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The formation of polyglutamine-containing aggregates and inclu-
sions are hallmarks of pathogenesis in Huntington’s disease that
can be recapitulated in model systems. Although the contribution
of inclusions to pathogenesis is unclear, cell-based assays can be
used to screen for chemical compounds that affect aggregation
and may provide therapeutic benefit. We have developed inducible
PC12 cell-culture models to screen for loss of visible aggregates. To
test the validity of this approach, compounds that inhibit aggre-
gation in the PC12 cell-based screen were tested in a Drosophila
model of polyglutamine-repeat disease. The disruption of aggre-
gation in PC12 cells strongly correlates with suppression of neu-
ronal degeneration in Drosophila. Thus, the engineered PC12 cells
coupled with the Drosophila model provide a rapid and effective
method to screen and validate compounds.

Huntington’s disease (HD) is a late-onset neurodegenerative
disease characterized by a movement disorder, psychiatric

symptoms, and cognitive dysfunction (1). It is one of several
neurodegenerative diseases, including the spinocerebellar atax-
ias and Kennedy’s disease, caused by the expansion of a CAG
repeat encoding an endogenous polyglutamine (polyQ) tract
within the corresponding disease protein (1–5).

Mouse, rat, Caenorhabditis elegans, Drosophila, yeast and
numerous cell-culture systems (for review see refs. 1, 3, and 4)
have been developed for the polyQ-repeat diseases to model
different aspects of disease. A transgenic HD mouse model
expressing human huntingtin (Htt) exon 1 protein with �150
polyQs demonstrated that truncated mutant Htt was sufficient
to cause an HD-like phenotype (6). This mouse model led to
the discovery of a major pathogenic feature of the disease, the
appearance of neuronal intranuclear inclusions containing
mutant Htt (7), which suggests a role for nuclear localization
and aggregation in HD.

Amino-terminal fragments of mutant Htt protein were sub-
sequently identified in neuronal intranuclear inclusions in HD
brain tissue (8) and in the neuronal processes (neuropil) of
both HD patient and transgenic mouse brain tissues (9). They
have been found in brain tissue from transgenic mouse models
and human patient material for almost every polyQ-repeat
disease investigated (1, 10), and cytosolic and nuclear aggregates
have been demonstrated in most model systems (3, 11–13).
In vitro filter assays have shown that the formation of these
aggregates depends on polyQ repeat length and protein con-
centration (14, 15). The rate and degree of aggregation, a highly
specific process in cells (16, 17), is influenced by cellular
processes such as aging (18), proteasome function (19–21), and
chaperone activity (22–25).

Although the primary role of expanded polyQ repeats in the
disease process is undisputed, the contribution of aggregation
and visible inclusion formation to neurodegeneration is not clear

(5). Abnormal protein folding and�or proteolytic cleavage of the
mutant Htt protein are likely to contribute to this process (1, 3,
26). In addition to the polyQ-repeat diseases, the phenomenon
of protein aggregation is a common histopathologic hallmark of
many other neurodegenerative diseases including Alzheimer’s
and Parkinson’s diseases (25, 27).

To study pathogenic mechanisms we have developed inducible
rat phaeochromocytoma (PC12) cell model systems that reca-
pitulate many of the early events in HD progression including
inclusion formation and transcriptional dysregulation (3, 28).
One set of inducible cell lines produces high numbers of visible
aggregates. Because inclusion formation is an easily assayable
phenotype for polyQ-repeat disease and represents a major
disease hallmark, a screen designed to monitor disruption of
inclusion formation in the presence of chemical compounds has
been developed for these lines. The disruption of aggregation in
this inducible cell-culture model correlates with the in vivo
rescue of neuronal degeneration in Drosophila, thus providing an
effective approach for high-throughput screening in cells and
validation of candidates in vivo.

