
Caspase Cleavage of Mutant Huntingtin Precedes
Neurodegeneration in Huntington’s Disease

Cheryl L. Wellington,1* Lisa M. Ellerby,2* Claire-Anne Gutekunst,3 Danny Rogers,1 Simon Warby,1
Rona K. Graham,1 Odell Loubser,1 Jeremy van Raamsdonk,1 Roshni Singaraja,1 Yu-Zhou Yang,1
Juliette Gafni,2 Dale Bredesen,2 Steven M. Hersch,4 Blair R. Leavitt,1 Sophie Roy,5 Donald W. Nicholson,5 and
Michael R. Hayden1

1Centre for Molecular Medicine and Therapeutics, British Columbia Children’s and Women’s Hospital, Vancouver, British
Columbia, Canada V5Z 4H4, 2Buck Institute for Research in Aging, Novato, California 94945, 3Department of Neurology,
Emory University, Atlanta, Georgia 30322, 4Department of Neurology, Massachusetts General Hospital, Charlestown,
Massachusetts 02129, and 5Merck Frosst Centre for Therapeutic Research, Montreal, Quebec, Canada H9R 4P8

Huntington’s disease (HD) results from polyglutamine expan-
sion in huntingtin (htt), a protein with several consensus
caspase cleavage sites. Despite the identification of htt frag-
ments in the brain, it has not been shown conclusively that htt
is cleaved by caspases in vivo. Furthermore, no study has
addressed when htt cleavage occurs with respect to the onset
of neurodegeneration. Using antibodies that detect only
caspase-cleaved htt, we demonstrate that htt is cleaved in vivo
specifically at the caspase consensus site at amino acid 552.
We detect caspase-cleaved htt in control human brain as well
as in HD brains with early grade neuropathology, including one
homozygote. Cleaved htt is also seen in wild-type and HD

transgenic mouse brains before the onset of neurodegenera-
tion. These results suggest that caspase cleavage of htt may be
a normal physiological event. However, in HD, cleavage of
mutant htt would release N-terminal fragments with the poten-
tial for increased toxicity and accumulation caused by the
presence of the expanded polyglutamine tract. Furthermore, htt
fragments were detected most abundantly in cortical projection
neurons, suggesting that accumulation of expanded htt frag-
ments in these neurons may lead to corticostriatal dysfunction
as an early event in the pathogenesis of HD.
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N terminus of huntingtin (htt) (Hayden, 1981; Huntington’s Dis-
ease Collaborative Research Group, 1993). Htt was the first
neuronal protein shown to be a caspase substrate (Goldberg et al.,
1996; Wellington et al., 1998, 2000), with defined sites for
caspase-3 at amino acids 513 and 552, for caspase-2 at amino acid
552, and for caspase-6 at amino acid 586 (Wellington et al., 1998,
2000). Additionally, there are two caspase-3 consensus sites at
amino acids 530 and 589 that appear to be silent (Wellington et
al., 2000). We previously proposed the toxic fragment hypothesis,
suggesting that caspase-mediated cleavage of expanded htt would
generate toxic N-terminal fragments that induce neuronal death
(Cooper et al., 1998; Hackam et al., 1998; Martindale et al., 1998;
Saudou et al., 1998). We have shown that the toxicity of caspase-
resistant expanded htt is markedly reduced in transfected cells
(Wellington et al., 2000). Furthermore, full-length, wild-type htt

has been shown recently to be neuroprotective in a variety of in
vitro and in vivo models (Rigamonti et al., 2000; Leavitt et al.,
2001; Zuccato et al., 2001). These observations suggest that
inhibition of htt proteolysis would both reduce the load of toxic
N-terminal fragments and maintain the neuroprotective function
of intact htt.

Despite numerous in vitro and in vivo studies that support a
correlation between htt length and toxicity, little is known about
the proteolytic processing of htt in vivo. Several studies have
identified htt fragments in control and HD brains (DiFiglia et al.,
1995; Kim et al., 2001; Mende-Mueller et al., 2001), but several
important questions remain unaddressed. For example, the iden-
tity of the proteases responsible for cleaving htt in vivo has not
been demonstrated conclusively, in part because the site of htt
cleavage has not been determined precisely in any in vivo study to
date. Indeed, there is controversy in the literature about whether
expanded htt is even susceptible to cleavage in vivo compared
with htt with a normal polyglutamine tract (Dyer and McMurray,
2001). Furthermore, whether cleavage of htt is an early or late
event in HD pathogenesis has not been specifically addressed.
Finally, the cellular populations that may be particularly enriched
in cleaved htt are not known.

To unequivocally detect caspase cleavage products of htt, we
have developed novel antibodies specifically designed to detect
N-terminal htt fragments generated by caspase cleavage at amino
acid 513 or 552. Here, we provide direct evidence for caspase-
mediated cleavage of htt. In early grade HD postmortem tissue as
well as in young transgenic mice expressing expanded human htt,
both normal and expanded htt are cleaved at amino acid 552
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before the onset of gross striatal atrophy. Cleaved htt was also
observed in control brain, suggesting that caspase cleavage of htt
may be part of its normal regulated catabolism. The observation
of htt cleavage most abundantly in cortical projection neurons
suggests that disruption of the corticostriatal pathway may be an
early event in the pathogenesis of HD.

