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Recent evidence suggests that, in huntingtin and many other
proteins, polyglutamine repeats are a toxic stimulus in neuro-
degenerative diseases. To investigate the mechanism by which
these repeats may be toxic, we transfected primary rat cere-
bellar granule neurons with polyglutamine-green fluorescent
protein (GFP) fusion constructs containing 19 (Q19-GFP), 35
(Q35-GFP), 56 (Q56-GFP), or 80 (Q80-GFP) glutamine residues.
All constructs, except Q19-GFP, aggregated within the nuclei of
transfected cells in a length- and time-dependent manner. Al-
though Q35-GFP expression led to the development of several
small aggregates per cell, these aggregates were cleared or
degraded, and the cells remained viable. In contrast, Q80-GFP
expression resulted in one or two large aggregates and induced

cell death. Caspase activation was observed after Q80-GFP
aggregation, but inhibition of caspases with Boc-aspartyl-
(OMe)-fluoromethylketone (BAF) only served to delay, not pre-
vent, toxicity. In addition, aggregation and toxicity were not
affected by other modulators of neuronal cell death such as
genetic deletion of the proapoptotic bcl-2 family member bax or
addition of the protein synthesis inhibitor cycloheximide. Lastly,
nuclear condensation did not occur as part of the toxicity.
These data suggest that polyglutamine-GFP expression is toxic
to primary neurons but that the death is distinct from classical
apoptosis.
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Currently, eight neurodegenerative diseases are believed to be
caused by expansions in [CAG] trinucleotide-repeat regions
within human genes. These expanded repeats, encoding glu-
tamine residues, are implicated in Huntington’s disease, spinob-
ulbar muscular atrophy (SBMA), dentatorubropallidoluysian at-
rophy, and the spinocerebellar ataxias (SCAs). Because the
proteins responsible for these diseases share no identity outside
of the repeat region, the polyglutamine repeats themselves are
proposed to lead to a toxic gain-of-function. Several lines of
evidence support this proposal. First, all of these diseases are
autosomal dominant, except for SBMA, which is X-linked (La
Spada et al., 1991). Second, rare individuals who are homozygous
for polyglutamine expansions do not have more severe symptoms
than do heterozygous patients (Wexler et al., 1987). Third, ex-
pansions do not affect either transcription or translation of the
genes and their transcripts (for review, see Sharp and Ross, 1996).
Finally, genetic deletion of huntingtin in mice does not result in

a disease phenotype (Duyao et al., 1995; Nasir et al., 1995; Zeitlin
et al., 1995).

Although the idea that these polyglutamine repeats are respon-
sible for a toxic gain-of-function has gained considerable favor,
the mechanism by which this occurs is not understood. Because
each disease affects a discrete population of neurons, researchers
have thought that a specific, interacting protein may exist for each
that restricts the toxic effect to these neurons. However, only one
interacting protein with an expression pattern that mimics the
affected brain areas for that particular disease (SCA1) has been
identified (Matilla et al., 1997). Alternatively, the gain-of-
function could result from enhanced protein aggregation, because
polyglutamine repeats form b-pleated sheet structures in vitro
(Perutz et al., 1994). Polyglutamine repeats also serve as pre-
ferred substrates for transglutaminase (Kahlem et al., 1996; Coo-
per et al., 1997), thereby linking the polyglutamine-containing
protein to surrounding proteins in the form of an aggregate.
Whatever the mechanism, polyglutamine-containing proteins do
form aggregates in diseased brain and in transgenic mouse mod-
els. These aggregates are referred to as “neuronal intranuclear
inclusions” (NII) because of their location in the nuclei of af-
fected neurons. In addition, NII are ubiquitinated, perhaps as a
result of aborted protein recycling or degradation (for review, see
Ross, 1997).

To investigate the mechanisms of polyglutamine toxicity in
primary neurons, we transfected cerebellar granule neurons with
polyglutamine-green fluorescent protein (GFP) fusion constructs.
The resulting aggregation and toxicity were then characterized.
We found that both 35-glutamine-GFP (Q35-GFP) and 80-
glutamine-GFP (Q80-GFP) fusion proteins formed NII. How-
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ever, only Q80-GFP expression was neurotoxic. The toxicity was
not prevented by addition of the caspase inhibitor Boc-
aspartyl(OMe)-fluoromethylketone (BAF). Furthermore, both
aggregation and cell death continued in the absence of the pro-
apoptotic BCL-2 family member BAX. Therefore, although the
neuronal death in Huntington’s disease has been suggested to be
apoptotic, the toxicity in this primary neuronal model system
seemed to be distinct from classical apoptosis.

MATERIALS AND METHODS
Materials. Reagents were purchased from Sigma (St. Louis, MO) unless
otherwise stated. BAF and Boc-threonine(OMe)-fluoromethylketone
(BTF) were obtained from Enzyme Systems Products (Livermore, CA).
Brain-derived neurotrophic factor (BDNF) was generously provided by Dr.
Qiao Yan (Amgen, Thousand Oaks, CA), and insulin-like growth factor I
(IGF-I) was generously provided by Monsanto Corporation (St. Louis,
MO). The membrane-permeable cAMP analog 8-(4-chlorophenylthio)-
cAMP (CPT-cAMP) was used as the source of cAMP.

CM1 polyclonal antibody, a gift from Dr. Anu Srinivasan (Idun Phar-
maceuticals, La Jolla, CA), was raised against the 13 amino acid peptide
CRGTELDCGIETD, which is found at the C terminus of the p20
subunit of caspase 3 (Armstrong et al., 1997; Namura et al., 1998;
Srinivasan et al., 1999).