Materials and Methods
Plasmid Constructs. Constructs encode either truncated exon 1
(first 17 aa plus polyQ repeat), complete exon 1 (with proline-
rich region), or the first five exons (584 aa) of Htt, contain a
range of polyQ repeats encoded by alternating CAG�CAA
repeats (25–300 Qs), and are fused in frame to the coding
sequence for the enhanced GFP (EGFP) tag at the carboxyl
terminus (29, 30). An amino-terminal FLAG epitope tag is
present in some constructs. Exons 2–5 (bases 581–2,074, Gen-
Bank accession no. L12392) were amplified with gene-specific
primers and subcloned into plasmids encoding Htt exon 1.
All constructs were subcloned into pIND (Invitrogen) and
sequence-verified.

Inducible PC12 Cells. PC12 cells were stably transfected with a
hybrid ecdysone receptor (VgRXR, Invitrogen) and a clonal
line, PC12ec, that expresses high levels of the receptor, selected.
pIND constructs were stably transfected into PC12ec and se-
lected with G418 (Omega Scientific, Tarzana, CA). Pools and
clones were flow-sorted (MoFlo cell sorter, Cytomation, Fort
Collins, CO) for maximal EGFP expression (upper 2–5%) after
a 12-h pulse of induction with 5 �M ponasterone (PA, Invitro-
gen). Cells were routinely induced with 5 �M PA or muristerone
(MA, Invitrogen). Unless noted otherwise, PC12 cells were
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maintained in complete media with continued selection. Cell
lines were differentiated by growing cells on collagen (Becton
Dickinson Biosciences)-coated plates in DMEM with 1% horse
serum containing 50 ng�ml nerve growth factor (Harlan Bio-
products, Indianapolis) for 48 h or as indicated. Subclonal cell
lines were further selected for a high percentage of cells with
aggregates after 48 h by consecutive single-colony selections.

Protein Expression. Cells (1 � 106) were plated in 10-cm plates,
grown overnight, and treated with PA for 48 h before harvesting.
Cells were lysed in hypotonic buffer containing 20 mM Hepes,
pH 7.5, 5 mM NaCl, 10 mM NaF, 2 mM EDTA, 1% Nonidet
P-40, 1 mM sodium orthovanadate, and protease inhibitors (1
mM PMSF�10 �g/ml leupeptin�10 �g/ml aprotinin). Western
blotting was performed as described (31).

Immunocytochemistry. Immunocytochemical analyses of cells ex-
pressing Htt–EGFP fusion polypeptides has been described (29).
Cells were grown on UV-treated cover slips to �50% confluency
and induced with 0.25–10 �M MA for 12 h to 6 days, fixed in 2%
formaldehyde, and incubated for 2 min with 0.1% Triton X-100
in PBS. Fixed cells were 4�,6-diamidino-2-phenylindole-stained,
and tubulin immunoreactivity was detected with a mouse mono-
clonal anti-�-tubulin antibody at 1:500 (Sigma) followed by
secondary FluoroLink Cy3 antibody at 1:2,000 (Amersham
Pharmacia). Epifluorescent microscopy was performed on a
Zeiss Axioplan II equipped with a Quantix charge-coupled
device camera (Photometrics, Tucson, AZ) and SPECTRUM
imaging software (Scanalytics, Billerica, MA). Sectioning and
confocal immunofluorescence analysis of eye discs was per-
formed as described (32).

Quantitation of Aggregates. Visual counts of aggregates and
EGFP-positive cells were performed by using fluorescent mi-
croscopy. At least 300 cells were counted from five to six fields
in two independent experiments for each data point (�10
magnification). Aggregation is expressed as the percentage of
cells with aggregates versus total number of EGFP-positive cells.

Cell-Viability Assays, Estimation of Neurite Outgrowth, and Protea-
some Inhibition. To evaluate cell death, three methods were used:
(i) trypan-blue staining, (ii) DNA fragmentation with either a DNA
laddering kit (Trevigen, Gaithersburg, MD) or 4�,6-diamidino-2-
phenylindole staining of cells, and�or (iii) Live�Dead kit (Molec-
ular Probes). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide assays [CellTiter 96 nonradioactive cell
proliferation assay (Promega)] and neurite-outgrowth experiments
were performed on a subset of the cell lines. Cells with at least one
visible process equal to or greater than one cell body were counted
as positive for neurite formation.

