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Neuronal intranuclear inclusions are found in the brains of
patients with Huntington’s disease and form from the
polyglutamine-expanded N-terminal region of mutant hunting-
tin. To explore the properties of inclusions and their involvement
in cell death, mouse clonal striatal cells were transiently trans-
fected with truncated and full-length human wild-type and
mutant huntingtin cDNAs. Both normal and mutant proteins
localized in the cytoplasm, and infrequently, in dispersed and
perinuclear vacuoles. Only mutant huntingtin formed nuclear
and cytoplasmic inclusions, which increased with polyglu-
tamine expansion and with time after transfection. Nuclear
inclusions contained primarily cleaved N-terminal products,
whereas cytoplasmic inclusions contained cleaved and larger
intact proteins. Cells with wild-type or mutant protein had
distinct apoptotic features (membrane blebbing, shrinkage, cel-
lular fragmentation), but those with mutant huntingtin gener-
ated the most cell fragments (apoptotic bodies). The caspase

inhibitor Z-VAD-FMK significantly increased cell survival but did
not diminish nuclear and cytoplasmic inclusions. In contrast,
Z-DEVD-FMK significantly reduced nuclear and cytoplasmic
inclusions but did not increase survival. A series of N-terminal
products was formed from truncated normal and mutant pro-
teins and from full-length mutant huntingtin but not from full-
length wild-type huntingtin. One prominent N-terminal product
was blocked by Z-VAD-FMK. In summary, the formation of
inclusions in clonal striatal cells corresponds to that seen in the
HD brain and is separable from events that regulate cell death.
N-terminal cleavage may be linked to mutant huntingtin’s role in
cell death.

Key words: NH2-terminal huntingtin fragments; nuclear inclu-
sions; cytoplasmic inclusions; full-length huntingtin; apoptosis;
apoptotic bodies; membrane blebbing; Z-VAD-FMK; Z-DEVD-
FMK; striatal hybrid cells

The genetic mutation in Huntington’s disease (HD) is a polyglu-
tamine expansion in the N-terminal region of huntingtin (Hun-
tington’s Disease Collaborative Research Group, 1993). The
mechanism of HD pathogenesis is unclear. Recent studies in HD
postmortem brain tissue show that the N-terminal region of
mutant huntingtin aggregates in nuclear inclusions (NI) in corti-
cal and striatal neurons (DiFiglia et al., 1997; Becher et al., 1998).
The appearance of NI in regions most affected in the HD brain
implicates the aggregation of huntingtin in the pathogenesis of
HD. In support of this idea, HD transgenic mice expressing exon
1 with a highly expanded CAG repeat domain develop NI before
the onset of a clinical phenotype (Davies et al., 1997; Scherzinger
et al., 1997) and before a reduction in mRNAs for neurotrans-
mitter receptors in the striatum and cortex (Cha et al., 1998).
Inclusions also appear in patients with other expanded CAG
repeat disorders including spinocerebellar ataxia 1 (SCA-1; Skin-
ner et al., 1997), spinocerebellar ataxia 3 (SCA-3; Machado-

Joseph’s disease; Paulson et al., 1997), and dentatopallidoluysian
atrophy (DRPLA; Becher et al., 1998), indicating that a common
mechanism may contribute to the formation of these structures.
Despite these interesting observations, the involvement of inclu-
sions in cell death remains unclear.

Proteins with expanded polyglutamines, when introduced into
non-neuronal cells in vitro, produce minimal or no NI, but form
aggregates in the cytoplasm when expressed from truncated tran-
scripts (Paulson et al., 1997; Skinner et al., 1997; Igarashi et al.,
1998; Martindale et al., 1998). Nuclear and cytoplasmic aggre-
gates have been observed in non-neuronal cells after the expres-
sion of small N-terminal mutant huntingtin fragments, but not
after the expression of large fragments or full-length huntingtin
(Cooper et al., 1998; Hackam et al., 1998). These results suggest
that the intrinsic properties required to generate N-terminal
products from larger proteins may be cell-specific. Activated
caspases cleave normal and mutant huntingtins near the NH2

terminus (Goldberg et al., 1996; Wellington et al., 1998), and their
presence may be needed to form inclusions from full-length
mutant huntingtin.

Here we report the effects of transient expression in an immor-
talized striatal cell line of partial and full-length huntingtin with
normal and expanded polyglutamine regions. Expression of nor-
mal or mutant proteins occurred mainly in the cytoplasm, pro-
duced apoptotic effects, and generated N-terminal huntingtin
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fragments in Western blots. Mutant huntingtin formed NI and
CI, which were reduced by the caspase inhibitor Z-DEVD-FMK
without altering survival. The inhibitor, Z-VAD-FMK, had no
effect on the formation of inclusions but markedly increased
survival and blocked the cleavage of a prominent N-terminal
product. We speculate that inclusions formed by mutant
huntingtin are independent of events involved with cell death.