MATERIALS AND METHODS
Human and murine tissues. Human HD and control brain postmortem
tissues were obtained from the Canadian Brain Tissue Bank (Toronto,
Canada) and the Harvard Brain Tissue Resource Center (Cambridge,
MA). Tissue from a presymptomatic patient was obtained from Emory
University as described previously (Gutekunst et al., 1999). All human
tissues were obtained after ethical review. Yeast artificial chromosome
(YAC) transgenic animals expressing human htt with 72 (CAG) repeats
(Hodgson et al., 1999) were used as a source of murine tissues according
to the University of British Columbia animal protocol A00-0254. Line
2511 contains one to two copies of the YAC and has been described
previously (Hodgson et al., 1999). Line 44 was generated by independent
microinjection and contains two to four copies of the YAC transgene.

Determination of CAG repeat number f rom brain tissue. The number of
CAG repeats in htt from patient brain was determined by nonradioactive
PCR using standards of known CAG size as described previously (An-
drew et al., 1993; Bruland et al., 1999).

Antibodies. Antibodies specific for the C-terminal ends of htt caspase
cleavage products ending at amino acid 513 or 552 were prepared
using the immunizing peptides KLH-CHTLQADSVD and KLH-
CSDPAMDLND, respectively. Antibodies were affinity purified as de-
scribed previously (Gervais et al., 1999). The polyclonal N-terminal htt
antibody BKP1 has been described previously (Kalchman et al., 1997). In
addition to polyclonal BKP1, we have also generated a monoclonal
version of BKP1 that recognizes the N-terminal 17 aa of htt. Polyclonal
and monoclonal BKP1 were used interchangeably. Monoclonal antibod-
ies specific for glyceraldehyde phosphate dehydrogenase (GAPDH) and
expanded polyglutamine tracts (1C2) were purchased from Chemicon
(Temecula, CA). EM48, an antibody that recognizes htt aggregates, has
been described previously (Gutekunst et al., 1999; Li et al, 1999).

Cell culture and transfection. Human embryonic kidney (HEK) 293T
cells were cultured and transfected by calcium phosphate as described
previously, using the htt constructs pRcCMV-3949-15 and pRcCMV-
3949-128 (Wellington et al., 2000). The constructs pRcCMV-3949-15-
514X and pRcCMV-3949-128-514X were generated by inserting a trans-
lation terminal codon at amino acid 514. Apoptosis in cultured cells was
induced by the addition of 35 �M tamoxifen as described previously
(Hackam et al., 1998; Ellerby et al., 1999).

Western blotting. Murine and human tissues were homogenized in a
buffer containing 0.25 M sucrose, 20 mM Tris HCl, pH 7.2, 1 mM MgCl2,
0.5 mM EDTA, complete protease inhibitor (Roche, Indianapolis, IN),
and, unless otherwise indicated, 5–10 �M N-benzyloxycarbonyl-val-ala-
asp-fluoromethyl ketone (zVAD-fmk). Lysates were sonicated for 10 sec
and cleared of debris by centrifugation for 10 min at 9000 rpm at 4°C. To
cleave htt in murine or human homogenates, 20 �g of protein prepared
without zVAD-fmk was incubated in cleavage buffer alone [50 mM HEPES/
KOH, pH 7.0, 10% (w/v) sucrose, 2 mM EDTA, 0.1% (w/v) 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate, 5 mM DTT] or
cleavage buffer with 2 nM purified recombinant caspase-3 for 60 min at 37°C
as described previously (Wellington et al., 1998). As a control, replicate
samples were pretreated with 50 nM acetyl-aspartyl-glutamyl-valyl-aspart-
1-aldehyde (DEVD-CHO) for 15 min at 25°C before the addition of
caspase-3. After the addition of 5� SDS loading buffer, heat-denatured
samples were electrophoresed through 7.5% SDS-PAGE gels and trans-
ferred to a polyvinylidene difluoride membrane. Blots were probed with
BKP1, Htt513, Htt552, or 1C2 overnight in 5% skim milk in PBS. After
several washes in PBS with 0.5% Tween 20 (PBST), HRP-conjugated goat
anti-rabbit or goat anti-mouse secondary antibodies were added for 1 hr at
room temperature. After extensive washes in PBST, blots were developed
using enhanced chemiluminescence (Amersham Biosciences, Arlington
Heights, IL) according to recommended protocols.

Immunofluorescence. HEK 293T cells were processed for immunoflu-
orescence exactly as described previously (Hackam et al., 1998) and
stained with Htt513 and Htt552 as primary antibodies (1:5000) and
goat anti-rabbit Alexa 594-conjugated secondary antibody (Molecular
Probes, Eugene, OR; 1:800). Nuclei were stained with 4�,6�-diamidino-
2-phenylindole (DAPI), and images were captured and processed using a

CCD camera and Northern Eclipse software (Empix Imaging, Missis-
sauga, Ontario, Canada) as described previously (Hackam et al., 1998).