Cell culture. Primary rat cerebellar granule cells were obtained via a
modification of the procedure described by Levi et al. (1984). This
modification has been described in detail (Miller and Johnson, 1996). In
brief, timed-pregnant Sprague Dawley rats were purchased from Harlan
Sprague Dawley (Indianapolis, IN). At postnatal day 7 (P7), cerebella
were dissected, cut into ;1 mm 2 pieces, and incubated for 15 min in 0.3
mg/ml trypsin (Worthington, Freehold, NJ) at 37°C. The pieces were
triturated with a fire-polished Pasteur pipette in the presence of trypsin
inhibitor and spun at 500 3 g for 6 min. The pellet was triturated again,
and the resulting cell suspension was passed through a Nitex filter (size
3–20/14; Tetko, Elmsford, NY). Cells were plated at a density of 2.3 3
10 5 cells/cm 2 in four-well dishes (Nunc, Naperville, IL) for cell counts, in
four-well chamber slides (Nunc) for immunofluorescence with conven-
tional fluorescence microscopy, or in glass-bottom microwell dishes
(MatTek Corporation, Ashland, MA) for confocal microscopy. Before
plating, dishes were coated with 0.1 mg/ml poly-L-lysine. Plating medium
consisted of Basal Medium Eagle (Life Technologies, Gaithersburg,
MD) containing 10% dialyzed fetal bovine serum, 20 mM KCl, 100 U/ml
penicillin, and 100 mg/ml streptomycin. The neurons were maintained at
37°C in a humidified incubator with 5% CO2 /95% air. To reduce the
number of non-neuronal cells, we added 3.3 mg/ml aphidicolin to the
medium 24 hr after plating.

Bax 2/2 mice were generously provided by Dr. Stanley Korsmeyer
(Washington University, St. Louis, MO) (Knudson et al., 1995); cultures
from these animals were treated identically to the rat cultures described
above except that aphidicolin was added to the medium at 36, not 24, hr
after plating. Cerebella from bax 1/1, bax 1/2, and bax 2/2 animals were
treated as separate parallel dissections. Genotyping was performed using
tail DNA from P4 animals as described previously (Deckwerth et al.,
1996).

Transfection procedure. All constructs used were under the control of
the cytomegalovirus promoter. pGreen Lantern-1 (Life Technologies)
was used as the source of untagged GFP. Construction of the
polyglutamine-GFP fusion plasmids has been described (Onodera et al.,
1997). In brief, polyglutamine repeats were synthesized by PCR from
human atrophin-1 cDNA. Fragments were then cloned into the
pEGFP-N1 vector (Clontech, Palo Alto, CA). Sequences of all constructs
were confirmed.

Granule cells were transfected essentially as described by Xia et al.
(1996) using a modified calcium phosphate protocol. At 5 d in vitro
(DIV), medium was replaced with DMEM (Life Technologies) for 1 hr.
During this time, an equal volume of solution containing 0.25 M CaCl2
and 67 mg/ml DNA was added to 23 HEPES-buffered saline [274 mM
NaCl, 10 mM KCl, 1.4 mM Na2HPO4-7H2O (Fisher Scientific, Houston,
TX), 15 mM dextrose, and 42 mM HEPES (free acid), pH 7.07] and
incubated in the dark at room temperature for 25 min. Thirty microliters
of the precipitate (1 mg of DNA) were added to each well of a four-well
dish, or 90 ml of the precipitate (3 mg of DNA) was added to a glass-
bottom microwell dish and incubated at 37°C for 1 hr. Cells were washed
twice with DMEM and then returned to plating medium; 800 mM cAMP,

100 ng/ml BDNF, 100 ng/ml IGF-I, 100 mM BAF, or 100 mM BTF was
included in the plating medium of some cultures immediately after the
transfection. Cycloheximide (1 mg/ml) was added to some cultures 24 hr
after transfection to allow for initial expression of the transfected con-
structs. Transfection efficiency was ;0.2%.

To quantify transfection results, we counted the number of transfected
cells in a defined area of two to four wells (of a four-well dish) per
construct 24 hr after transfection. Simultaneously, the number of cells
that contained fluorescent aggregates in each well was also counted. The
total number of fluorescent cells and the number of cells containing
aggregates in the same defined area were again counted every 24 hr
thereafter for 5–7 d after transfection. Because of excessive fluorescent
debris in polyglutamine-GFP–transfected wells, the intracellular local-
ization of aggregates was confirmed by phase-contrast microscopy. All
cultures were counted by a naı̈ve observer.

For cotransfection experiments, GFP (67 mg/ml) and a polyglutamine-
GFP fusion construct (67 mg/ml) were both included in the precipitate
mixture. To maintain the total amount of DNA in each condition, we
used GFP alone (134 mg/ml), Q35-GFP alone (134 mg/ml), or Q80-GFP
alone (134 mg/ml) in parallel transfections. Preliminary experiments with
both pGreen Lantern-1 and LacZ as markers of transfection demon-
strated that over 90% of cells that expressed GFP also expressed LacZ
and vice versa (data not shown).

Propidium iodide staining. Cultures plated in glass-bottom microwell
dishes were washed once with PBS and then fixed in 4% paraformalde-
hyde (in PBS) for 30 min at room temperature. After another wash in
PBS, cells were permeabilized in 0.5% Triton X-100 (in PBS) for 20 min
on ice. Cultures were washed twice with PBS and incubated with the
nuclear dye propidium iodide (5 mg/ml) and RNase (0.1 mg/ml; Boehr-
inger Mannheim, Indianapolis, IN) in PBS for 20 min at 37°C in the dark.
Finally, cells were washed twice with PBS, a drop of 2 mg/ml paraphe-
nylenediamine in 50% glycerol was added, and a coverslip was applied.
Cells were examined on a Molecular Dynamics (Sunnyvale, CA) Model
2001 confocal microscope. Note that nuclei of cerebellar granule cells
occupy a large proportion of the cell volume (Ramón y Cajal, 1911;
Hervas et al., 1990).