MATERIALS AND METHODS
Construction of expression plasmids. cDNA transcripts containing the 5
prime one third (3221 bases for wild-type) of huntingtin or the full-
length cDNA (9774 for wild-type) were constructed with 18, 46, and 100
CAG repeats. The 100 CAG repeat sequence was interrupted by a CGG
between the 28th and 30th CAG triplets. The truncated transcripts
included putative sites of caspase cleavage. Cloned cDNAs were verified
by restriction digestion and sequencing. The cDNA for the FLAG

Figure 1. Patterns of localization of FLAG–huntingtin fusion proteins in clonal striatal neurons 1–3 d after transfection of FH3221 with 18, 46, or 100
glutamines. Diffuse cytoplasmic labeling, dispersed vacuoles, and condensed perinuclear vacuoles occur regardless of polyglutamine length. Neurons with
mutant huntingtin show some diffuse nuclear labeling and nuclear and cytoplasmic (“ring-like”) inclusions (arrows).

Table 1. Patterns of wild-type and mutant huntingtin localization

Pattern of FLAG staining

# CAGs 18 46 100

Huntingtin Truncateda Full-lengthb Truncatedc Full-lengthd Truncatede
Full-
length f

Diffuse cytoplasmic Day 1 88.5 92.2 94.3 92.3 89.4 96.7
Day 3 96.7 100 94.6 100 94.9 88.8

Dispersed vacuoles Day 1 3.3 0.4 3.8 0.3 1.4 0
Day 3 3.3 0 1.4 0 0.9 0

Perinuclear vacuoles Day 1 8.2 7.4 1.3 0 7.2 2.2
Day 3 0 0 2.7 0 0.2 0

Nuclear inclusions Day 1 0 0 0.6 0 0.7 1.1
Day 3 0 0 1.4 0 2.6 10.3

Cytoplasmic inclusions Day 1 0 0 0 0 1.4 0
Day 3 0 0 0 0 1.4 0.9

Number of cells: a1481 (Day 1); 361 (Day 3) b213 (Day 1); 63 (Day 3) c2578 (Day 1); 370 (Day 3) d311 (Day 1); 66 (Day 3) e4032 (Day 1); 1312 (Day 3) f349 (Day 1); 95
(Day 3).
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epitope was placed 5 prime to that of huntingtin, and the transcripts were
cloned into the mammalian expression vector pcDNA3 (Invitrogen, San
Diego, CA) and identified as FH3221-18, -46, and -100, and FH9774-18,
-46, and -100. The pcDNA3 vectors containing truncated huntingtin with
normal and expanded (100) polyglutamines without the FLAG epitope
(H3221-18 and -100) were also made. In another set of expression plas-
mids, the shorter huntingtin transcript (3221 bases) was cloned into
pEGFP-N1 (Clontech, Palo Alto, CA) in frame with a 3 prime transcript
for green fluorescent protein (GFP). These expression plasmids are
identified as H3221GFP18, 46, and 100. The cytomegalovirus promoter
drives protein expression in pcDNA3 and pEGFP-N1. The respective
plasmids with FLAG or GFP only were used as controls in some
experiments.

Cell culture. Clonal striatal cells (X57 cell line) derived by somatic cell
fusion of embryonic day 18 mouse striatal neurons and neuroblastoma
cells (N18TG2; Wainwright et al., 1995) were grown on untreated glass

coverslips. A mouse-derived mesenchephalic dopaminergic cell line
(MN9D; Choi et al., 1991) was also used.

In vitro transfection and experimental procedures. Transfections were
performed with Lipofectamine (2.5 mg/35 mm dish; Life Technologies,
Gaithersburg, MD). Mock transfections omitted the plasmid DNA and
were performed as controls. For treatment with caspase inhibitors or
transglutaminase inhibitor, cells were grown in 35 mm culture dishes to
60–80% confluence and treated with Lipofectamine and FH3221-18 or
-100 (2.5 mg) for 6 hr. Cells were harvested and plated onto glass
coverslips and treated with the cell-permeable caspase inhibitors
Z-VAD-FMK (5–100 mM) or Z-DEVD-FMK (50–200 mM) (obtained
from Enzyme Systems Products, Livermore, CA) or the transglutaminase
inhibitor cystamine (0.2–1 mM) continuously for 3 d. Fresh inhibitor was
replaced with each feeding every 24 hr. Cells were washed in PBS and
fixed and processed for FLAG immunofluorescence. The concentrations
of the caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK were in the

Figure 2. Features of NI and CI in clonal striatal and midbrain neurons.
The inclusions were formed by FH3221-100 (a–c, e) or FH9774-100 ( d).
Inclusions in striatal cells appear more consolidated and intensely FLAG-
positive (a–d) than in the midbrain neuron (e). Striatal cell in a has three
small and two large NI. Cells in b and d have both a nuclear and a
cytoplasmic inclusion. Cell in c shows retraction of cytoplasm away from
the cytoplasmic inclusion. All cells have diffuse cytoplasmic labeling, and
cell in d has diffuse nuclear labeling.