Two-month-old wild-type and YAC transgenic mice (line 44, 72 CAG
repeats) were killed by intraperitoneal injection of 0.8 ml of 2.5% avertin
for immunohistochemical analysis of huntingtin cleavage in brain slices.
The brains were snap frozen in optimal cutting temperature compound at
�80°C, and 30 �m coronal sections were prepared on a cryostat. The
sections were fixed with acetone for 10 min at room temperature and
permeabilized with 0.1% Triton X-100. Sections were incubated in either
Htt512 (1:500) or Htt552 (1:1000) in PBS for 48 hr at 4°C, washed in PBS,
and incubated with goat anti-rabbit CY3-conjugated 2° antibody (1:200;
Chemicon) for 2 hr at room temperature. Sections were then double
labeled with neuronal-specific nuclear protein (NeuN) (1:50; Chemicon)
in block (4% goat serum, 5% bovine serum albumin, and 0.1% Tween 20
in PBS) for 24 hr at 4°C, washed in PBS, and incubated in goat anti-
mouse Alexa 488 (1:500; Molecular Probes) secondary antibody at room
temperature for 2 hr. Omission of the primary antibodies was used as a
negative control for immunohistochemical procedures. For a positive
control, quinolinic acid was injected into the striatum to induce hunting-
tin cleavage. For this procedure, mice were anesthetized with inhaled
isofluorine and placed in a stereotaxic apparatus, and a small craniotomy
was performed at the injection site. Using a microinjector (World Pre-
cision Instruments, Sarasota, FL) and glass-pulled pipettes, 800 nl of 8
nmol of quinolinic acid (Sigma, St. Louis, MO) in PBS were slowly
injected (10 nl /min) into the striatum (rostral 0.3 mm and lateral 2.3 mm
to bregma, 4 mm deep). Five minutes after injection, the glass pipette
was slowly withdrawn, and the scalp was closed with surgical sutures. The
animal was given postoperative care in a heated chamber before return-
ing to its home cage. The positive controls were killed and sectioned as
described previously.

Immunohistochemistry. Immunocytochemistry on frozen brain tissue
sections (50 �m) from one juvenile (grade 4) and two adult (presymp-
tomatic and grade 4) HD cases and three normal individuals was per-
formed as described previously (Gutekunst et al., 1999). To reduce
nonspecific antibody binding, sections were incubated in 3% hydrogen
peroxide and then PBS containing 4% normal goat serum (NGS) and 10
�g/ml avidin for 30 min followed by PBS rinses. Sections were then
incubated in 2% NGS in PBS containing Htt552 and 50 �g/ml biotin for
20 hr, rinsed in PBS, and incubated for 12 hr at 4°C in biotinylated goat
anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove,
PA) in PBS containing 2% NGS. Sections were rinsed, incubated in
avidin–biotin complex (ABC Elite; Vector Laboratories, Burlingame,
CA) for 2 hr at 4°C, rinsed, and incubated in 0.05% DAB (Sigma) and
0.01% hydrogen peroxide in 50 mM Tris buffer for 5–15 min. Sections
were rinsed, mounted on glass slides, counterstained with thionin, dehy-
drated, and coverslipped for light microscopic examination using a Leica
(Nussloch, Germany) DMRE.

Toluidine blue staining. Semithin sections (1.5 �m) were cut from striatum
of 3- and 6-month-old YAC44 and wild-type littermate control mice.
Sections were cut with a Leica Ultracut S ultramicrotome, counterstained
with toluidine blue, differentiated in 95% alcohol, and coverslipped. De-
generation was quantified as described previously (Hodgson et al., 1999).

RESULTS
Validation of htt cleavage-specific antibodies in vitro
and in vivo
To determine the specificity of Htt513 and Htt552 in tissues
expressing endogenous htt, homogenates prepared from wild-
type murine brain were either untreated or cleaved ex vivo by the
addition of recombinant caspase-3. As a control, ex vivo caspase-3
cleavage was inhibited by preincubation of the homogenate with
DEVD-CHO. Western blot analysis using the N-terminal anti-
body BKP1 identified both intact and cleaved htt (Fig. 1A, lef t
panel). Reprobing these blots demonstrates that Htt513 and
Htt552 detect only the specific htt cleavage products ending at
amino acid 513 or 552, respectively, with no detection of intact htt
(Fig. 1A, center and right panels).

To demonstrate the ability of Htt513 and Htt552 to detect
cleaved htt in its native conformation, HEK 293T cells were
transfected with htt constructs with 15 or 138 glutamines ending
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at amino acid 1212 or 513, and apoptosis was induced by the
addition of 35 �M tamoxifen (Wellington et al., 2000). Immuno-
fluorescence was detected only after apoptotic induction or for
Htt513, when the transfected construct was specifically engi-
neered to end at amino acid 513 (Fig. 1B). These data confirm
that both Htt513 and Htt552 specifically detect htt ending at
amino acid 513 or 552, that neither antibody detects uncleaved
htt, and that both antibodies recognize cleaved normal or ex-
panded htt both by Western blot and by immunocytochemical
methods. In vitro, Htt552 was able to detect cytoplasmic aggre-
gates of cleaved expanded htt (Fig. 1B).

Htt is cleaved at amino acid 552 in HD brains with
early grade neuropathology
Having demonstrated the specificity of the Htt513 and Htt552
antibodies, postmortem samples were analyzed from patients
with HD and age-matched controls (Table 1). In each case, the

neuropathological severity was noted either using the Vonsattel
grade (Vonsattel et al., 1985) or by the detailed neuropathogical
report (Table 1). Determination of the CAG sizes in these sam-
ples revealed that one of the patients was homozygous for the
CAG expansion (HDB171), having 39 repeats on each allele (Fig.
2). We also verified three heterozygous patients (HDB65,
HDB173, and HDB174) with expansions of 41, 41, and 44 CAGs,
respectively, and confirmed normal CAG sizes in four control
brains (COB58, COB3, COB55, and COB56) (Fig. 2).