Chemical Compound Screens in PC12 Cells. Congo red was solubi-
lized in DMSO at 25 mM, cystamine bitartrate in water at 10
mM, and minocycline hydrochloride in 50�50 (vol�vol) DMSO�
water at 20 mM. Compounds (Sigma) were added directly to
cell-culture media at final concentrations of 1–50 �M, and
aggregation was calculated. Chemical compounds were assessed
for cellular toxicity by evaluating cell morphology, Htt expres-
sion, expression of endogenous proteins (e.g., Hsp70, nucleolin,
p53, and �-tubulin), and cell viability.

Chemical Compound Screens in Drosophila. Flies were mated at 25°C
as described (31). Eggs were collected and transferred into vials
at 29°C containing standard food supplemented with the com-
pound to be tested, and adults were transferred to vials con-
taining fresh food every 3 days after eclosion. Eyes were
monitored 3, 7, and 10 days after eclosion by using the pseu-

dopupil technique (31). The transgenic polyQ line used was
P{UAS-Q48myc}42 (31).

To assay the motor behavior of the flies, 10 flies were placed
in a vial, and the time required for half of them to cross a line
6 cm from the bottom was determined. This process was
repeated five times on each population sample (33).

Results and Discussion
Development of Ecdysone-Inducible PC12 Cells Expressing Htt with
Normal and Expanded polyQ Repeats. PC12 cells, expressing a
hybrid ecdysone receptor, were stably transfected with ecdysone-
inducible plasmids encoding epitope-tagged human Htt cDNAs
with normal range (25 Qs) and expanded (47–300 Qs) polyQ
repeats (Fig. 1A). Basal and induced expression levels of Htt
fusion proteins were examined by Western blot analysis (Fig. 1
B and C) and fluorescence microscopy (Fig. 2 A and B). Maximal
induction was observed at 5 �M PA after 48 h, with expression
detected as early as 12 h. Low basal expression of fusion proteins
before the addition of inducer is observed (Fig. 1B, represen-
tative Western). Clones and pools of stably transfected cells were
selected (Fig. 1C).

PC12 cells can be stimulated with growth factors to stop
dividing and differentiate into neuronal-like structures. Expres-
sion of the Htt exon 1 proteins was compared in proliferating
cells and differentiated cells (data not shown). Similar levels of
transgene expression were detected by Western blot analysis, a

Fig. 1. Expression of inducible Htt transgenes in PC12 cells. (A) Expression
constructs. All constructs contain a carboxyl-terminal EGFP epitope tag, and
some constructs contain an amino-terminal FLAG (F) tag as indicated. Htt(Qn)-
EGFP, a truncated exon 1 encoding the first 17 aa of Htt with 25, 103, 191, 250,
or 300 Qs; Htt(Qn)P-EGFP, the region of Htt encoded by exon 1 with 25, 47, or
103 Qs containing the proline-rich region (P); F-Htt(Qn)P-EGFP, exon 1 protein
(25 or 103 Qs) with an amino-terminal FLAG tag; F-Htt(Qn) 584-EGFP, an
amino-terminal FLAG-tagged construct encoding 584 aa of Htt [numbering is
consistent with GenBank accession no. P42858 with 23 Qs and including
consensus caspase cleavage sites (52)], with 25, 103, or 144 Qs. (B and C)
Western blots of total cell lysates. Proliferating cells were induced with 5 �M
PA for 48 h, and 100 �g of total protein was electrophoresed on 10% SDS gels,
blotted, and incubated with CAG53b antibody. The apparent higher level of
the Htt103Q polypeptide may be due to the fact that the antibody preferen-
tially recognizes proteins containing longer polyQ stretches. (B) Htt(Qn)-EGFP
cells with 25 or 103 Qs plus and minus PA induction. (C) Pools of cells containing
the indicated Htt constructs were induced with 5 �M PA for 48 h. Molecular
mass markers are shown to the right of the figure.
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consideration important for the use of differentiated cells in
secondary chemical compound screens.