Figure 3. Effects of the number of days after transfection on the forma-
tion of NI and CI. Cells were transfected with FH3221-100. Percent of
total FLAG1 neurons with inclusions progressively increases between 4
and 6 d. Note that the total number of FLAG1 neurons (indicated over
each set of bars) decreases markedly by 5–6 d after transfection. Results
are shown for one transfection experiment. Results were similar in two
other experiments.

Figure 4. Mutant huntingtin with 100 glutamines
localized in clonal striatal cells. a–d show staining
with anti-huntingtin antisera Ab 1 after transfection
of H3221-100 (no epitope tag), and e–g show GFP after
transfection of H3221GFP100 (tagged at the COOH
terminus). Both constructs produce mainly diffuse
labeling in the cytoplasm (a, e), some cells with pe-
rinuclear vacuoles (b, f ), nuclear inclusions (c, e), and
cytoplasmic inclusions (d, g). Note the ring-like struc-
ture of the cytoplasmic inclusion in g. The results
indicate that the expression of mutant huntingtin
alone or with a COOH-terminal GFP tag shares the
same subcellular compartments as FLAG–huntingtin
shown in Figures 1 and 2.
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range used by other investigators to examine effects on survival of
neuronal and non-neuronal cells in culture (Eldadah et al., 1997; Mac-
Farlane et al., 1997; McCarthy et al., 1997; D’Mello et al., 1998).

Immunohistochemistry. Transfected striatal hybrid cells grown on glass
coverslips were rinsed briefly with PBS and fixed for 20 min with 4%
paraformaldehyde in PBS at room temperature. After fixation, cells were
rinsed multiple times and stored at 4°C in PBS. Cells were made per-
meable by a 60 min incubation in 0.2% Triton X-100 in PBS and were
treated with 4% normal goat serum before incubation in primary anti-
bodies against FLAG (M5 monoclonal antibody; Eastman Kodak, Roch-
ester, NY), huntingtin (polyclonal Ab 1, Ab 585, Ab 2527; 1–4 mg/ml;
DiFiglia et al., 1995; Velier et al., 1998), or bromodeoxyuridine (BrdU;
monoclonal; Boehringer Mannheim, Indianapolis, IN). For studies of
BrdU incorporation, cells were incubated in 0.2 NHCl at room temper-
ature for 1 hr after fixation. All single or combined incubations of
primary antisera were overnight at 4°C. Secondary antibody was used at
a 1:400 dilution and produced no labeling in the absence of primary
antibody. Plasmids containing the cDNAs for FLAG or GFP only pro-
duced no labeling in cells at the DNA concentrations used for transfec-
tion (2.5 mg/35 mm culture dish). For FLAG immunofluorescence,
Bodipy FL anti-mouse IgG was used (Molecular Probes, Eugene, OR).
For double labeling with anti-BrdU, sections were treated sequentially in
Cy3 anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA) and
anti-BrdU-fluorescein (Boehringer Mannheim). Sections were examined
using conventional immunofluorescence microscopy and a Bio-Rad
(Hercules, CA) 1024 laser confocal microscope. Image processing was
performed with Adobe Photoshop.

Western blot assays. Total protein extracts from the transfected cells
were detected in Western blot assay with anti-huntingtin antisera Ab 1 as
previously described (DiFiglia et al., 1995).

RESULTS

Patterns of huntingtin localization
Wild-type or mutant huntingtin localized diffusely to the cyto-
plasm in the majority of cells (X57) studied 1–3 d after transfec-
tion, regardless of polyglutamine length or length of huntingtin
(Fig. 1, Table 1). Among cells expressing mutant huntingtin in the
cytoplasm were some with labeling also in the nucleus (Figs. 1,
2d). In 1–10% of neurons, wild-type and mutant huntingtins were
heavily concentrated in irregular or tubular-shaped cytoplasmic
vacuoles independent of polyglutamine length in huntingtin. The
vacuoles were distributed ubiquitously in the cell body (dispersed
vacuoles) or as a complex of interconnected tubules in the pe-
rinuclear region (perinuclear vacuoles) and were more frequent
with the truncated than the full-length proteins. Cells with pe-
rinuclear vacuoles were significantly smaller in cross-sectional
area than nontransfected cells in the same culture dishes ( p ,
0.05; n 5 50 labeled and unlabeled neurons in cultures expressing

Figure 5. Features of apoptotic cell death in
clonal striatal cells expressing wild-type (a, b) and
mutant huntingtin (c–h). Expression plasmids were
FH3221-18 in a and b, FH3221-100 in c–e, H3221GFP-
100 in f, and FH9774-100 in g and h. Shrunken cells
(a, h, large arrows), plasma membrane blebs (c–e,
small arrows), and cellular fragmentation (b, f–h,
arrowheads) were the most commonly seen apopto-
tic features. Note membrane blebs along the
plasma membrane appear in neurons that have
diffuse cytoplasmic FLAG labeling or in addition
have NI (d) and CI (e).
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wild-type or mutant proteins), suggesting that they were under-
going apoptosis.

