striatum
and cortex. At 3 months of age, no difference in casp2 activity is
observed between genotypes in either the striatum ( p � 0.54) or
cortex ( p � 0.43).

Excitotoxic stress influences caspase-6 activation
Caspase activation occurs early in HD brain, but how this corre-
lates with other early changes leading to excitotoxicity is not
known. We have demonstrated previously enhanced susceptibil-
ity to excitotoxic stress in neonatal MSNs from multiple YAC
lines (Zeron et al., 2002; Graham et al., 2006a,b, 2009; Milnerwood et
al., 2010), underscoring the early nature of excitotoxic stress in
the pathogenesis of HD.

To determine the relationship between casp6 activation and
excitotoxic death of striatal MSNs, we used a neo-epitope anti-
body specific for the active form of casp6. We labeled 9 d in vitro
primary cultured MSNs (WT, YAC128) by immunocytochemis-
try at 4 and 6 h after NMDA challenge. In MSNs expressing mhtt,
a significant increase in the percentage of neurons immunoposi-
tive for active casp6 is observed at 6 h ( p � 0.04) after NMDA
treatment and a trend was observed at 4 h ( p � 0.07) (n � 4 WT
and n � 6 YAC128 separate cultures) (Fig. 6A,B).

To verify the casp6 immunofluorescence data, we next as-
sessed casp6 mRNA levels and casp6 activity in MSNs from WT
and YAC128 after NMDA treatment. A significant increase in
levels of casp6 mRNA and casp6 activity is observed in neurons
expressing mhtt compared with WT 3.5 h after NMDA applica-
tion (casp6 mRNA levels, WT vs YAC128, p � 0.015, n � 3; casp6
activity, WT vs YAC128, p � 0.011, n � 10) (Fig. 6C). Saturating
concentrations of NMDA do trigger specific activation of some
caspases, which include casp9 and casp3 (Zeron et al., 2002,
2004), in MSNs expressing mhtt compared with WT MSNs.
Caspase-8 (IETDase) activity is not increased in this paradigm
(Zeron et al., 2004).

We have demonstrated previously that, in contrast to YAC128
MSNs, C6R MSNs are resistant to NMDAR-induced neurotox-
icity (Graham et al., 2006a; Milnerwood et al., 2010). To investi-
gate the mechanisms underlying this differential susceptibility to
excitotoxic cell death, we compared casp6 activity in MSNs con-
taining C6R mhtt after NMDA treatment with YAC128. In con-
trast to YAC128 MSNs, no increase in casp6 activity is observed in
C6R MSNs 3.5 h after NMDA treatment (ANOVA, p � 0.04; WT
vs C6R, p � 0.05; WT vs YAC128, p � 0.05, n � 7) (Fig. 6C).

If activation of casp6 is necessary for NMDAR-mediated cell
death in MSNs expressing mhtt, we hypothesized that a casp6
inhibitor would rescue primary MSNs in this paradigm. There-
fore, we pretreated MSNs from WT and YAC128 striata with the
casp6 peptide inhibitor z-VEID-fmk before NMDA treatment. A
significant decrease in NMDAR-mediated apoptotic cell death
was observed in MSNs pretreated with z-VEID-fmk from WT
(ANOVA, p � 0.014; percentage apoptotic neurons in NMDA vs
NMDA plus casp6 inhibitor, p � 0.05, n � 3) and YAC128 striata
(ANOVA, p � 0.0001; percent apoptotic neurons in BSS vs
NMDA, p � 0.001; NMDA vs NMDA plus casp6 inhibitor, p �
0.001, n � 3) (Fig. 6D). We also pretreated MSNs from WT and
YAC128 striata with the caspase-3 peptide inhibitor z-DEVD-
fmk before NMDA treatment. A significant decrease in NMDAR-