Measurement of aggregate size. Photomicrographs were taken of cells
containing fluorescent aggregates 4 d after transfection. For either Q35-
GFP or Q80-GFP, at least 50 transfected cells were examined. The
number of aggregates per cell was counted, and the diameter of each
aggregate was measured at the widest point. The size of the aggregates
was converted to micrometers using a photomicrograph of a micrometer.

Immunocytochemistry. Cultures were washed once with PBS and then
fixed for 30 min with 4% paraformaldehyde (in PBS) at 4°C. After
fixation, cells were washed three times with Tris-buffered saline (TBS)
(100 mM Tris and 0.9% NaCl, pH 7.6) before exposure to blocking
solution (TBS containing 5% normal goat serum and 0.3% Triton X-100)
for 30 min at room temperature. Cells were incubated with the primary
antibody (see below) in TBS containing 1% normal goat serum and 0.3%
Triton X-100. Primary antibody incubation was done overnight at 4°C.
Cells were washed three times in TBS and incubated with the secondary
antibody Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch,
West Grove, PA) at a dilution of 1:400 in TBS containing 1% normal goat
serum and 0.3% Triton X-100. Secondary antibody incubation was done
for 2–4 hr at 4°C in the dark. Cells were washed twice with TBS, a drop
of 2 mg/ml paraphenylenediamine in 50% glycerol was added, and a
coverslip was applied.

For CM1 labeling, cells were plated in four-well chamber slides
(Nunc), and the chambers were removed before addition of primary
antibody. The CM1 polyclonal antibody was used at a dilution of 1:5000.
Before addition of paraphenylenediamine, cultures were stained with
Hoechst 33258 (1 mg/ml; Molecular Probes, Eugene, OR) for 20 min at
4°C in the dark to visualize nuclei and were washed twice with TBS.
Cells were examined by conventional fluorescence microscopy. The num-
ber of CM1-positive cells was scored by a naı̈ve observer.

For ubiquitin labeling, cells were plated in glass-bottom microwell
dishes (MatTek Corporation). The anti-ubiquitin polyclonal antibody
(Dako, Carpinteria, CA) was used at a dilution of 1:100. Cells were
examined by confocal microscopy. Scans of Cy3 and GFP were done
separately and then attached to ensure that the aggregated GFP did not
obscure the ubiquitin labeling.

Statistics. When indicated, statistical significance was determined by
Student’s t test. All data examined were shown to pass a test for
normality.
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RESULTS
Polyglutamine-GFP fusion proteins aggregate and lead
to a decrease in the number of fluorescent cells in
cerebellar granule neurons
The proteins responsible for [CAG] triplet-repeat diseases do not
share any homology beyond the polyglutamine-repeat region.
Hence, the neurodegeneration common to these diseases is
thought to be attributable to the polyglutamine repeats. For this
reason, a series of polyglutamine-GFP fusion constructs was
generated to characterize the generalized phenomenon of
polyglutamine-containing protein oligomerization. These con-
structs consisted of 19, 35, 56, or 80 glutamine residues fused to
the N terminus of GFP. Both the 56- and 80-glutamine fusion
proteins aggregate in COS-7 cells (Onodera et al., 1997); how-
ever, their effects in neurons have not been described. To address
this, we transfected each of the constructs into rat cerebellar
granule neurons. These cells were selected because they provided
a relatively homogeneous population of primary neurons that was
readily transfectable. Because polyglutamine-containing proteins
are toxic in other culture systems (Ikeda et al., 1996), it was
predicted that the polyglutamine-GFP fusion constructs might
also be toxic to the granule cells. Furthermore, because the
programmed cell death pathway of these neurons in response to
potassium and serum deprivation has been well studied, any cell
loss resulting from expression of the polyglutamine-GFP con-
structs in the granule cell paradigm could be compared with this
apoptotic death.

At 5 DIV, cerebellar granule neurons were transfected with
GFP or with the polyglutamine-GFP fusion constructs using a
modified calcium phosphate protocol. The cells were then exam-
ined by fluorescence microscopy 24 hr later. At this time, most
transfected cells showed diffuse expression of GFP regardless of
the construct used (Fig. 1A). However, 21% of the 80-glutamine-
GFP (Q80-GFP)–transfected cells (Fig. 1C) and 5% of the 56-
glutamine-GFP (Q56-GFP)–transfected cells already contained
fluorescent aggregates. Confocal microscopy performed on cells
stained with the nuclear dye propidium iodide revealed that the
aggregates were indeed nuclear and that aggregates of Q80-GFP
were sufficient to cause chromatin displacement (Fig. 1D). The
nuclear localization of these aggregates was consistent with the
fact that the inclusions seen in transgenic mouse models and in
postmortem diseased brain are intranuclear and, thus, are re-
ferred to as NII (for review, see Ross, 1997).

Successive observation of the cells every 24 hr revealed that a
larger percentage of the Q56-GFP– and Q80-GFP–transfected
cells contained aggregates over time and that some 35-glutamine-

GFP (Q35-GFP)–transfected cells also developed aggregates
(Fig. 1B). By 7 d after transfection, 100% of Q80-GFP–trans-
fected cells, 51% of Q56-GFP–transfected cells, and 7% of Q35-
GFP–transfected cells contained aggregates (Fig. 2A). A maxi-
mum of 29% of Q35-GFP–transfected cells was observed earlier
at 96 hr after transfection. The 19-glutamine-GFP (Q19-GFP)
construct was never seen to aggregate by conventional fluores-
cence microscopy (Fig. 2A).