Nuclear inclusions (NI; 0.7–10% of neurons) or cytoplasmic
inclusions (CI; 0.9–1.4% of neurons) formed from the shortened
(Figs. 1, 2a–c) or full-length huntingtin (Fig. 2d) using FH3221-
100 and FH9774-100, respectively. NI also developed in 0.6–1.4%
of neurons using FH3221-46 (Fig. 1), but they were not found after
3 d with the full-length cDNA expressed by FH9774-46 (Table 1).

Similar to HD brain, the NI were spherical or ovoid and occupied
10–30% of the cross-sectional area of the nucleus. NI developed
in clonal midbrain dopaminergic neurons (Wainwright et al.,
1995) with FH3221-100 (Fig. 2e), but the NI were less intensely
labeled than those found in the striatal cells. Between days 3 and
4, the rate of cell proliferation and the loss of FLAG-positive cells
varied for different transfections and affected the percent of cells
with inclusions at these time points. Nevertheless, ;4–6 d after
transfection, the percent of NI and CI induced by FH3221-100
began to increase, and by day six constituted 43 and 27% of the
total labeled cells, respectively (Fig. 3). The rise in cells with NI
and CI overlapped a period of marked loss in the total FLAG-
positive neurons. NI and CI occurred together in only ;10% of
labeled cells. Thus, by day six, 60% of the FLAG- positive
neurons that remained in the cultures had some form of inclusion.
CI typically occurred singly in cells, frequently near blebs in the
plasma membrane (Figs. 2c, 5e). CI were spherical and uniformly
dense (Fig. 2b,c) or had clear centers, which gave them a distinct
ring-like appearance (Figs. 1, 4g). CI were distinct from dispersed
and condensed perinuclear vacuoles in a number of ways. CI
occurred singly in neurons and were uniformly spherical, whereas
vacuoles were numerous, interconnected, irregularly shaped, or
tubular.

The patterns of FLAG staining in striatal cells transfected with
FH3221 constructs were also seen with Ab 1, which recognizes the
NH2-terminus in huntingtin (results not shown). Ab 1 detected
similar patterns of normal and mutant huntingtin localization
after expression of H3221-18 and H3221-100 (Fig. 4a–d, shown for
H3221-100), suggesting that the presence of the FLAG epitope at
the NH2 terminus did not affect protein targeting. In neurons
expressing FH3221 , anti-huntingtin antisera Ab 585, which recog-
nizes an epitope downstream of the polyglutamine tract in hun-
tingtin, detected mainly diffuse cytoplasmic labeling in neurons.
It also weakly recognized the cytoplasmic face of dispersed and
perinuclear vacuoles that accumulated normal and mutant pro-
teins. Ab 585 did not label NI or CI. Similarly, Ab 2527, which
recognizes an epitope near the COOH-terminal, detected mainly
diffuse cytoplasmic labeling in neurons and did not recognize
vacuoles or inclusions after expression of FH9774. The limited
recognition of vacuoles and inclusions by Ab 585 and Ab 2527
suggested that these compartments had accumulated mainly
cleaved NH2 huntingtin products.

Neurons transfected with H3221 GFP-100 showed huntingtin–
GFP localization comparable to FLAG–huntingtin 1 d after
transfection (Fig. 4e,g). Among GFP-positive neurons (n 5 7096
cells), 95% had diffuse cytoplasmic labeling 0.14% had NI, and
1.8% had CI. The presence of huntingtin–GFP within both
nuclear and cytoplasmic inclusions suggested that the large, un-
cleaved form of mutant huntingtin was incorporated into aggre-
gates. CI were identified about as frequently with the FLAG and
GFP-tagged cDNAs. However, NI were labeled more frequently
(5–183) with the FLAG-tagged construct than the GFP-tagged
cDNA. This suggested that NI incorporated mainly cleaved
N-terminal fragments of mutant huntingtin. In an analysis of
double-labeled cells (n 5 161 cells) cotransfected with FLAG and
GFP-tagged cDNAs, the NI (n 5 7) detected had FLAG labeling
but not GFP, indicating that in this small sampling of cells only a
cleaved N-terminal fragment of mutant huntingtin had translo-
cated to the nucleus. Vacuoles were also less frequently detected
with the GFP-tagged construct (0.23% dispersed vacuoles and
2.4% perinuclear vacuoles) than with the FLAG-tagged cDNA
(Table 1; range, 1.4–8.2%). These results provided additional

Figure 6. Analysis of apoptotic cell fragments. a, Cell fragments with
vacuoles (lef t) and ring-like inclusions (right). b, Cell fragments with
ring-like inclusions increase in proportion to total cell fragments 1–6 d
after transfection of FH3221-100. Number of cells is shown at the top of
each bar for one time course experiment. c, Ratio of cell fragments per
neuron is significantly greater in cultures expressing huntingtin with 100
glutamines than with 18 or 46 glutamines ( p , 0.01; n 5 6 per group).
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support that the vacuoles accumulated primarily NH2 products of
the normal and mutant proteins.