Neurite Outgrowth of PC12 Cells Is Not Altered Significantly by
Expression of Expanded Repeat Htt. To determine whether the
expression of the Htt transgene influenced formation of neu-
rites, a subset of cell lines were evaluated for neurite outgrowth.
F-Htt25Q-EGFP clones (nos. 17 and 20), F-Htt103QP-EGFP
clones (nos. 14 and 19), Htt14A2.5 (described below), and the
parental PC12ec line each were induced with PA for 24 h before
nerve growth factor treatment. Neurites were quantitated 2 and
6 days after the addition of growth factor (34). No significant
difference in neurite formation was detected in the presence of
the normal or mutant Htt protein relative to uninduced controls
(P � 0.05, unpaired two-tailed Student’s t tests). These results
are in contrast to studies in other PC12 cell lines that show
impairment of neurite outgrowth after expression of mutant Htt
proteins constitutively (35) or at 6 days after induction of the
mutant protein (34), whereas differentiation appears unaffected
in a SCA3 PC12 cell model (22). Because of differences in the
origins of the PC12 clonal lines used to make the transgenic lines
and differences in levels of mutant Htt expression, a threshold
may exist for differentiation effects.

Expanded Repeat Htt Expression Does Not Reduce Viability Signifi-
cantly. Several HD cell culture models show reduced viability
after expression of mutant Htt proteins (20, 34–36), whereas

others show no toxicity after expression of mutant Htt indepen-
dent of additional cellular insults (21). To test polyQ-mediated
toxicity, proliferating or differentiated Htt-expressing lines were
evaluated for altered viability after induction with PA. No
obvious reduction in viability of these cells was detected in any
line after induction of the transgene for 2 or 6 days [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; P �
0.05, unpaired two-tailed Student’s t tests]. Based on gene-
expression profiling of the Htt14A2.5 line (described below),
classes of genes up-regulated after induction of the transgene
include those encoding proteins involved in cellular stress re-
sponses (unpublished results). Therefore, it is possible that these
PC12 cells can mount a stress response that may aid in protecting
them from subsequent cell death. Alternatively, these cells are
representative of neurons in early stages of differentiation that
can take decades to progress to cell death in HD patients.
Mechanisms for differences in susceptible and nonsusceptible
lines remain to be elucidated.

Aggregation in Proliferating and Differentiated Cells. A hallmark
feature of polyQ-repeat diseases is the presence of inclusions in
the cytosol and nuclei of neurons. Therefore, the cellular
distribution of the Htt fusion proteins containing normal-range
or expanded glutamine repeats was characterized by fluorescent
microscopy in proliferating and differentiated cells. In prolifer-
ating cells expressing Htt proteins with normal-range repeats,

Fig. 2. Characterization of aggregation in inducible PC12 cells expressing Htt transgenes with fluorescent microscopy. (A) Diffuse EGFP fluorescence in pools
of proliferating cells expressing normal-length polyQs tagged with EGFP (Htt25Q-EGFP). (B) Aggregates in proliferating cells expressing Htt103Q-EGFP. Cells have
dim, diffuse fluorescence of soluble polyQs and bright EGFP fluorescent aggregates. The images shown in A and B were taken of live cells at �10 magnification.
(C) Aggregates in cytoplasm and neuropils and in the nuclei (Inset) of differentiated Htt103Q-EGFP. The images shown in C were taken from fixed cells at high
magnification (�40). Aggregation is expressed as the percentage of cells with aggregates versus the total number of EGFP-positive cells. Nuclei were visualized
by 4�,6-diamidino-2-phenylindole staining (blue), and cytoplasm (red) was visualized by probing with anti-�-tubulin antibodies as described in Materials and
Methods. (D and E) Time course of aggregate appearance in proliferating (D) and differentiated (E) cells. �, Htt14A2.5; f, F-Htt103QP EGFP; F, F-Htt103QP EGFP.
(F) Kinetics of aggregation in proliferating cells using high-resolution video microscopy. The nucleation site of aggregation became evident after 20 min of
filming (frame 20), followed by rapid polymerization, which led to complete aggregation in 30 min (frames 30, 40, and 50). Frames were taken at 10-min intervals.
(B, C, and F) Htt14A2.6 clonal line. (D and E) Htt14A2.5 clonal line. The arrows indicate aggregates. np, neuropil.
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diffuse EGFP fluorescence was observed throughout the cell
(Fig. 2 A). Lines expressing 103 Qs contained both diffuse EGFP
fluorescence and brightly f luorescent aggregates (high aggregate
line, Htt14A2.5, is shown in Fig. 2B). However, in general the
percentage of cells containing aggregates was low (1–10%, data
not shown). Very few aggregates were observed in lines express-
ing Htt103Q584-EGFP (�1%), presumably because of the lower
expression level and the longer Htt protein sequence. Two
subclones of an Htt103Q-EGFP line, Htt14A2 (Htt14A2.5 and
Htt14A2.6), were isolated by further selection for a high per-
centage of cells containing visible aggregates after induction
(�50–80%). Inclusions were detected in both the cytoplasm and
nuclei (Fig. 2B). Inclusion formation was analyzed over time in
the Htt14A2.5 line and F-Htt103QP-EGFP (clones 14 and 19)
lines; small aggregates could be detected 12 h after induction
with 5 �M PA and reached a maximum at 36–48 h over a 6-day
time course (Fig. 2D).