After quantification of the aggregation, the possibility that
these aggregates resulted in a decrease in the number of fluores-
cent cells was assessed. For each construct, the number of trans-
fected cells was counted at 24 hr; every 24 hr thereafter, the
number of fluorescent cells remaining was compared with the
original number (Fig. 2B). Expression of polyglutamine-GFP
fusion proteins did result in a decrease in the number of fluores-
cent cells over time. By 7 d after transfection, an 8% decrease
occurred with GFP alone. Although the Q19-GFP construct was
not seen to aggregate, there was a slightly greater decrease (17%)
than in GFP-transfected cells (statistically significant at p , 0.05).
Expression of the Q35-GFP, Q56-GFP, or Q80-GFP constructs
resulted in a 49, 56, or 98% decrease in the number of fluorescent
cells over 7 d, respectively. Thus, in Figure 2A, although 100% of
Q80-GFP–transfected cells contained aggregates by 7 d after trans-
fection, only 2% of the transfected cells remained in the dish.

These data indicate that polyglutamine repeats in the absence
of other mutant protein sequence can cause the aggregation of
GFP in primary neurons. Because the time course of aggregation
slightly preceded that of cell loss, this implies that fluorescent
cells were apparently lost subsequent to aggregation. Moreover,
both the aggregation and the resulting neuronal loss were length-
and time-dependent (Fig. 2).

Differing fates of Q35-GFP– and
Q80-GFP–expressing cells
Our results in Figure 2 indicate that expression of the
polyglutamine-GFP constructs induced cell death as assessed by
the loss of fluorescent cells. However, a large amount of fluores-
cent debris that was not associated with cells was observed in
polyglutamine-GFP–transfected cultures (data not shown). For
this reason, it was not obvious whether the cells were dying and
leaving the fluorescent aggregates in the dish or whether the cells
were somehow clearing the fluorescent aggregates. If the latter
were true, then cells that cleared the aggregates yet remained
alive would have been scored as “lost” in Figure 2B. To deter-
mine whether fluorescent cells died or were lost because of
clearance and/or degradation of the fluorescent aggregates, we

Figure 1. Polyglutamine-GFP fusion proteins aggregate in cerebellar neurons. A–C, At 5 DIV, cerebellar granule neurons were transfected with
Q19-GFP (A), Q35-GFP (B), or Q80-GFP (C). Photomicrographs were taken 3 d after transfection. D, Q80-GFP–transfected cells were fixed 3 d after
transfection, and nuclei were stained with propidium iodide. The photomicrograph was taken with confocal microscopy. Scale bars: A–C, 10 mm; D, 5
mm.
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cotransfected granule cells with GFP and the polyglutamine-GFP
constructs. If the cells were clearing the aggregates, then the
presence of GFP itself would still mark the viable cells. However,
if the cells were simply dying, then neither GFP nor the fusion
construct would be expressed.

Cotransfection of GFP and Q80-GFP resulted in the same rate
of decrease in the number of fluorescent cells as seen with
transfection of Q80-GFP alone (Fig. 3B), indicating that Q80-

GFP expression was, indeed, killing the neurons. On the contrary,
cotransfection of GFP and Q35-GFP resulted in only a 14% cell
loss by 6 d after transfection (Fig. 3A), similar to the amount of
cell loss resulting from transfection with GFP alone (11%). Trans-
fection of Q35-GFP alone resulted in a 48% decrease in GFP-
positive cells in the same time period (Fig. 3A). These data
indicate that Q35-GFP aggregates did not kill the cells but,
rather, were degraded or secreted from the cells.

Because Q35-GFP aggregates did not affect granule cells in the
same manner as did Q80-GFP aggregates, the two were likely
different. After closer inspection, the Q35-GFP–transfected cells
obviously had multiple aggregates per cell (Fig. 1, compare B with

Figure 2. Polyglutamine-GFP fusion proteins aggregate and cause a
decrease in the number of fluorescent cells in a length- and time-
dependent manner. Cerebellar granule neurons were transfected with
GFP (F), Q19-GFP(l), Q35-GFP(f), Q56-GFP(Œ), or Q80-GFP(�) at 5
DIV. Every 24 hr for 7 d after transfection, the number of transfected cells
present in designated fields and the number that contained fluorescent
aggregates were counted. A, Data are presented as the percentage of cells
at each time point that contained an aggregate. B, Data are presented as
the number of transfected cells remaining in the field as a percentage of
the original number. Error bars represent SEM; n 5 3.

Figure 3. Q80-GFP, but not Q35-GFP, expression is toxic to cerebellar
neurons. At 5 DIV, cerebellar granule neurons were transfected with GFP
(A, B), Q35-GFP (A), GFP 1 Q35-GFP (A), Q80-GFP (B), or GFP 1
Q80-GFP (B). Every 24 hr for 6 d after transfection, the number of
transfected cells present in designated fields was counted. The data are
presented as the number of transfected cells remaining in the field as a
percentage of the original number. Error bars represent SEM; n 5 3.
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C). To quantify this observation, we measured the number of
aggregates per cell and the diameter of each 4 d after transfection
in over 50 cells per construct. Q35-GFP transfection resulted in
an average of 3.8 aggregates per cell, whereas Q80-GFP transfec-
tion resulted in an average of 1.6 aggregates per cell (Fig. 4A),
consistent with the earlier observation. However, Q35-GFP ag-
gregates had an average diameter of only 1.3 mm, whereas Q80-
GFP aggregates had an average diameter of 2.4 mm (Fig. 4B).
Assuming a spherical shape to the aggregates, this would corre-
spond to a difference in total aggregate burden per cell of 1.2 mm3

for Q35-GFP and 7.4 mm3 for Q80-GFP. Although these data
were collected 4 d after transfection, similar results were observed
any time after Q35-GFP aggregation could be seen (data not
shown). The fact that Q80-GFP resulted in larger aggregates and
the fact that aggregates were seen earlier in Q80-GFP–trans-
fected cells (Fig. 2A) indicate that the rate and extent of protein
aggregation directly correlated with the length of the polyglu-
tamine repeat.