Apoptotic features in neurons expressing wild-type
and mutant huntingtins
Apoptosis occurs in affected neurons of the HD brain (Portera-
Cailliau et al., 1995). Morphological characteristics of apoptotic
cell death including cell shrinkage, membrane blebs, and cellular
fragmentation (Kerr et al., 1972) were evident in cells expressing
partial and full-length wild-type or mutant huntingtins (Fig. 5).
Shrunken cells had a marked accumulation of wild-type or mu-
tant huntingtin in the cytoplasm (Fig. 5a, h) and were seen under
basal conditions and in cultures differentiated with forskolin or
sodium butyrate. Severe membrane blebs (blisters) of the plasma
membrane, a feature of early apoptotic cell death, occurred after
normal or mutant protein expression. Membrane blebs were
found in cells where mutant huntingtin appeared diffusely in the
cytoplasm (Fig. 5c) or additionally formed NI and CI (Fig. 5c,d).
An early stage of cellular fragmentation, indicated by protrusions
from the cell surface, was seen with FLAG- (Fig. 5b,g,h) or
GFP-tagged (Fig. 5f) transcripts. Isolated cell fragments that
contained vacuoles appeared when FH3221-18 or 46 were ex-

pressed (Fig. 6a, lef t). Cell fragments with ring-like inclusions
were prevalent when FH3221-100 was transfected (Fig. 6a, right)
and were increased in proportion to total cell fragments 1–6 d
after transfection (Fig. 6b) in parallel with the rise in CI in
neurons (see Fig. 3). The ratio of cell fragments to neurons was
significantly greater in cultures transfected with FH3221-100 than
in cultures treated with FH3221-18 or -46 (Fig. 6c).

Effects of caspase inhibitors Z-VAD-FMK
and Z-DEVD-FMK
Striatal cells expressing FH3221-18 or 100 and treated with the
caspase inhibitor Z-VAD-FMK showed marked increases in cell
number on day 3 (Fig. 7) compared with neurons without the
caspase inhibitor. Increased survival with Z-VAD-FMK was
dose-dependent and maximal at 100 mM (Fig. 7). The proportion
of FLAG–huntingtin-negative cells in the cultures was modestly
increased by Z-VAD-FMK (mean increase was 49%) compared
with FLAG–huntingtin-positive cells (240–310%). Moreover, the
mean percent of FLAG1 cells incorporating BrdU, a marker of
S-phase activity, was not significantly changed by Z-VAD-FMK
(Student’s t test; p . 0.05) either for the wild-type (2Z-VAD-
FMK, 4.8%; 1Z-VAD-FMK, 4.3%) or mutant proteins (100

Figure 7. Effects of caspase inhibitors Z-VAD-FMK (100 mM) and Z-DEVD-FMK (200 mM) on the number of FLAG-positive neurons and the
proportion of neurons with NI and CI present 3 d after transfection. Striatal neurons were transfected with FH3221-18 or -100. Bar graphs show a
significant increase in neuron survival (*p , 0.05; n 5 6) after treatment with Z-VAD-FMK and a significant reduction (*p , 0.05; n 5 6) in the
proportion of neurons that develop nuclear and cytoplasmic inclusions after treatment with Z-DEVD-FMK. Mean values based on total FLAG-positive
neurons counted per coverslip in six coverslips. Line graphs show effects of concentration of Z-VAD-FMK on the number of FLAG-positive neurons and
of Z-DEVD-FMK on the percent of FLAG-positive neurons with nuclear inclusions in cultures treated with FH3221-100. Mean values are based on
analysis of 20 microscopic fields per coverslip in three coverslips. *Signifies a difference from 0 concentration at p , 0.05, Student’s t test.
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CAGs, 2Z-VAD-FMK, 25.5%; 1Z-VAD-FMK, 16.5%). This
showed that the inhibitor had increased viability and not cell
proliferation. Similar protective effects of Z-VAD-FMK on cell
survival were seen when the full-length wild-type and mutant
huntingtins were expressed (mean increases were 397% for
FH9774-18 and 198% for FH9774-100; n 5 6 experiments). In
contrast to its effects on survival, Z-VAD-FMK did not change
the proportion of total neurons that developed NI and CI (Fig. 7).

Treatment with the caspase 3 inhibitor, Z-DEVD-FMK,
caused a dose-dependent reduction in the proportion of neurons
with NI and CI formed by FH3221-100 (Fig. 7). This was offset by
a significant rise in the proportion of neurons with diffuse cyto-
plasmic labeling (results not shown). Z-DEVD-FMK had no
effect on the survival of cells expressing FH3221-18, -46 (data not
shown), or -100 (Fig. 7).

Effects of transglutaminase inhibitors
Transglutaminase is a substrate for polyglutamine-enriched pro-
teins (Cooper et al., 1997) and causes mutant huntingtin to
aggregate (Kahlem et al., 1998). Treatment over 3 d with a 0.2 mM

concentration of the transglutaminase inhibitor cystamine did not
reduce NI or CI formed by mutant huntingtin in our striatal cells,
and 0.5 and 1 mM cystamine were toxic to striatal cells.