Homogenates were prepared from the frontal cortex from two
patients with no gross striatal atrophy (HDB65 and HDB171),
two patients with marked striatal atrophy (HDB173 and
HDB174), and three controls of similar ages. Lysates were pre-
pared in the presence of �5 �M zVAD-fmk to inhibit ex vivo
caspase activation. Western blot analysis using BKP1 showed the
presence of several htt cleavage fragments in both HD and

Figure 1. Validation of cleavage-specific anti-
bodies Htt513 and Htt552. A, Western blot of
wild-type murine cortical tissue demonstrating
detection of a single htt fragment ending at
either amino acid 513 or 552 that is present
only after ex vivo cleavage of endogenous htt
with recombinant caspase-3. B, Immunofluo-
rescence of HEK 293T cells transfected with
htt constructs as indicated, demonstrating that
the Htt513 or Htt552 antibodies detect htt only
after tamoxifen (tam)-induced cleavage or, for
Htt513, in the presence of constructs terminat-
ing at amino acid 513 (H-15X ), in red. Nuclei
are counterstained with DAPI (blue).
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control samples, including the presence of fragments that mi-
grated at the expected size range for caspase cleavage products
(Fig. 3A, lef t panel). In HD patients, these caspase-generated
fragments clearly showed a mobility shift induced by the ex-
panded mutant allele compared with control brains. Importantly,
lysates prepared from the patient homozygous for CAG expan-
sion (HDB171) yielded a single band at the expected size for
caspase-cleaved expanded htt (Fig. 3A). These fragments from
both HD and control cortex are generated by cleavage of htt at
amino acid 552, as demonstrated by immunoreactivity with
Htt552 (Fig. 3A, center panel). However, no immunoreactivity
with the 90–95 kDa fragments was observed when these filters
were reprobed with 1C2, an antibody reported to recognize
expanded polyglutamine tracts (Trottier et al., 1995) (Fig. 3A,
right panel). Under our conditions, 1C2 detected predominately
full-length expanded htt in human brain homogenates.

To test whether 1C2 can detect expanded htt cleavage fragments
within brain homogenates, we prepared human or murine lysate in
the absence of zVAD-fmk and then treated these samples with
caspase-3 to generate maximal amounts of htt cleavage products.
Under these conditions, 1C2 did not detect htt cleavage products in
human lysates, although they were clearly detected by BKP1 and
Htt552 (Fig. 3B). In contrast, 1C2 detected htt cleavage products in
the context of murine brain. Whole brains from YAC transgenic
mice expressing low levels (0.5� endogenous) of human htt with 72
CAG repeats (Hodgson et al., 1999) were processed under identical
conditions as human postmortem tissue, treated ex vivo with
caspase-3, and probed with BKP1, Htt552, and 1C2. Htt fragments
containing the polyglutamine expansion were clearly detected by
1C2, Htt552, and BKP1 (Fig. 3C). The lower level of mutant htt
fragments detected by BKP1 reflects expression levels of the trans-
gene and not decreased efficiency of cleavage of expanded htt, as
detailed below. These findings suggest that detection of caspase
cleavage products of expanded human htt may be possible with 1C2
in murine but not in human brain.

Western blot analysis showed that cleavage of htt in human
caudate was present at low levels compared with frontal cortex in
both control and HD brain (data not shown). In addition, no htt
products were detected with Htt513 in frontal cortex, caudate,
control, or HD brain (data not shown), suggesting that amino
acid 552 is the preferred site of htt cleavage in vivo.

Caspase-cleaved htt is abundant in cortical
projection neurons
To identify the specific cellular populations that contained
Htt552-immunoreactive species, immunohistochemistry was per-

formed on postmortem tissues from a 32-year-old presymptom-
atic individual with the HD gene mutation who died in an
accident (Gutekunst et al., 1999), the grade I patient HDB171,
and controls. The presymptomatic patient had CAG sizes of 48
and 20 (Table 1) and persons with 48 CAGs have a mean age of
clinical onset of �35 years (Brinkman et al., 1997). Neuropatho-
logical analysis of this patient showed evidence of grade I/II
neuropathology (data not shown), whereas a neurologic exami-
nation 6 weeks antemortem was completely normal.

Distinct cytoplasmic staining of many pyramidal neurons was
noted in the frontal cortex of control and HD brains, with more
intense labeling of HD neurons by Htt552 using immunohisto-
chemical techniques (Fig. 4). The omission of primary antibody
resulted in no detectable staining (Fig. 4B). Nearly all Htt552
staining was cytoplasmic, suggesting that the majority of htt
cleavage occurs in the cytoplasm. High-power imaging of Htt552-
immunoreactive neurons in the grade I homozygote HDB171
revealed that staining was often punctate and associated with
neurites (Fig. 4C–H), although no costaining with EM48, an
antibody that detects htt aggregates (Gutekunst et al., 1999; Li et
al., 1999), was observed (data not shown). Frontal cortex from the
32-year-old presymptomatic patient (HDB Emory) contained
Htt552-immunoreactive neurons in cortical layers II, III, V, and
VI, with staining in layers II /III being less intense than in layers
V/VI (Fig. 4, compare I with J). Striatal neurons from this
presymptomatic patient also stained weakly with Htt552 (Fig.
4K), which may reflect the lower level of htt expression in striatal
compared with cortical neurons (Fusco et al., 1999). These results
confirmed that the htt cleavage product detected by Htt552 on
Western blots primarily originated from cleavage of htt in cortical
pyramidal neurons, at least some of which (layers III and V)
project to the striatum. Additionally, detection of Htt552-positive
neurons in the homozygote HDB171 confirms that expanded htt
is indeed cleaved by caspases.