Figure 4. Disease severity correlates with striatum and cortex caspase-6 activity in mouse
models of HD. A, Onset and progression of HD is modulated by expression levels of mhtt in the
YAC128 mouse models (Graham et al., 2006b). Western blot probed with N-terminal BKP1 htt
antibody. B, At 3 months of age, no difference in casp6 activity is observed between WT or HD54
striatum ( p � 0.34). One-way ANOVA linear trend post hoc test reveals a significant trend
between WT, YAC128 –HD54, and YAC128 –HD53 for casp6 activity (ANOVA, p � 0.105, post
hoc for linear trend: slope of 0.065, r 2 � 0.1493, p � 0.03). C, Assessment of casp6 activity in
brain tissue from the BACHD model at 12 months of age reveals a significant increase in casp6
activity in both striatum and cortex of BACHD mice compared with WT ( p � 0.003 and p �
0.02, respectively). casp6 activity measurements are �SEM. *p � 0.05; **p � 0.01.
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mediated apoptotic cell death was observed in MSNs pretreated
with z-DEVD-fmk from WT (ANOVA, p � 0.002; percentage
apoptotic neurons in NMDA vs NMDA plus casp3 inhibitor, p �
0.01) and YAC128 striata (ANOVA, p � 0.0001; percentage ap-
optotic neurons in BSS vs NMDA, p � 0.001; NMDA vs NMDA
plus casp3 inhibitor, p � 0.001, n � 3) (Fig. 6E).

Discussion
In this study, our goal was to investigate the patterns of activation
of casp6 in an effort to investigate its potential role in the patho-
genesis of HD. Our results demonstrate that active casp6 is
present in early-grade and presymptomatic HD brain. Signifi-
cantly, the active casp6 observed in early-stage HD tissue is ob-
served at a time when no active casp3 is detected. Intriguingly, we
found that active casp6 levels correlate with CAG size in human
HD brain and inversely correlate with age of onset. These data
suggest that the expanded polyglutamine tract in mhtt influences
casp6 activation levels and support a role for casp6 in the early
selectivity of vulnerable striatal neurons in HD.

Enhanced levels of active casp6 and increased casp6 activity
are also observed in brain tissue from two separate, symptomatic
HD mouse models. C6R mice do not demonstrate increased

casp6 activation, suggesting that the 586 aa htt fragment may be
part of a forward amplification cycle of casp6 activation. In the
absence of this fragment, as in the C6R mice, we now show that
activation of casp6 is muted.

A major question is, what stimulates casp6 activation in HD?
Here we show that NMDAR-mediated excitotoxicity triggers ac-
tivation of casp6 in mhtt-expressing MSNs isolated from YAC128
striata at birth. This may provide an explanation for the early
activation of casp6 in vivo and highlights links between casp6
activation and excitotoxicity in the pathogenesis of HD. The un-
derlying reason(s) for excitotoxicity in HD may be several-fold
and include increases in extracellular glutamate attributable to
altered expression and/or function of glutamate transporters
(Faideau et al., 2010; Huang et al., 2010) and mislocalization and
altered signaling of extrasynaptic NMDARs (Milnerwood et al.,
2010). Recent evidence points to these events as being depen-
dent on mhtt cleavage at amino acid 586 (Graham et al., 2006a;
Milnerwood et al., 2010).

Casp6 activation occurs normally as part of the aging process
with small increases at 9 months of age in the striatum and by 1
year of age in the cortex of WT mice, consistent with previous

Figure 5. Activation of caspase-3 is not observed early in the pathogenesis of HD. A, No difference is observed in proform levels of casp3 in grade 0 –1 human HD striatum compared with
age-matched control tissue. B, In grade 3– 4 HD striatum, there is a trend toward decreased p34 proform levels of casp3 compared with control tissue ( p � 0.06). C, In grade 3– 4 HD frontal cortex,
an increase in p34 proform casp3 levels is observed compared with control tissue ( p � 0.02). The active p20 casp3 fragments were not detected in control or HD striatal or frontal cortex tissue.
D, No immunopositive active casp3 staining is observed in the striatum of WT or YAC128 brain. Immunopositive active casp3 staining is detected in the corpus callosum of both WT and YAC128 brain
slices, but no difference in the extent of staining is observed between genotypes. E, No difference in casp3 activity is observed in WT versus YAC128 striatum at 3 or 12 months of age (3 months, p �
0.11; 12 months, p � 0.62). Mean measurements and densitometric ratios of casp3p34/GAPDH and casp3 activity measurements are �SEM. *p � 0.05. Magnification, 100�. Scale bar, 10 �m.
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studies (Jiang et al., 2001; Albrecht et al., 2007). However, in HD,
this process is significantly amplified and accelerated in both stri-
atum and cortex. The pattern of activation parallels the early
selective neuronal loss with predominant effects in the striatum.
Active casp6 is detected in the neurons and neurites of the cortex
of YAC128 mice by 9 months of age, but this occurs subsequent to
striatal activation.