Western blot assay of protein extracts from the
transfected striatal cells
Total protein extracts from cells transfected with FH3221-18, 46,
and 100 were examined by Western blot with anti-huntingtin
antisera Ab 1. The fully expressed proteins migrated at ;140 kDa
(Fig. 8). A larger fragment of ;175 kDa also appeared when
mutant huntingtin contained 100 glutamines. A series of three
N-terminal fragments were generated by the normal and mutant
proteins. The size of the products seen with FH3221-18 was ;60,
70, and 80 kDa. FH3221-46 generated products of ;70, 80, and 90
kDa, and FH3221-100 produced bands of ;80, 90, and 100 kDa.
The variation in size of the N-terminal products of the normal
and mutant proteins was consistent with the variable polyglu-
tamine regions in these proteins. The two smaller N-terminal
products generated by the normal (60 and 70 kDa) and mutant
(70 and 80 kDa for FH3221-46 and 80 and 90 kDa for FH3221-100)
proteins were more prominent than the larger product. In some
blots these smaller fragments resolved as doublets, indicating that
each arose from cleavage at two nearby sites in huntingtin. These
results demonstrated that three to five cleavage products were
produced by the large truncated normal and mutant proteins.

The NH2-terminal products produced by FH3221-100 were also
detected after expression of full-length mutant huntingtin (Fig.
8b). The 90 kDa product was the most prominent of the three
products seen. N-terminal products were not produced by full-
length wild-type huntingtin (Fig. 8b). Cells split from the same
transfections were used to verify by FLAG staining that the
transfections were successful for both the full-length normal and
mutant proteins. The results suggested that polyglutamine expan-
sion in full-length huntingtin facilitated production of N-terminal
fragments.

The generation of N-terminal products was examined 5–45 hr
after transfection of FH3221-100. The 140 kDa protein was de-
tected at 5–6 hr, was maximal by 24 hr, and was reduced at 45 hr.
The 100 kDa fragment was seen at 9 hr, peaked between 15 and
24 hr, and was lower by 45 hr. The 90 kDa band was first seen at
15 hr and was prominent at 24 and 45 hr. The 80 kDa band was
low at 9 hr, maximal at 15 hr, reduced by 24 hr, and nearly absent

by 45 hr (Fig. 8c,d). After long film exposures of the chemilumi-
nescence reaction (;1 hr), multiple smaller molecular mass prod-
ucts (in the range of 20–50 kDa for FH3221-100) were detected
(data not shown). This suggested that the products were being
processed to smaller fragments. The results indicated that the
generation of N-terminal products from FH3221-100 was time-
dependent but coincided with the appearance of inclusions in the
striatal cells. The emergence and duration of the products also
appeared to differ, with the 90 kDa species being the most
long-lived.

Z-VAD-FMK blocked formation of the intermediate 90 kDa
fragment seen with FH3221-100, and the corresponding 70 and 80
kDa products formed from FH3221-18 and FH3221-46, respec-
tively (Fig. 8a,e). The inhibitory effect was correlated in a dose-
dependent manner (Fig. 8e, shown for FH3221-100) with in-
creased survival (Fig. 7). Z-VAD-FMK increased the fully
expressed 140 kDa protein and enhanced expression of the 80 and
100 kDa products generated by FH3221-100 (Fig. 8a,f). The rise in
the 140 kDa protein may have resulted from increased cell sur-
vival and/or the inhibition of the 90 kDa from the 140 kDa
protein. Z-VAD-FMK also blocked the 90 kDa fragment gener-
ated by full-length mutant huntingtin with FH9774-100 (results
not shown). Z-DEVD-FMK had no inhibitory effects on
N-terminal products of normal or mutant huntingtin. Treatment
with the inhibitor at all doses tested had no effect on the 140 kDa
band but slightly increased the N-terminal products formed by
FH3221-100 (Fig. 8f) compared with the N-terminal products in
untreated cells.

DISCUSSION
The recent identification in HD brain of nuclear inclusions de-
rived from N-terminal fragments of mutant huntingtin (DiFiglia
et al., 1997) has heightened interest about their formation and
potential role in the pathogenesis of the disease. We have shown
that the predominant cytoplasmic distribution of huntingtin lo-
calization seen in immortalized mouse striatal cells transfected
with human huntingtin cDNAs fits with that of neurons in normal
and HD brain (DiFiglia et al., 1995, 1997; Sapp et al., 1997). The
development and appearance of NI in the transfected cells also
showed a remarkable correspondence with HD neurons. The
formation of NI in culture, as in the HD brain, was polyglutamine
and time-dependent. The CI formed in culture evolved similarly
to the NI and most likely corresponds to the mutant huntingtin
aggregates identified in dystrophic neurites in the HD brain
(DiFiglia et al., 1997), although the ring-like architecture of some
CI has not been seen in HD neurons.