Similar to the Western blot results, the Htt513 antibody failed
to detect specific cleavage products in any early grade HD or
control brain examined (data not shown).

Caspase cleavage of htt precedes neurodegeneration
in the YAC animal model of HD
Because brain tissue is not readily available for human HD
patients before the onset of neurodegeneration, we examined the
YAC transgenic animal model of HD (Hodgson et al., 1999) to
specifically address when htt cleavage is first detectable relative to
the onset of neurodegeneration. We examined tissue prepared
from YAC72 mice expressing high levels (2 to 4� endogenous) of

Table 1. Summary of human disease and control brain tissue

Brain Neuropathology CAG repeat number Age at death (years) Postmortem interval (hr) Sex

HDB Emory Grade 1/2 48/20 32 6 F
HDB65 No atrophy noted 41/29 64 2 M
HDB58 Moderate atrophy 42/21 63 3.5 F
HDB171 Grade 1 39/39 75 18.5 M
HDB173 Grade 3 41/24 76 7 M
HDB174 Grade 3 43/17 76 20 F
COB3 Control 17/14 75 10 F
COB55 Control 21/17 70 15 M
COB56 Control 19/12 70 22.5 F
COB58 Control 17/17 72 14.7 F

F, Female; M, male.
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human htt at various time intervals by toluidine blue staining,
Western blot, and immunohistochemistry. In these mice, degen-
erative changes in the striatum first become evident at �6 months
of age based on toluidine blue staining of striatal neurons (Fig.
5A). Although not a measure of neuronal loss, toluidine blue
staining reflects highly dysfunctional neurons and represents a
minimal estimate of neurodegeneration (Gallyas et al., 1993;
Ribak and Baram, 1996; Kawamura et al., 1997; Toth et al., 1998).
Cortical tissue from 2-, 4-, 6-, and 11-month-old YAC72 mice and
wild-type littermate controls was then homogenized and blotted
under conditions identical to those for processing of human
samples. Immunoblotting with the N-terminal htt antibody BKP1

demonstrated the presence of intact htt and several smaller mo-
lecular weight species in both YAC72 and wild-type tissues at all
ages examined (Fig. 5B, lef t panel). Of note, specific caspase
cleavage products are visible: a 100 kDa product observed only in
YAC72 homogenates (cleaved mutant), suggesting that it is de-
rived specifically from expanded htt, and a 70 kDa product
present in both YAC72 and control tissue (cleaved wild-type)
(Fig. 5B, lef t panel). The observation that endogenous htt is
cleaved at early ages in both wild-type and transgenic mice
suggests that cleavage of htt is a normal event. We also observed
one additional product with an apparent mobility of �140 kDa
that is present only in YAC72 homogenates, suggesting that it is
also derived from expanded htt. There is no quantitative differ-
ence in htt expression at different ages when protein loading is
normalized to GAPDH, and the relatively higher level of ex-
panded cleavage products reflects the high level of transgene
expression.

Immunoblotting with Htt552 confirmed that the 100 and 70
kDa products represent expanded and normal human htt cleaved
by caspases at amino acid 552 (Fig. 5B, center panel). Interest-
ingly, minor lower-molecular-weight species were also detected
on murine blots using the Htt552 antibody that appear to be
derived from additional proteolysis of the caspase cleavage prod-
ucts of normal and expanded htt (Fig. 5B, center panel). Immu-
noblotting with Htt513 failed to detect any cleavage product (data
not shown), suggesting that the preferred site of cleavage in
murine as well as human tissues is amino acid 552.

Finally, immunoblotting with 1C2 permitted the detection of
intact htt as well as the 100 kDa product, confirming that the 100
kDa band represents cleavage of expanded htt (Fig. 5B, right
panel). Overlaying the three blots also showed that 1C2 detected
the 140 kDa species detected by BKP1 but not Htt552, suggesting
that additional proteases may also cleave expanded htt in vivo
(Fig. 5B).

Fluorescent immunocytochemical staining of YAC72 and con-
trol brains confirmed that Htt552-positive neurons were present
in the cortex at 2 months of age (Fig. 6A), which is before the
onset of detectable behavioral or neuropathological changes in
these mice. Double staining with the neuronal marker NeuN
confirmed that the Htt552 immunoreactivity was neuronal in
origin. Htt552 staining in the YAC transgenic mice paralleled
observations in the human samples. For example, murine Ht552
staining was punctate and largely cytoplasmic, similar to the
staining pattern observed in human postmortem tissue. Com-
pared with cortex, very few Htt552-positive neurons were identi-
fied in the striatum of either wild-type or YAC72 mice at 2
months of age (Fig. 6B), which may reflect the lower level of htt
expression in the striatum compared with the cortex (Fusco et al.,
1999). In addition, no Htt513-immunoreactive neurons were iden-
tified in YAC72 or control mice (data not shown).

Mutant and wild-type htt are cleaved with equal
efficiency in brain lysates
Detection of caspase cleavage fragments from both mutant and
wild-type htt suggests that caspases may cleave htt as part of its
normal catabolism. To test for differences in susceptibility of
cleavage between normal and expanded htt in brain tissue, we
treated whole-brain homogenates prepared from YAC72 mice
with high transgene expression with caspase-3 to control inter-
nally for all variables except for polyglutamine size (Fig. 7A).
Quantitation of cleavage over time showed that cleaved mutant
and wild-type htt fragments accumulated at equivalent rates, as

Figure 2. Determination of the CAG repeat length in HD brains (HDB)
and control brains (COB). PCR products containing the htt CAG repeat
were resolved on 0.5 mm sequencing gels alongside markers with a known
CAG size. The total CAG size detected in the upper and lower alleles is
listed below each lane.
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indicated by similar slopes in cleavage over time (Fig. 7B). These
results show that mutant and wild-type htt are equally susceptible
to caspase cleavage in brain lysates.