In both postmortem diseased brain and transgenic mouse mod-
els of polyglutamine diseases, some NII are ubiquitinated (Davies
et al., 1997; DiFiglia et al., 1997; Ordway et al., 1997; Paulson et
al., 1997; Skinner et al., 1997; Igarashi et al., 1998). Because the
ubiquitin or proteasome pathway may be responsible for the

clearance of Q35-GFP aggregates, Q35-GFP and Q80-GFP ag-
gregates were immunostained with an antibody specific for ubiq-
uitin. At every time examined, ;50% of aggregated cells showed
ubiquitin immunoreactivity in both Q35-GFP– and Q80-GFP–
transfected cells (Fig. 5). Although the background was diffusely
labeled for ubiquitin, the immunoreactivity was concentrated at
the site of aggregation. Consistently, the area occupied by the
aggregate was larger than that showing ubiquitin immunoreactiv-
ity (Fig. 5, compare C with D). Transfected cells that did not
contain aggregates did not show increased ubiquitin immunore-
activity (data not shown).

Polyglutamine toxicity is distinct from
classical apoptosis
The neuronal death that occurs in Huntington’s disease (HD) has
been described as apoptotic, primarily on the basis that neurons
within the striatum of HD patients label by TdT-mediated dUTP
nick end labeling (TUNEL) (Dragunow et al., 1995; Portera-
Cailliau et al., 1995; Thomas et al., 1995). For this reason, the
toxicity induced by the polyglutamine-GFP fusion proteins was
analyzed to determine whether it was proceeding by way of
apoptosis. Caspase activation is one of the final stages of apopto-
sis in a number of cell death paradigms in both neuronal and

Figure 4. Q35-GFP expression results in the formation of many small aggregates per cell, whereas Q80-GFP expression results in the formation of a few
large aggregates per cell. At 5 DIV, cerebellar granule neurons were transfected with Q35-GFP or Q80-GFP. The number of aggregates per cell was
counted (A), and the diameter of each aggregate was measured (B) 4 d after transfection. Error bars represent SEM; n . 50.

Figure 5. Both Q35-GFP and Q80-GFP aggregates are ubiquitinated. At 5 DIV, cerebellar granule neurons were transfected with Q35-GFP (A, B) or
Q80-GFP (C, D). Cells were fixed 3 d after transfection and immunostained with an antibody specific for ubiquitin (B, D). Photomicrographs were taken
using confocal microscopy. Scale bar, 5 mm.
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non-neuronal cells. Specifically, caspase 3 (CPP32) is implicated
in neuronal cell death (Kuida et al., 1996; Woo et al., 1998).
Activation occurs by internal cleavage of a given procaspase into
large and small subunits that together form the mature enzyme
(for review, see Thornberry, 1997). To assess whether caspases
were activated after expression of the polyglutamine-GFP con-
structs, we fixed cells every 24 hr after transfection and immuno-
stained the cells with the polyclonal antibody CM1. CM1 recog-
nizes the active forms of caspases 3 and 7, such that cells without
active caspases are not labeled (Armstrong et al., 1997; Namura et
al., 1998; Srinivasan et al., 1998). In Q80-GFP–transfected cells,
no immunoreactivity was seen in the first 2 d after transfection.
However, on the third and fourth days, 13 and 5% of cells
containing aggregates, respectively, demonstrated the presence of
active caspase 3 or 7 (Fig. 6D). Transfected cells that did not
contain aggregates never demonstrated increased CM1 labeling.
These observations are illustrated in Figure 6; although the field
contains three transfected cells, only one of the two cells contain-
ing aggregates is CM1-positive. In Q35-GFP–transfected cells,
CM1 positivity was very rarely seen (1 cell in over 400 examined)
(Fig. 6D). These data confirm that caspases were, indeed, acti-
vated in neurons after expression of a polyglutamine construct
that is pathogenic in length.

Because caspases were activated in Q80-GFP–transfected cells,
it was then determined whether blockade of caspase activation
would be sufficient to prevent Q80-GFP–induced toxicity. The
pan-caspase inhibitor BAF was added to granule cells after com-
pletion of the transfection procedure. BAF was added at a con-
centration shown previously to block caspase-3-like activity com-

pletely in granule cells (Miller et al., 1997a). The number of
GFP-positive cells was counted every 24 hr and compared with
the original number observed. Application of BAF to Q80-GFP–
transfected cells slightly delayed the death of the granule cells
throughout the time course of death (Fig. 7A). The effect of BAF
was, in fact, the result of caspase inhibition, because the negative
control peptide BTF failed to alter the time course of death. This
is consistent with the effect of BAF in the death of granule cells
after potassium deprivation. In that paradigm, caspases are also
activated, but caspase inhibition serves only to delay the death
program (Miller et al., 1997a).

The inability of BAF to block the polyglutamine toxicity com-
pletely was anticipated because of the past work in potassium
deprivation–induced death. However, in Q80-GFP–transfected
cells (Fig. 7B) and in Q35-GFP–transfected cells (data not
shown), addition of BAF also delayed aggregation. These data
suggest that the modest protective effect seen in Figure 7A may be
attributable to a delay in aggregation.