Similar results were obtained in differentiated cells over a
4-day time course. For each line, nuclear and cytosolic aggre-
gates were observed as well as aggregates in neuritic processes
(Fig. 2C shows representation of each type). Aggregates ap-
peared more slowly in differentiated cells than in dividing cells
(Fig. 2E) possibly because of a significant increase in the
cytoplasmic volume of differentiating cells and consequently a
relative decrease in polyQ concentration.

A small fraction of the total aggregates were nuclear in the
Htt14A2.5 and Htt14A2.6 clonal lines after a 48-h induction
(�6% of cells with aggregates). As shown in other systems (1),
nuclear aggregates appear more slowly than cytoplasmic aggre-
gates. For example, when induction of proliferating Htt14A2.6
cells with 10 �M MA was extended to 72 h, the percentage of
nuclear aggregates increased to �15%, whereas the percentage
of cytoplasmic aggregates did not change significantly. Typically,
expanded polyQ aggregates in the cytoplasm formed a single or
a few large, bright inclusions (see Fig. 2C in differentiated cells)
with little soluble protein remaining, whereas nuclear aggregates
frequently appear as round, multiple bodies, often with soluble
EGFP fluorescence still visible in the cytoplasm.

By using high-resolution video microscopy, the process of
aggregation in proliferating PC12 cells was captured (Fig. 2F).
Aggregation of expanded polyQ protein was complete within
30–40 min of initial nucleation. As in transient transfection
assays (16, 32, 37), a nucleation step followed by rapid polymer-
ization was observed. Most of the soluble cytoplasmic polyQs
aggregated in one inclusion, suggesting either active cellular
transport to the aggregation site or, more likely, transient protein
interaction of soluble polyQ in the cell. Once nucleation oc-
curred, the kinetics of aggregation appeared to be similar in
proliferating and differentiated cells. These results are consistent

with studies suggesting that nucleation is the rate-limiting step
followed by rapid growth of the aggregate (14, 16, 37).

PC12 Cell-Based Screen for Chemical Inhibitors of Aggregation. A
primary goal in establishing inducible PC12 cell lines was to
develop a cell-based assay to screen chemical compounds for
their ability to inhibit expanded polyQ protein interactions
and�or inclusion formation, particularly in the absence of obvi-
ous cellular toxicity. For these screens, a visual aggregation assay
was developed. To establish assay conditions and characterize
the potential efficacy of a PC12 cell-based system, we tested the
effect of three previously characterized chemical inhibitors of
polyQ-mediated toxicity upon aggregation: Congo red, cysta-
mine, and minocycline. These chemical inhibitors each target
different cellular processes. Congo red, a histological dye com-
monly used to detect amyloid deposits, inhibits HD aggregate
formation in vitro and in cell culture (15) and in HD transgenic
hippocampal slice cultures (38). Cystamine, a putative transglu-
taminase inhibitor, promotes extended survival and improved
motor function in HD transgenic mouse models (39, 40). Trans-
glutaminases catalyze a calcium-dependent covalent linkage of
glutamine residues to lysine residues. When cystamine treatment
is initiated before inclusions are present, it markedly prevents
their formation (40). Treatment after inclusions are present does
not seem to affect them significantly (39). Minocycline, an
inhibitor of caspase 1 and caspase 3 activity and of inducible
nitric-oxide synthetase production, delays mortality in a trans-
genic HD mouse model (41), whereas aggregate formation
appears unaffected.