DISCUSSION
In this study, we demonstrate caspase cleavage of htt in vivo using
novel antibodies that specifically detect the C-terminal ends of
caspase-cleaved htt. Htt cleavage was demonstrated in a patient
homozygous for 39 CAG repeats using both immunohistochem-
istry and Western blotting, showing that caspase cleavage of htt
clearly occurs in the presence of the polyglutamine expansion. In
human postmortem patients, htt cleavage was particularly abun-
dant in the cerebral cortex of patients with low-grade neuropa-
thology in which striatal atrophy was still in its early stages
(Vonsattel et al., 1985). Additionally, we demonstrate that htt
cleavage precedes the onset of neurodegeneration in the YAC
animal model of HD by the detection of cleaved expanded htt in
YAC72 transgenic mice as early as 2 months of age. The demon-
stration of cleaved htt in HD brain with early neuropathology is
consistent with the toxic fragment hypothesis, which suggests that
the liberation of N-terminal htt fragments containing the ex-
panded polyglutamine tract actively contributes to the pathogen-

esis of HD. Although htt cleavage products have been found in
postmortem HD patients (Kim et al., 2001; Mende-Mueller et al.,
2001) and development of a rapid neurological phenotype is well
established in mice expressing truncated htt (Mangiarini et al.,
1996; Bates et al., 1998), our study is the first to demonstrate that
htt cleavage precedes the onset of the HD phenotype in vivo.

Cleavage of wild-type htt was also observed in control as well
as HD brains, suggesting that caspase cleavage of htt may be a
normal event. We detected no difference in the cleavage efficiency
of expanded compared with wild-type htt, both during the natural
history of the YAC transgenic model or after ex vivo treatment
with caspase-3. This finding suggests that htt cleavage per se may
not be solely a pathogenic event. Rather, the N-terminal cleavage
fragments liberated in HD patients may lead to cellular dysfunc-
tion in HD through the toxic properties of the expanded poly-
glutamine tract within the truncated fragment. For example, it is
possible that fragments generated from wild-type htt are effi-
ciently cleared through the ubiquitin–proteasome pathway,
whereas fragments containing an expanded polyglutamine tract
accumulate and result in a number of downstream events that
contribute to neuronal death. In addition, because full-length htt

Figure 3. Htt is cleaved at amino acid 552 in vivo.
A, Parallel blots prepared from human cortex ho-
mogenized in the presence of zVAD-fmk were
probed with BKP1, Htt552, and 1C2. Cleavage
products showing CAG-dependent mobility are de-
tected by BKP1 (lef t panel ) in all samples except
HD brain (HDB) 174 (in this exposure) and by
Htt552 (center panel ) but not 1C2 (right panel ). B,
Human postmortem tissue was homogenized in the
absence of zVAD-fmk and incubated at 37°C with
or without 2 �M recombinant caspase-3. Replicate
blots were probed with BKP1 (lef t panel ), Htt552
(center panel ), or 1C2 (right panel ). Caspase cleav-
age products arising from wild-type or expanded
human htt in human brain lysates are detected with
BKP1 and Htt552 but not 1C2. COB, Control brain.
C, Whole murine brain from 6-month-old wild-type
(WT ) or YAC72 (line 2511) transgenic mice was
homogenized in the absence of zVAD-fmk and in-
cubated at 37°C with (�) or without (�) caspase-3
(C3). Replicate blots were probed with BKP1 (lef t
panel ), Htt552 (center panel ), or 1C2 (right panel ).
Caspase cleavage products arising from wild-type
murine (double open arrow) or expanded human
htt (double asterisk) are distinguishable by the
polyglutamine-mediated mobility shift. Full-length
htt as well as normal and expanded fragments
cleaved at amino acid 552 (upper band per allele) or
amino acid 513 (lower band per allele) are detected
with BKP1 (lef t panel ). Htt552 recognizes only htt
cleaved at amino acid 552 with normal and ex-
panded polyglutamine (center panel ). 1C2 detects
both caspase cleavage products generated from the
expanded human htt transgene in the context of
murine brain. Faint immunoreactivity to intact ex-
panded htt is also evident (lef t panel ).
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is neuroprotective, whereas truncated htt is toxic, cleavage of htt
would presumably inactivate the neuroprotective function of in-
tact normal htt. For htt with normal polyglutamine lengths, the
protective role of intact htt is balanced with the proapoptotic role
of the N-terminal fragment. However, expansion of the polyglu-
tamine tract would be expected to disrupt this balance by the
sustained presence of the toxic expanded cleavage product. In
HD, loss of intact htt in addition to accumulation of htt fragments
with an expanded polyglutamine may result in an overall shift
toward a toxic state.

The vast majority of cleaved htt was detected in the cytoplasm,
consistent with previous reports that cytoplasmic htt cleavage
precedes nuclear uptake of N-terminal htt fragments (Hodgson et
al., 1999; Li et al., 2000). Htt552 detected cytoplasmic aggregates
generated in cultured HEK 293T cells but did not detect EM48-
positive nuclear inclusions in HD brain, suggesting that addi-
tional cleavage events may trim the caspase-generated htt frag-
ment to a smaller size, which then accumulates in the nucleus.