Although caspases were activated after Q80-GFP expression
and aggregation, a number of other observations suggest that the
death induced by this construct was not apoptotic. First, the death
was never accompanied by nuclear condensation, often consid-
ered to be one of the hallmarks of apoptosis. Cells that contained
aggregates did not have condensed nuclei, even when observed
many days after transfection. Instead, the aggregates caused a
displacement of the chromatin within the nuclei of transfected
cells (Figs. 1, 6). This was initially noted in Hoechst 33258–
stained nuclei (Fig. 6), but it was thought that the aggregates
could have been perinuclear and had simply masked the nuclear

Figure 6. Neurons containing Q80-GFP ag-
gregates show caspase activation. At 5 DIV,
cerebellar granule neurons were transfected
with Q80-GFP. A, B, Cells were fixed 3 d after
transfection ( A) and immunostained with
CM1, an antibody specific for activated
caspases 3 and 7 (B). C, Nuclei were labeled
with Hoechst 33258. Scale bar, 10 mm. D,
Cerebellar granule neurons were transfected
with Q35-GFP or Q80-GFP at 5 DIV. Every
day for 5 d after transfection, cells were fixed
and immunostained with CM1. The number
of cells containing aggregates and the number
of CM1-positive cells were counted at each
time point. The data are presented as the
percentage of cells containing aggregates that
were also CM1-positive. Transfected cells that
did not contain aggregates were never CM1-
positive. Error bars represent SEM; n 5 3.
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staining. However, confocal microscopy confirmed that the aggre-
gates were indeed nuclear, as described above (Fig. 1D).

In addition, both aggregation of the Q80-GFP construct and
the concomitant toxicity occurred independently of the proapop-
totic BCL-2 family member BAX (Fig. 8A; data not shown).
Cerebellar granule neurons derived from bax1/1 or bax2/2 mice
and transfected with Q80-GFP died with indistinguishable time

courses (Fig. 8A), although the mouse neurons seemed to be
more sensitive to Q80-GFP expression than were the rat neurons
(compare Figs. 2B, 8A). BAX is required for the apoptotic death
of granule cells after potassium deprivation (Miller et al., 1997a)
and is also required in other neuronal cell death paradigms
(Deckwerth et al., 1996; White et al., 1998). Lastly, the toxicity
associated with the Q80-GFP construct was also seen in the
presence of the protein synthesis inhibitor cycloheximide (Fig.
8B). Cycloheximide was added to the transfected cells 24 hr after
transfection to allow for initial expression of the construct. There-
fore, although dependence on protein synthesis possibly occurred
within the first 24 hr, this is unlikely because only 22% of neurons
contained aggregates by 24 hr after transfection (Fig. 2A). Al-
though a protein synthesis–dependent step is not seen in all
models of neuronal cell death, protein synthesis is required for
the death of granule cells after potassium and serum deprivation
(D’Mello et al., 1993).

Addition of cAMP can partially protect against
polyglutamine toxicity
Although cerebellar granule cells in these experiments were
maintained in depolarizing levels of potassium to maintain sur-
vival, a number of other factors have survival-promoting activity
in these cultures. These include BDNF, cAMP, and IGF-I (Segal
et al., 1992; D’Mello et al., 1993). For this reason, each of these
was added independently to granule cells immediately after trans-
fection to assess its effect on both aggregation and the toxicity of
the Q80-GFP construct. Simultaneously, each was also added to
granule cells that were deprived of potassium and serum to
ensure that the factor was biologically active. Both BDNF and
IGF-I were able to promote survival of granule cells, although not
to the extent of potassium and serum (data not shown). However,
the aggregation or toxicity in Q80-GFP–transfected cells was
neither prevented nor delayed in the presence of BDNF or IGF-I
(Fig. 8C, D; data not shown). Addition of cAMP, on the contrary,
delayed neuronal cell loss in Q80-GFP–transfected cells without
affecting the rate of aggregation (Fig. 9). Therefore, aggregation
and cell death may occur simultaneously, without one causing the
other.

Viable Q80-GFP–transfected cells maintained in the presence
of cAMP were observed in culture for 2 d after all cells not
treated with cAMP had died (data not shown). Curiously, the
protective effect of cAMP was accompanied by maintenance of
fluorescence in the neurites of transfected cells up to 4 d after
transfection (Fig. 9D). Cells transfected with Q80-GFP in the
absence of cAMP did not maintain fluorescent neurites after 2 d
(Fig. 9C; data not shown). This further supports the idea that
cAMP, but not BDNF or IGF-I, was partially protective against
Q80-GFP–induced toxicity.

Because Q80-GFP–transfected neurons treated with cAMP
showed a slower rate of decrease in the number of fluorescent
cells than did untreated neurons, cAMP was possibly allowing for
the clearance or degradation of Q80-GFP aggregates. Therefore,
cotransfection of GFP and Q80-GFP was performed in the pres-
ence of cAMP. No difference was seen in the rate of decrease in
the number of fluorescent cells between Q80-GFP–transfected
cells and GFP- and Q80-GFP–cotransfected cells with addition of
cAMP (data not shown). These data suggest that although cAMP
served to delay polyglutamine toxicity, this delay did not occur via
enhanced clearance or degradation of Q80-GFP aggregates.