CAG length significantly influences onset and clinical features
of HD in mouse models and affected humans (Hodgson et al.,
1999; Zeron et al., 2002; Langbehn et al., 2004). Intriguingly,
similar to the correlation between CAG repeat length and mito-
chondrial ADP uptake (Seong et al., 2005) and body weight (Aziz
et al., 2008), we now demonstrate that active casp6 levels also
correlate with CAG size and inversely with age of onset in HD
brain. This correlation with CAG size highlights another example
of longer polyglutamine stretches associating with a more severe
phenotype.

A major unanswered question is whether casp6 is the protease
responsible for cleavage of htt at amino acid 586. We have dem-
onstrated previously in vitro that casp6 cleaves htt at the IVLD
586 aa site (Wellington et al., 2000; Graham et al., 2006a; Warby
et al., 2008). Caspases cleave with remarkable specificity at a small
subset of aspartic acid residues within only a discrete and highly
limited subset of cellular polypeptides (Thornberry et al., 1997,
2000). Studies with peptide-based and macromolecular inhibi-

tors support the IVLD site as an optimal tetrapeptide recognition
motif for casp6 (Thornberry et al., 1997). The activation of casp6
in HD brain supports the hypothesis that casp6 cleaves htt at the
IVLD site in vivo. However, this is not definitive, and studies
using mice deficient in casp6 are required to address this
question.

The finding that casp6 activation occurs in the YAC128 model
and not in the C6R mice suggests that the 586 aa mhtt fragment
may play a crucial role in the amplification of casp6 in HD. Cleav-
age products of caspases have been shown previously to be part of
an amplification cycle. Stress-induced generation of caspase-
cleaved proteolytic fragments triggers toxicity and amplifies the
cell-death response. For example, caspase-dependent cleavage of
CDC25A generates an active fragment that activates cyclin-
dependent kinase 2 during apoptosis (Mazars et al., 2009), and
casp6-cleavage of nuclear factor-�B (NF-�B) generates a
dominant-negative inhibitor of NF-�B, thereby promoting
apoptosis (Levkau et al., 1999).

Indirect evidence in favor of the 586 aa htt fragment being
involved in an amplification loop for casp6 activation in HD
includes the observation that active casp6 and the 586 aa htt
fragments colocalize in the nucleus (Warby et al., 2008). Several
studies have shown that nuclear accumulation of htt fragments is
associated with increased toxicity (Hackam et al., 1998; Slow et
al., 2003; Van Raamsdonk et al., 2005; Graham et al., 2006b), and,