Inclusions may contain huntingtin proteins of various sizes. NI
contained mostly cleaved N-terminal products consistent with
other recent findings (Cooper et al., 1998; Hackam et al., 1998),
whereas CI had a mixture of cleaved and larger complete pro-
teins. Immunohistochemical and biochemical studies in HD brain
suggest that mutant huntingtin may be present in the nucleus as a
full-length protein (DiFiglia et al., 1997, their Fig. 3; Sapp et al.,
1997). N-terminal products also accumulated in dispersed and
perinuclear vacuoles. In contrast to inclusions, which contained
only mutant huntingtin, vacuoles incorporated normal or mutant
proteins. The subcellular compartment to which vacuoles belong
is unclear, but recent observations suggest that they are part of
the endoplasmic reticulum (K. Kegel and M. DiFiglia, unpub-
lished observations).

Features of apoptosis occurred in striatal neurons expressing
normal and mutant proteins. The characteristics of apoptotic cell
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death included membrane blebbing, cellular fragmentation, and
shrinkage (Kerr et al., 1972). The striatal cells most reduced in
size were those that accumulated high levels of N-terminal nor-
mal or mutant huntingtin into dispersed and perinuclear vacu-
oles, indicating that accumulation into these compartments could
be toxic. The generation of apoptotic fragments was
polyglutamine-dependent and occurred significantly more fre-

quently in the striatal cells expressing a highly expanded mutant
protein than in cells with the moderately expanded or wild-type
huntingtin. The apoptotic morphology induced by wild-type hun-
tingtin was somewhat surprising because it has not been reported
in studies with other cell lines. The immortalized striatal cells
may be especially sensitive to huntingtin-induced apoptosis or
may be less able to handle the accumulation of large amounts of

Figure 8. Western blots of huntingtin expression in protein extracts of transfected striatal cells and the effects of caspase inhibitors. a, Human huntingtin
is seen at the expected size of ;140 kDa (top arrowhead) in cells exposed to the FH3221 expression plasmids. A slightly larger band at ;175 kDa is also
seen with FH3221-100. N-terminal products (bottom arrowheads) occur with wild-type (18 CAGs) and mutant (46 and 100 CAGs) huntingtins and show
variable size consistent with polyglutamine expansion. Native huntingtin appears at the top of first lane. Z-VAD-FMK (100 mM) markedly inhibits a
prominent intermediate N-terminal product in wild-type huntingtin (70 kDa) and mutant huntingtins (80 kDa for 46 CAGs and 90 kDa for 100 CAGs).
b, Expression of full-length wild-type huntingtin (18 CAGs) and mutant huntingtin (100 CAGs) with FH9774 constructs generates N-terminal products
(arrowheads) only from mutant huntingtin. Lane c was nontransfected and shows native mouse huntingtin at the top of the blot. Full-length human mutant
huntingtin migrates above native mouse protein. c, d, Time course of appearance of N-terminal products after expression of FH3221-100. Results in c
and d are from different transfections. The blot at the right in c is a longer exposure of the 7 and 9 hr time points. The 140 kDa band appears at 5 and
6 hr. The 100 kDa product is seen at 9 hr (c, right blot). All three N-terminal products are present at 15 hr ( d). The 90 kDa band is the last to appear
at 15 hr ( d) and the most prominent at 45 hr ( c). Native huntingtin appears at the top of most lanes (c). e, Effects of Z-VAD-FMK concentration (0–100
mM) on mutant huntingtin expressed from FH3221-100. The 90 kDa N-terminal product is attenuated at all concentrations and maximally at 100 mM.
Increased expression of the 140, 80, and 100 kDa proteins are seen and may be related to increased viability. f, Effects of concentration of Z-DEVD-FMK
(0–200 mM) on mutant huntingtin expression by FH3221-100. No inhibitory effects on cleavage are seen at any concentration. N-terminal products are
slightly elevated, but the 140 kDa protein is unchanged in cells treated with the inhibitor. Protein extracts (20 mg/ lane) were taken 24 hr after transfection
in a, b, e, and f. Antibody Ab 1 was used to detect huntingtin. Molecular mass markers are shown to the lef t of each blot.
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huntingtin produced by transient transfection than other cells.
Native huntingtin exists at low levels in striatal hybrid cells
cultured under basal conditions (Kim et al., 1999) and is also low
in medium-sized striatal neurons compared with other neurons in
mouse and human brain (Bhide et al., 1996; Sapp et al., 1997).