Figure 7. Addition of the caspase inhibitor BAF delays both aggregation
and toxicity induced by Q80-GFP. At 5 DIV, cerebellar granule neurons
were transfected with Q80-GFP. The caspase inhibitor BAF or the control
peptide BTF was included in some cultures. A, The number of fluorescent
cells in designated fields was counted every 24 hr after transfection for 5 d.
The data are presented as the number of transfected cells remaining in
the field as a percentage of the original number. *, Statistically significant
at p 5 0.016. B, The number of cells that contained fluorescent aggregates
was counted every 24 hr after transfection for 5 d. The data are presented
as the percentage of cells at each time point that contained an aggregate.
*, Statistically significant at p 5 0.01; **, statistically significant at p 5
0.025. For both A and B, error bars represent SEM; n 5 3. (For BTF-
treated cultures, n 5 1.)
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DISCUSSION
This paper provides the first detailed study of the expression of
polyglutamine-containing proteins in primary neurons. Transfec-
tion of polyglutamine-GFP fusion constructs into cerebellar gran-
ule neurons led to a length- and time-dependent aggregation of
GFP. Although Q35-GFP aggregates were secreted or degraded
by the cells, Q80-GFP expression resulted in death. The
polyglutamine-induced death was accompanied by caspase acti-
vation. Although inhibition of caspases did not block the death, it
delayed aggregation. Aggregation and cell death proceeded in the
absence of the proapoptotic BCL-2 family member BAX and did

not result in nuclear condensation. These data suggest that al-
though the toxicity shared some characteristics of apoptosis, the
death did not resemble classical apoptosis. Finally, addition of
cAMP to transfected cells had a modest protective effect, allow-
ing neurons with aggregates to survive longer than untreated
cells.

Characteristics of polyglutamine-GFP fusion protein
aggregation and cell death
Four polyglutamine-GFP constructs, Q19-GFP, Q35-GFP, Q56-
GFP, and Q80-GFP, were transfected into cerebellar granule

Figure 8. Polyglutamine-GFP toxicity is not affected by bax deletion or by the addition of cycloheximide, BDNF, or IGF-I. At 5 DIV, cerebellar granule
neurons were transfected with Q80-GFP. Every 24 hr for 5 d after transfection, the number of fluorescent cells present in designated fields was counted.
The data are presented as the number of transfected cells remaining in the field as a percentage of the original number. A, Mouse neurons from bax 1/1

and bax 2/2 animals were transfected in parallel. B, Cycloheximide (CHX; 1 mg/ml) was added to some cultures 24 hr after transfection. C, D, BDNF
(100 ng/ml) or IGF-I (100 ng/ml) was added to some cultures immediately after transfection. For A and B, error bars represent SEM; n 5 3. For C and
D, error bars represent the mean 6 range for two independent experiments.
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neurons. These constructs were designed to model any of the
polyglutamine-repeat diseases, because they lacked any addi-
tional sequence. Other culture systems have been used to char-
acterize polyglutamine-containing protein expression (Ikeda et
al., 1996; Brooks et al., 1997; Onodera et al., 1997; Paulson et al.,
1997; Skinner et al., 1997; Abdullah et al., 1998; Igarashi et al.,
1998; Martindale et al., 1998; Merry et al., 1998); however, the
majority of this work involved expression of truncated constructs
of the various disease genes in non-neuronal cell lines. Because
the polyglutamine-repeat diseases are neurodegenerative disor-
ders, the effects of expanded repeats in neurons may be different
from those in non-neuronal cells. A truncated huntingtin con-
struct does aggregate in primary cortical neurons (Martindale et
al., 1998), but the aggregation and its effects have not been
characterized.

Transfection of Q35-GFP, Q56-GFP, and Q80-GFP into pri-
mary neurons resulted in the appearance of fluorescent aggre-
gates in a time- and length-dependent manner (Figs. 1, 2A). As
seen in transgenic mouse models and diseased brain (Davies et
al., 1997; DiFiglia et al., 1997; Ordway et al., 1997; Paulson et al.,
1997; Skinner et al., 1997; Igarashi et al., 1998), aggregates local-
ized to the nucleus (Fig. 1D) and were ubiquitinated (Fig. 5).
Thus, the polyglutamine repeats alone were sufficient to confer
nuclear localization and ubiquitin labeling.

The Q19-GFP construct was designed to be representative of
wild-type protein, because normal individuals typically have
fewer than 35 [CAG] repeat lengths in the various disease genes
(for review, see Nance, 1997). Accordingly, Q19-GFP was never
observed to aggregate in rat granule cells at the level of conven-
tional fluorescence microscopy (Figs. 1A, 2A). Very small (,,1
mm) aggregates could be seen by confocal microscopy in a small
percentage of Q19-GFP–transfected cells 5 d after transfection,
but these did not coalesce into larger aggregates (data not
shown). These small aggregates were not seen in cells transfected
with unmodified GFP.

The remainder of the studies focused on Q35-GFP and Q80-
GFP because of their relevance to human disease. Individuals
with 31–39 [CAG] repeats in their huntingtin (or other) gene
show a reduced penetrance for the disease, whereas an individual
with 80 [CAG] repeats would develop juvenile HD (for review,
see Nance, 1997). Both Q35-GFP and Q80-GFP formed aggre-
gates in granule cells. However, the fact that Q80-GFP aggregates
were larger (Fig. 4B), formed more rapidly (Fig. 2A), and
achieved a greater total cell burden (Fig. 4) than did Q35-GFP
aggregates provides intracellular evidence that the formation of
aggregates is energetically more favorable for longer glutamine
repeats. This hypothesis has been suggested previously by in vitro
data (Perutz et al., 1994; Scherzinger et al., 1997; Georgalis et al.,
1998).