Htt14A2.5 and Htt14A2.6 clonal lines, specifically selected for
high levels of aggregation, were used to develop an assay system
that would detect both weak and strong effects of compounds
after inclusion formation. We reasoned that poor inhibitors of
aggregation might fail to significantly block the process under
conditions that strongly favor aggregation such as high polyQ-
expression levels and�or a high percentage of cells with visible
aggregates. Aggregation in these PC12 cell lines depends on
inducer concentration: e.g., visible aggregates form in 50–80%
of the cells induced for 48 h with a high concentration of MA (5
�M) but at lower concentrations ranges from 0.5 to 1.0 �M,
inclusions were detected in only 20% and 40% of the Htt14A2.5
and Htt14A2.6 EGFP-positive cells, respectively. Because the
process of aggregation is also time-dependent, aggregate for-
mation was assessed in the presence of compounds at 12-h
intervals after induction. Congo red, minocycline, or cystamine
bitartrate were added to the media at a concentration range of
1–50 �M together with 1 or 5 �M MA, and the percentage of
EGFP-positive cells containing visible aggregates was deter-
mined (Fig. 3 A and B). Under conditions of low polyQ expres-
sion, Congo-red treatment resulted in an �33% inhibition, and

Fig. 3. Chemical compound screen in inducible PC12 cells expressing Htt103Q-EGFP. Aggregation in PC12 cells expressing Htt103Q-EGFP (Htt14A2.5) in the
presence of DMSO (A) or treated with 10 �M Congo red in DMSO (B) is shown. The altered morphology of aggregates in the presence of Congo red is indicated
with arrows. (Scale bar, 50 �m.) (C) Quantification of aggregation in the Htt14A2.5 cell line with Congo red (10 �M), minocycline hydrochloride (50 �M), and
cystamine bitartrate (50 �M). Expression of truncated exon 1 was induced for 48 h with 1 �M MA, and compounds were added to cells simultaneously with an
inducer.

Apostol et al. PNAS � May 13, 2003 � vol. 100 � no. 10 � 5953

G
EN

ET
IC

S



cystamine treatment resulted in an �67% inhibition of aggre-
gation (Fig. 3C). In contrast, minocycline only slightly inhibited
aggregation (Fig. 3C). All three compounds were toxic at higher
concentrations (�100 �M), and therefore effects on aggregation
at these concentrations were not determined. At high inducer
concentrations, the suppression of aggregation observed with
low inducer concentration (e.g., 1 �M MA), is reduced signifi-
cantly for cystamine, and is no longer observed with minocycline
or Congo red (data not shown).

For use as a secondary screen, differentiated inducible PC12
cells were tested for visible aggregate production in the presence
and absence of cystamine. Inhibition of aggregation proceeded
in a concentration-dependent manner with maximal inhibition
and minimal toxicity at 50 �M cystamine. These results suggest
that the PC12 cell lines represent a sensitive screening tool for
compounds that alter the process of aggregation.

Chemical Inhibitors of Aggregation in Cell Culture Can Suppress
Pathogenic polyQ-Mediated Phenotypes in Drosophila. To determine
whether the reduction of aggregation observed in cell culture in
the presence of chemical inhibitors can translate into a reduction
of polyQ pathogenesis in vivo, we fed Congo red or cystamine to
Drosophila expressing an expanded polyQ-repeat polypeptide
independent of disease-gene context. These peptides are intrin-
sically cytotoxic and cause neuronal degeneration and reduced
viability when expressed in Drosophila neurons (42, 43), and
chemical compounds can be fed directly to these flies (31). The
neurodegeneration is observed most easily in the fly compound
eye, in which photoreceptor cells produce a repeating trapezoi-
dal arrangement of seven visible rhabdomeres (subcellular light-
gathering structures) (42–46). As a primary assay, the effect of
these compounds on the integrity of photoreceptor neurons in
the compound eye was evaluated. The expression of a polypep-
tide with 48 glutamines (Q48) leads to a progressive loss of
rhabdomeres. Congo red and cystamine were tested at concen-
trations of 2.5–2,500 �M and 1–500 �M, respectively, based on
initial toxicity tests in wild-type flies. Both compounds sup-
pressed degeneration of photoreceptor neurons, increasing the
average number of visible rhabdomeres of 10-day-old flies from