A pathogenic mechanism for HD has been proposed, whereby
polyglutamine expansion induces the production of an altered
protein that causes cell death possibly through the formation of
inclusions (Goldberg et al., 1996; Davies et al., 1997; Hackam et
al., 1998; Martindale et al., 1998). The caspase inhibitor Z-VAD-
FMK increased cell viability without changing the formation of
inclusions. Treatment with the caspase inhibitors Z-DEVD-FMK
(this study) and Z-IETD-FMK (M. Kim and M. DiFiglia, unpub-
lished observations) significantly reduced the proportion of neu-
rons that formed NI and CI but was not associated with increased
survival. Because caspase inhibitors are not selective and may
affect cell survival and morphological features of apoptosis
through multiple ICE-like proteases and other substrates (Elda-
dah et al., 1997; MacFarlane et al., 1997; D’Mello et al., 1998), the
mechanisms by which these inhibitors acted in our study are
unclear. Nevertheless, the results of experiments with Z-VAD-
FMK and DEVD-FMK suggest that the formation of inclusions
is not essential to cause cell death. In accord with this idea, results
in transfected 293T cells exposed to tamoxifen showed that even
in the absence of inclusions, the mutant protein was more toxic
than wild-type (Hackam et al., 1998). During the review of this
manuscript, another study reported that the formation of nuclear
inclusions in cultured embryonic rat striatal neurons by
N-terminal fragments of mutant huntingtin did not correlate with
the extent of apoptotic cell death (Saudou et al., 1998).

Huntingtin expression in clonal striatal cells produced a series
of three to five N-terminal fragments, consistent with the pres-
ence of endogenous proteolytic activity. These products are in
the range of sizes consistent with cleavage at several putative
caspase cleavage sites near the NH2 terminus of huntingtin (Well-
ington et al., 1998). Apoptotic extracts (Goldberg et al., 1996) and
purified caspases 1 and 3 produce N-terminal products (two for
each caspase) from in vitro translated full-length normal and
mutant huntingtin, and deletion mutation has verified at least one
caspase 3-sensitive site (Wellington et al., 1998). Thus, some of
the N-terminal products of huntingtin seen in the striatal cells
may result from caspase 1 and/or caspase 3 activity. The marked
attenuation by Z-VAD-FMK of a prominent N-terminal product
in huntingtin (90 kDa product generated from FH3221-100) is
compatible with the interruption of a caspase 1 and/or 3 consen-
sus site in huntingtin. In the range of concentrations used in our
study, Z-VAD-FMK was shown to inhibit the activity of caspases
1 and 3 in apoptotic cells (Eldadah et al., 1997; MacFarlane et al.,
1997). It is not clear whether the N-terminal products generated
by mutant huntingtin expression in the striatal cells contributed
directly to the formation of nuclear inclusions or involved further
proteolytic digestion as suggested by biochemical assay in the HD
brain (DiFiglia et al., 1997).

Although both normal and mutant proteins expressed from
truncated cDNAs were susceptible to cleavage, only mutant hun-
tingtin was cleaved from the full-length protein. While our paper
was being reviewed, Lunkes and Mandel (1998) also reported
cleavage of full-length mutant but not wild-type huntingtin using
stable and inducible neuroblastoma cell lines. The findings in
both studies support previous evidence that polyglutamine expan-
sion enhances N-terminal cleavage (Goldberg et al., 1996).
Z-VAD-FMK, which increased survival, blocked a prominent

N-terminal product generated by truncated normal and mutant
huntingtin proteins. The same product was formed by mutant
huntingtin but not wild-type huntingtin when the full-length
protein was expressed. These observations strongly implicate an
N-terminal product of mutant huntingtin in apoptosis but do not
prove that this product functions as an apoptotic initiator or
mediator.

Despite evidence that transglutaminase induces polymeriza-
tion of mutant huntingtin (Kahlem et al., 1998), the inhibition of
transglutaminase was ineffective in reducing NI and CI or in
changing survival. However, concentrations of the transglutami-
nase inhibitor cystamine, which were found effective in reducing
cytoplasmic aggregates formed by mutant DRPLA in COS-7 cells
(Igarashi et al., 1998), were toxic to the striatal cells. Therefore,
our negative results do not exclude the possibility that transglu-
taminase contributes to the aggregation of mutant huntingtin in
the HD brain.

We used an immortalized cell line derived from a fusion of
embryonic mouse cells of striatal origin and neuroblastoma cells
to investigate huntingtin expression. This cell line shows charac-
teristics of striatal cells, including an enrichment in dopamine
receptors, and forms neurites when differentiated (Wainright et
al., 1995). Also, native huntingtin in the clonal striatal cells is
known to have the same cytoplasmic localization and vesicle
membrane associations found in mouse striatal cells in vivo (Kim
et al., 1999; Bhide et al., 1996). Because transformed cells have
altered growth characteristics, they may have some limitations for
the study of neuronal function compared with primary cultured
neurons. Among the significant advantages of immortalized neu-
rons, however, is their potential use for high through-put assays in
drug screening.

In summary, our findings show that clonal mouse striatal cells
transiently expressing human huntingtin in vitro exhibit patterns
of mutant huntingtin expression seen in the HD brain, including
the polyglutamine-dependent and time-dependent formation of
NI. Experiments using caspase inhibitors revealed that the for-
mation of inclusions could be separated from events that control
cell survival. Immortalized striatal cells provide a more accurate
model of the HD cellular phenotype than that achieved with
other types of transformed cells recently studied and should
afford a rapid way of dissecting the signal transduction events
involved with HD pathology.
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