Figure 6. NMDA-mediated excitotoxic stress triggers caspase-6 activation. A, B, Primary MSNs were double labeled with active casp6 neo-epitope antibody and Hoechst. In YAC128 MSNs, the
percentage of MSNs with active casp6 immunoreactivity above background increased after NMDA treatment compared with WT at 6 h ( p � 0.05) and a trend increased at 4 h ( p � 0.07). C, A
significant increase in casp6 activity is observed in neurons expressing mhtt compared with WT 3.5 h after NMDA application (t test, WT vs YAC128: p � 0.015 and p � 0.011, respectively). No
increase in casp6 activity is observed in C6R MSNs after NMDA treatment (ANOVA, p � 0.04; WT vs C6R, p � 0.05; WT vs YAC128, p � 0.05). D, A significant decrease in NMDAR-mediated apoptotic
cell death is observed in MSNs pretreated with z-VEID-fmk from WT (ANOVA, p � 0.014; percentage apoptotic neurons in NMDA vs NMDA plus casp6 inhibitor, p � 0.05) and YAC128 (ANOVA, p �
0.0001; percentage apoptotic neurons in BSS vs NMDA, p � 0.001; NMDA vs NMDA plus casp6 inhibitor, p � 0.001) striata. E, A significant decrease in NMDAR-mediated apoptotic cell death is
observed in MSNs pretreated with z-DEVD-fmk from WT (ANOVA, p � 0.002; percentage apoptotic neurons in NMDA vs NMDA plus casp3 inhibitor, p � 0.01) and YAC128 (ANOVA, p � 0.0001;
percentage apoptotic neurons in BSS vs NMDA, p � 0.001; NMDA vs NMDA plus casp3 inhibitor, p � 0.001) striata. Relative casp6 activity measurements are �SD. Mean percentage apoptotic cell
death is given �SD. *p � 0.05; ***p � 0.001.

15026 • J. Neurosci., November 10, 2010 • 30(45):15019 –15029 Graham et al. • Caspase-6 Activation Is an Early Marker in HD



in YAC128 mice, nuclear localization of htt occurs earliest and to
the greatest extent in the striatum, correlating with the neuropa-
thology observed (Van Raamsdonk et al., 2005). In contrast, nu-
clear accumulation of htt is delayed in the C6R mice (Graham et
al., 2006a), showing that blocking formation of the casp6 mhtt
fragment ameliorates the neuropathological and behavioral phe-
notype in the C6R mice.

Early activation of casp6 in HD, and the absence of active
casp6 in the C6R mice, raises the question as to whether cleavage
of other casp6 substrates could contribute to the pathogenesis of
HD. In other words, could the absence of cleavage of particular
casp6 substrates in the C6R mice contribute to the neuroprotec-
tive phenotype observed in these mice? Interestingly, a number of
other casp6 substrates have been implicated in HD, including
CREB (cAMP response element-binding protein) binding pro-
tein (CBP) and NF-�B (Qin et al., 1999; Steffan et al., 2000;
Khoshnan et al., 2004; Jiang et al., 2006). casp6 selectively cleaves
CBP (Rouaux et al., 2004), suggesting that casp6 activation may
contribute to the altered gene transcription observed in HD.
Transcriptional repression of specific genes is observed in HD
(Steffan et al., 2000; Hodges et al., 2006; Jiang et al., 2006). Po-
tential mechanisms include altered binding of mhtt and CBP,
inactivation of CBP through casp6 cleavage, and/or sequestration
of CBP in inclusions (Steffan et al., 2000; Jiang et al., 2006).
Interestingly, casp6-mediated cleavage of NF-�B generates a
transcriptionally inactive p65 molecule that acts as a dominant-
negative inhibitor of NF-�B and promotes apoptosis. In contrast,
casp6-resistant p65 protects cells from apoptosis (Levkau et al.,
1999). Therefore, other substrates that are cleaved by casp6 could
play a role in HD, and it is important to define all potential casp6
substrates in human brain to explore their role in HD.

A very important question then is, what initiates casp6 activa-
tion in HD? Our previous observations in C6R mice that amelio-
ration of the behavioral and neuronal deficits is associated with
protection against excitotoxic stress (Graham et al., 2006a;
Milnerwood et al., 2010) support the hypothesis of mhtt-mediated
alterations of excitotoxicity as an important contributor to
caspase activation. Here we demonstrate that NMDAR-mediated
excitotoxicity activates casp6 in neurons expressing caspase-
cleavable mhtt but not C6R mhtt. These findings are mirrored by
decreased activation of casp6 in the brains of C6R mice. These
data strongly support enhanced excitotoxicity in HD (Beal et al.,
1991; Li et al., 2004; Graham et al., 2006a, 2009; Guidetti et al.,
2006) as an early event contributing to casp6 activation. Recent
studies provide additional evidence and demonstrate that in-
creased extrasynaptic NMDAR-induced currents and signaling is
a critical underlying mechanism in the pathogenesis of HD
(Okamoto et al., 2009; Milnerwood et al., 2010). Of note is the
finding that increased extrasynaptic NMDAR activity requires
casp6 cleavage of htt. Electrophysiological investigation of the
C6R mice demonstrates that C6R MSNs are remarkably similar
to MSNs overexpressing wild-type htt (YAC18) and WT MSNs
and significantly different from YAC128 MSNs (Milnerwood et
al., 2010). The data suggest that increased extrasynaptic NMDAR
activation is intimately linked to generation of the 586 aa frag-
ment of htt and that caspase-6 cleavage of mhtt is necessary for
increased extrasynaptic NMDA current (Ex-INMDA), leading to
behavioral deficits, excitotoxicity, and neurodegeneration.