4.4 to 4.7 for 250 �M Congo red and to 5.3 for 100 �M cystamine
(Fig. 4 A–C). At high doses �250 �M Congo red, toxicity is
evident, and suppression of pathogenesis is reduced (Fig. 4D). In
hippocampal slice cultures from HD transgenic mice (38), Congo
red produces a more complex dose-response curve, but again
lower concentrations proved more effective than higher ones.
Aggregation in eye discs was also evaluated. Minimal effects on
inclusion formation in vivo were observed after feeding either
Congo red or cystamine, presumably because of the low visible
inclusion formation in eye discs of the Q48 flies during larval
development and consequent lower sensitivity of the assay. The
effect of minocycline was also tested in the Q48 polyQ model;
however, minimal improvement was observed at the concentra-
tions tested.

A second phenotype associated with expanded polyQ expres-
sion is a decrease in motor function. This can be assayed by using
an ‘‘escape’’ or climbing assay as described (33). Flies with
polyQ-induced neuropathology (Q48) needed an average of 26
sec to climb a defined distance up a vial. No rescue of the motor
defect in experiments with cystamine was observed, illuminating
the complexity of neuronal dysfunction and phenotypic read-out
and the importance of performing multiple tests of phenotypic
suppression. However, similar flies fed 250 �M Congo red
required only 11 sec to climb the same distance (data not shown),
reflecting significant rescue of motor function.

Summary
Many laboratories have developed assays and initiated screens
for drugs that prevent aggregation of expanded polyQs (47). In
vitro assays include those based on filter retention of SDS-
insoluble aggregates (14), incorporation of labeled polyQ from
solution into preformed polyQ aggregates immobilized on a solid
phase (e.g., growth of aggregates) (48, 49), and screens for
compounds that selectively recognize structural features of
expanded polyQ protein using fluorescence resonance energy-
transfer (FRET) readouts (50). Hippocampal slice cultures have
been developed to monitor aggregate formation (38) as well as
in vivo C. elegans screens (51). Different classes of aggregation
inhibitors may result from these screens depending on whether

Fig. 4. Chemical compound screen in Q48-expressing Drosophila. (A and B) Quantitation of the number of rhabdomeres per ommatidium in the presence of
100 �M cystamine (A) or 250 �M Congo red (B) in Q48-expressing flies. (C) Photographs of ommatidia from flies with no transgene expression (normal eye) or
Q48 expression alone and from flies fed 250 �M Congo red or 100 �M cystamine. (D) Dose response for Congo red. Flies were fed 2.5–2,500 mM Congo red. Percent
rescue was calculated as (percent surviving � percent surviving on solvent alone)/(1 � percent surviving on solvent alone).
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they inhibit initial protein–protein interactions, nucleation of
aggregation, or growth of inclusions, and these differences may
translate into separable in vivo effects. The disruption of aggre-
gation in the inducible PC12 cells strongly correlates with
suppression of neuronal degeneration in vivo, thus providing a
rapid and effective method to screen and validate compounds.
The monitoring of visible aggregate formation in proliferating
cells is well suited for high-throughput screens of chemical
compounds, whereas differentiated cells may represent a valid
approach to lower-throughput screens and tests of toxicity of
chemical compounds in neuron-like cells. Finally, compounds
that show promise can be validated further in Drosophila models
of polyQ-repeat pathogenesis before testing in mammalian
models.

Note Added in Proof. Recently, new research has demonstrated that
Congo red suppresses pathogenic phenotypes in HD transgenic mice (53).
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