Cleaved htt was particularly abundant in pyramidal cortical
projection neurons in layers II, III, V, and VI, which may reflect

the overall abundance of htt in these neurons (Fusco et al., 1999).
The presence of cleaved expanded htt in cortical layers III and V
supports the hypothesis that cellular dysfunction of the cortico-
striatal pathway may contribute to the onset of HD. Interest in
corticostriatal dysfunction has gained attention with the observa-
tion that expanded htt reduces expression of BDNF, which is
made in cortical neurons and delivered to striatal neurons (Zuc-
cato et al., 2001). Inhibition of BDNF transcription by expanded
htt may result in insufficient trophic support for striatal neurons,
leaving the striatum vulnerable to a variety of stressors. Cleaved
htt can enter the nucleus, interact with the transcriptional coac-
tivator cAMP response element-binding protein (CREB)-
binding protein (CBP), and interfere with CBP-mediated gene
transcription (Nucifora et al., 2001). Several genes, including
BDNF, enkephalin, and c-jun, are regulated by CREB and/or
CBP and are downregulated in HD tissue (Richfield et al., 1995;
Luthi-Carter et al., 2000). Cortical changes, including the appear-
ance of dysmorphic neurites and alterations in striatal NMDA
receptor function, have been shown recently to precede behav-
ioral deficits and neurodegeneration in animal models of HD

Figure 4. Immunohistochemical analy-
sis of htt cleavage. A, Htt552 immuno-
staining of frontal cortex from control
brain showing Htt552 immunoreactivity
in many but not all pyramidal cortical
neurons. B, Control panel for Htt552 im-
munostaining on the same control brain
showing no immunoreactivity in the ab-
sence of primary antibody. Scale bar, 100
�m. C–H, High-power magnification of
Htt552 immunostaining on frontal cortex
from the grade I homozygote HDB171,
showing the punctate, predominately
cytoplasmic staining evident in cortical
projection neurons. Scale bars: (in C)
C–E, G, H, 20 �m; F, 10 �m. I, Htt552
immunostaining of frontal cortex from
a 32-year-old presymptomatic patient
(HDB Emory) showing the presence of
cleaved htt in some neurons in layers II
and III. J, Htt552 staining of frontal cortex
from the same presymptomatic patient
(HDB Emory) showing abundant immu-
noreactivity in pyramidal cortical neurons
of layers V and VI. K, Htt552 immuno-
staining on striatum from the same pr-
esymptomatic patient, showing that some
striatal neurons contain caspase-cleaved
htt. Scale bar, 100 �m.
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(Levine et al., 1999; Laforet et al., 2001). Primary striatal neurons
cultured from YAC72 mice have an increased susceptibility to
excitotoxic death (Zeron et al., 2002), and mutant htt has been
shown to enhance death of cells expressing NR1A/NR2B recep-
tor subunits (Chen et al., 1999; Zeron et al., 2001), which are
enriched in medium spiny striatal neurons. These results suggest
that certain features of the pathogenesis of HD may originate in
the cortex, and the resulting dysfunction of the corticostriatal
pathway may enhance the selective vulnerability of medium spiny
striatal neurons and ultimately lead to their degeneration. Al-
though cleaved htt is known to be toxic in several in vitro and in
vivo models that express htt exon 1 (Mangiarini et al., 1996), until
now it has not been possible to provide a molecular link between
htt cleavage in particular neurons and toxicity. Our observations
that cleaved htt exists in cortical neurons early in pathogenesis
suggest that cortical dysfunction mediated through htt fragments
may ultimately result in death of striatal neurons by several
potential mechanisms.

Our analysis defines the preferred site of in vivo htt cleavage to
be at amino acid 552, which is used in vitro by either caspase-3 or
caspase-2 (Wellington et al., 1998, 2000). It is not yet possible to
distinguish which caspase cleaves htt at amino acid 552 in vivo.
Caspase-3 is a potent caspase with a high catalytic rate (Garcia-
Calvo et al., 1999), is abundant in the developing and early

postnatal brain (Shimohama et al., 1999), and is essential for
normal developmental neuronal apoptosis (Kuida et al., 1996). In
contrast, elimination of caspase-2 does not result in an overt
neuronal phenotype during development (Bergeron et al., 1998),
but the high basal level expression of caspase-2 in adult brain
suggests that it may rather play a more prominent role in the adult
CNS (Shimohama et al., 1999). Furthermore, caspase-2 but not
caspase-3 has been suggested to mediate neuronal cell death
induced by �-amyloid (Troy et al., 2000). Interestingly, caspase-2
but not caspase-3 coimmunoprecipitates with expanded full-
length htt from brain (L. Ellerby, unpublished observations).
Additionally, coexpression of dominant-negative caspase-2 but
not caspase-3 was found to protect transfected primary striatal
neurons from the toxicity of expanded htt, and expression of
caspase-2 is upregulated in HD postmortem brains compared
with age-matched controls (Ellerby, unpublished observations).
Therefore, there are arguments in favor of either caspase-2 or -3
as playing a primary role in htt cleavage.