Consistent with a role for casp6 in excitotoxicity, we find that
inhibiting casp6 protects MSNs from NMDAR-mediated cell
death. In addition, we also demonstrate that inhibition of casp3
similarly protects MSNs against excitotoxic cell death. It may be
expected that inhibition of a downstream executioner caspase

such as casp3 would provide protection against cell death. It is
important to note however that casp6 can activate casp3 both in
vitro and ex vivo (Liu et al., 1996; Xanthoudakis et al., 1999;
Allsopp et al., 2000), and activation of casp6 is observed before
casp3 in in vivo excitotoxic models (Ferrer et al., 2000; Henshall et
al., 2002). This evidence, and the data demonstrating activation
of casp6 in presymptomatic HD and AD brains, suggests that
casp6 can function upstream of casp3 and may influence its
activation.

The increase in casp6 mRNA after NMDA treatment may be
the result of NMDAR-mediated increases in p53. Glutamate-
induced neurotoxicity leads to accumulation of p53 (Xiang et al.,
1998; Culmsee et al., 2001; Liang et al., 2005), and downregula-
tion of p53 protects neurons against excitotoxicity (Morrison et
al., 1996, 2003; Culmsee et al., 2001). Induction of p53 has been
shown to directly induce casp6 expression through a response
element within the third intron of the gene (MacLachlan and
El-Deiry, 2002).

Interestingly, casp3 and casp6 have remarkably different
caspase activation patterns in HD brain. We did not detect active
casp3 or alterations in the proform of casp3 in early HD, but we
did observe a decrease in the proform of casp3 in late-stage HD
striatum. Indeed, active casp3 has been observed in degenerating
astrocytes in the caudate of patients with advanced HD (Hermel
et al., 2004). These data show that casp3 is not involved early in
the pathogenesis of HD.

Casp6 cleavage of substrates and casp6 activation is also
present in AD. Activation of casp6 is an early event in human AD
brain (Pompl et al., 2003; Albrecht et al., 2007), and, similar to
htt, APP is cleaved by caspases resulting in elevated levels of
amyloid-� peptide (Gervais et al., 1999; Tesco et al., 2007). Cleav-
age of APP occurs at the Asp664 casp6 site in vivo (Banwait et al.,
2008), and inhibiting cleavage at this site provides some rescue
from the AD phenotype in a mouse model (Galvan et al., 2006,
2008; Saganich et al., 2006; Harris et al., 2010; Zhang et al., 2010).
Cleavage of APP generates an N-terminal APP fragment that is a
death ligand for death-receptor 6 (DR6), and activation of DR6
triggers casp6 activation and axonal degeneration (Nikolaev et
al., 2009). The evidence implicating casp6 in AD and HD sug-
gests that casp6 may be a crucial enzyme underlying neurode-
generation in both diseases.

The results of these studies support a critical role for casp6
early in HD and demonstrate that inhibiting cleavage of a caspase
substrate can influence caspase activation patterns in vivo. These
data suggest that specific mhtt fragments are required to initiate a
toxic amplification cycle that contributes to neuronal dysfunc-
tion and the neuropathological abnormalities in HD. Further-
more, we demonstrate a strong relationship between casp6 and
excitotoxicity, which supports therapeutic approaches to identify
inhibitors of casp6 and/or excitotoxic stress as ways to influence
the pathogenesis of HD.
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