Q35-GFP aggregates did not kill neurons but were instead
secreted or degraded (Fig. 3A). These data, along with the ob-
servation by confocal microscopy that a small amount of aggre-
gation occurred in Q19-GFP–transfected cells (see above), pre-
dict that some degree of aggregation may occur within all
neurons. In this model, the neuron would survive as long as the
polyglutamine-repeat length is small enough that the rate of
aggregation is slower than the rate of degradation. Once the
repeat length surpasses a pathogenic threshold, then the aggre-
gate may become too large for the cell to dismantle before toxicity
occurs. The mechanism by which degradation proceeds remains
unclear, although the ubiquitin or proteasome pathway has been
implicated. Aggregates were ubiquitinated in transfected granule

Figure 9. cAMP delays Q80-GFP–induced toxicity. At 5 DIV, cerebellar
granule neurons were transfected with Q80-GFP in the presence or absence
of 800 mM CPT-cAMP. Every 24 hr for 5 d after transfection, the number of
transfected cells present in designated fields and the number that contained
fluorescent aggregates were counted. A, Data are presented as the number
of transfected cells remaining in the field as a percentage of the original
number. *, Statistically significant at p 5 0.026; **, statistically significant at
p 5 0.009. B, Data are presented as the percentage of cells at each time
point that contained an aggregate. For both A and B, error bars represent
SEM; n 5 3. C, D, Photomicrographs were taken 4 d after transfection of
cells expressing Q80-GFP in the presence (D) or absence (C) of cAMP.
Note that cells maintained in the presence of cAMP continue to show
fluorescent neurites. Scale bar, 10 mm.
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cells (Fig. 5), similar to aggregates in transgenic mice (Davies et
al., 1997; Ordway et al., 1997) and diseased brain (DiFiglia et al.,
1997; Paulson et al., 1997; Skinner et al., 1997). Furthermore, the
20S proteasome localizes to sites of polyglutamine aggregation
(Cummings et al., 1998). These data and the fact that in all
instances only one-half of the aggregates are ubiquitinated sup-
port the idea that aggregation precedes conjugation with
ubiquitin.

Polyglutamine toxicity is dissimilar to
classical apoptosis
One of the objectives of this study was to assess whether polyglu-
tamine toxicity occurs by apoptosis. Caspases, cysteine proteases
responsible for the terminal cleavage events in apoptosis, were
activated in granule cells in response to polyglutamine aggrega-
tion by Q80-GFP (Fig. 6). However, inhibition of caspase activa-
tion did not block polyglutamine toxicity (Fig. 7). Toxicity also
was not accompanied by condensation of nuclear chromatin and
proceeded in the presence of the protein synthesis inhibitor
cycloheximide (Fig. 8B). Furthermore, polyglutamine toxicity did
not require the presence of the BCL-2 family member BAX (Fig.
8A), although BAX is essential for the death of granule cells in
response to potassium deprivation (Miller et al., 1997a). For these
reasons, polyglutamine toxicity cannot be labeled as classical
apoptosis. The neuronal death in HD has been described as
apoptotic, primarily on the basis that neurons within the striatum
of HD patients are TUNEL-positive (Dragunow et al., 1995;
Portera-Cailliau et al., 1995; Thomas et al., 1995). TUNEL stain-
ing reflects the 39-OH ends that remain after DNA cleavage
during apoptosis. However, TUNEL staining can be seen in the
late stages of necrosis and, thus, should not be used as the sole
criterion for apoptosis (Collins et al., 1992).

Because addition of the caspase inhibitor BAF does not pre-
vent death of granule cells in response to potassium deprivation
(Miller et al., 1997a), it was not surprising that BAF did not block
the polyglutamine toxicity (Fig. 7A). In both paradigms, caspases
are activated, but the neurons die a delayed death after addition
of BAF. The partial protection by a caspase inhibitor is also
similar to the incomplete rescue of an eye phenotype in a model
of polyglutamine toxicity in Drosophila melanogaster by P35, a
viral caspase inhibitor (Warrick et al., 1998). Finally, because only
12% of cells were immunoreactive for CM1 in the transfected
granule cells (Fig. 6D), it remains possible that only 12% of cells
initiated caspase activation. This would explain the inability of
BAF to prevent the death of these cells. However, because CM1
immunoreactivity was a relatively late event and the cells went on
to die (Fig. 6D), caspase activation was likely a transient event
that occurred in all cells.

In addition, BAF was not acting only to counteract a cell death
pathway in polyglutamine-transfected granule cells because addi-
tion of BAF also delayed aggregate formation (Fig. 7B). How
caspases were influencing aggregation is not clear. BAF probably
did not block cleavage of GFP itself because GFP has no putative
caspase cleavage sites (data not shown). Therefore, BAF may
have been affecting the cleavage of an unidentified component of
the aggregates.

Possible therapeutic applications
Treatment of Q80-GFP–transfected cells with cAMP delayed the
death induced by Q80-GFP aggregation. This delay was not
caused by the ability of a cAMP-mediated pathway to promote
degradation or clearance of aggregates (data not shown). Instead,

cAMP probably activated an additional trophic pathway. As
possible evidence of this, addition of cAMP allowed for the
maintenance of healthy neurites in Q80-GFP–transfected cells
(Fig. 9C,D). cAMP, but not BDNF or IGF-I, may have been able
to provide additional trophic support to granule neurons because
cAMP activates distinct signaling pathways from potassium alone
(Miller et al., 1997b). Because cAMP can provide trophic support
in other neurons, including cortical and striatal neurons (Abiru et
al., 1996; Ohgoh et al., 1998), agents that increase intracellular
levels of cAMP may be candidates for further investigation in the
treatment of neurons exposed to pathogenic huntingtin (or other)
constructs.

Now and in the future, the analysis of the mechanisms of
aggregation and toxicity in primary neurons will be important.
Even though cerebellar granule neurons have not been shown to
be affected in one of the known polyglutamine-repeat diseases,
these cells are transfectable primary neurons that can be obtained
in large numbers. Therefore, cerebellar granule neurons may
provide a model system in which to test potential therapies for
polyglutamine toxicity and to study further the pathogenic mech-
anisms in these diseases.

Note added in proof: While this paper was in review, Saudou et al.
(Cell 95:55–66) reported the expression of mutant huntingtin
constructs in primary neurons.
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