Although caspase activation is conventionally considered to be
a late event in cell death from which cells do not recover, caspases
can be active and cleave selected substrates without imminent cell
death. Procaspase-3 has low-level catalytic activity and is capable
of cleaving the same substrates as activated caspase-3 (Roy et al.,
2001). In addition, activated caspase-3 has been identified in

Figure 5. Degeneration and cleavage of
htt in YAC transgenic mice with 72
CAG repeats. A, Semithin striatal sec-
tions from wild-type (WT ) and YAC72
(line 44) transgenic mice stained with
toluidine blue. Healthy neurons appear
clear (white arrowhead), and degenerat-
ing neurons appear darkly stained
(black arrows). B, Western blots of cor-
tex from 2-, 4-, 6-, and 11-month-old
YAC72 (line 44) transgenic mice or
wild-type littermate controls. Blots were
probed with BKP1 (top portion) and
GAPDH (bottom portion) for a loading
control (lef t panel ), Htt552 (center pan-
el ), and 1C2 (right panel ). Intact htt is
indicated by an open arrowhead and is
detected by BKP1 (normal and ex-
panded) and by 1C2 (expanded). The
specific 100 and 70 kDa caspase cleavage
products of expanded (cleaved mut) and
normal (cleaved WT ) alleles are indi-
cated by the closed and open arrows,
respectively. Expanded cleaved htt is
detected by all three antibodies, where
as only BKP1 and Htt552 detect cleaved
htt with a normal CAG repeat.
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living hippocampal neurons, and inhibition of caspase activity
interferes with the development of long-term spatial memory
(Dash et al., 2000). Caspase activation is also suggested to play a
functional role in synaptic plasticity (Chan and Mattson, 1999). It
is possible that low levels of caspase activity that are normally
present within neurons may generate sufficient htt cleavage prod-
ucts containing an expanded polyglutamine tract to initiate the
pathogenesis of HD.

Recently, expanded htt was reported to be resistant to prote-
olysis in vivo (Dyer and McMurray, 2001), based primarily on the
inability to detect cleavage products of expanded htt in human
brain lysates with the 1C2 antibody. We show that htt cleavage
fragments in HD patient brain homogenates can be detected on
Western blots with BKP1 and Htt552 but not with 1C2. Further-
more, we have clear evidence of htt cleavage in a patient homozy-
gous for 39 CAG repeats by immunohistochemistry as well as
Western blot. Our results demonstrate that cleavage of expanded
htt by caspases does indeed occur in vivo, a finding supported by

two other reports (Kim et al., 2001; Mende-Mueller et al., 2001).
Finally, we detected no difference in cleavage efficiency for nor-
mal compared with expanded htt when assayed in the same brain
homogenate.

In this study, we demonstrate that caspase cleavage of both
normal and expanded htt occurs in vivo. We define amino acid 552
as a preferred site of caspase cleavage in human HD, in YAC72
transgenic mice, and in control human and murine brain. Impor-
tantly, we have demonstrated caspase cleavage in a homozygote
for HD, showing that cleavage is not restricted to the product of

Figure 6. Immunofluorescence of 2-month-old YAC72 (line 44) and
wild-type (WT ) mice. A, In the cortex, Htt552 immunostaining (red)
appears in a punctate pattern throughout the neuron, as confirmed by
costaining with the neuronal marker NeuN ( green). B, Immunofluores-
cence of the striatum from YAC72 (line 44) and wild-type mice at 2
months of age. Htt552 immunostaining (red) appears in a punctate pattern
throughout the neuron, as confirmed by costaining with the neuronal
marker NeuN ( green). Htt552 staining was more abundant in the cortex
than in the striatum. Scale bars, 2.5 �m.

Figure 7. Kinetic analysis of htt cleavage in brain homogenates. A,
YAC72 (high expressing) whole-brain homogenate prepared in the ab-
sence of zVAD-fmk was incubated for various times with a final concen-
tration of 2 nM caspase-3, followed by immunodetection of cleavage
fragments with BKP1. Over time, total intact htt (Intact) is converted to
four major cleavage products, including mutant transgenic htt cleaved at
amino acid 552 (Mut-552), mutant transgenic htt cleaved at amino acid
513 (Mut-513), wild-type endogenous htt cleaved at amino acid 552
(WT-552), and wild-type endogenous htt cleaved at amino acid 513
(WT-513). B, Quantitation of the percentage of reduction of intact total
htt and percentage of accumulation of each of the htt cleavage products
shows that mutant and wild-type cleavage products accumulate at equiv-
alent rates.
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the normal allele. Cleaved htt is abundant in cortical projection
neurons, suggesting that increased levels of N-terminal htt frag-
ments with an expanded polyglutamine tract may mediate dys-
function of the corticostriatal pathway as an early event in HD.
Corticostriatal dysfunction may lead to selective degeneration of
the striatum through several mechanisms, including decreased
trophic support and increased excitotoxicity. Finally, we show that
cleavage fragments containing expanded htt are present in HD
patient brains with early grade neuropathology and are present in
YAC transgenic mice �4 months before the onset of detectable
neurodegeneration or aggregates. Our results suggest that
caspase cleavage of htt may be upstream of many adverse events
correlated with htt fragments, including aggregate formation,
nuclear localization of htt, altered transcription, and neurodegen-
eration. The observation that caspase cleavage of expanded htt is
an early event in HD suggests that caspase inhibitors may be
effective potential therapeutic agents for the treatment of HD. To
be effective for HD, it is clear that the dose, route of adminis-
tration, duration, and frequency of treatment will require detailed
optimization to minimize undesirable side-effects. However,
early and optimized treatment of HD patients with caspase
inhibitors may reduce the load of toxic N-terminal htt fragments
with expanded polyglutamine tracts in cortical neurons, which
may delay or prevent the onset or progression of HD through
preservation of functional corticostriatal connections.
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