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Abstract

A growing number of human neurodegenerative diseases are associated
with disruption of cellular protein folding homeostasis, leading to the
appearance of misfolded proteins and deposition of protein aggregates
and inclusions. Recent years have been witness to widespread development
of invertebrate systems (specifically Drosophila and Caenorhabditis
elegans) to model these disorders, bringing the many advantages of such
systems, particularly the power of genetic analysis in a metazoan, to bear
on these problems. In this chapter, we describe our studies using the
nematode, C. elegans, as a model to study polyglutamine expansions as
occur in Huntington’s disease and related ataxias. Using fluorescently
tagged polyglutamine repeats of different lengths, we have examined the
dynamics of aggregate formation both within individual cells and over time
throughout the lifetime of individual organisms, identifying aging as an
important physiological determinant of aggregation and toxicity. Expanding
on these observations, we demonstrate that a genetic pathway regulating
longevity can alter the time course of aging-related polyglutamine-mediated
phenotypes. To identify novel targets and better understand how cells sense
and respond to the appearance of misfolded and aggregation-prone pro-
teins, we use a genome-wide RNA interference-based genetic screen to
identify modifiers of age-dependent polyglutamine aggregation. Through-
out these studies, we used fluorescence-based, live-cell biological and bio-
physical methods to study the behavior of these proteins in a complex
multicellular environment.

Introduction

Misfolded proteins, aggregates, and inclusion bodies are hallmarks of a
range of neurodegenerative disorders including Alzheimer’s disease (AD),
Parkinson’s disease (PD), prion disorders, amyotrophic lateral sclerosis
(ALS), and polyglutamine diseases, which include Huntington’s disease
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(HD) and related ataxias (Kakizuka, 1998; Kopito and Ron, 2000; Stefani
and Dobson, 2003). Each of these disorders exhibits aging-dependent
onset, selective neuronal vulnerability despite widespread expression of
the related proteins, and a progressive, usually fatal, clinical course. Depo-
sition of intracellular or extracellular protein aggregates is a well-conserved
pathological feature and has been the focus of extensive investigation,
as described later (Stefani and Dobson, 2003). Despite differences in the
underlying genes involved, inheritance, and clinical presentation, the simi-
larities observed have led to the idea of shared pathogenic mechanisms and
the hope that insights into one process may be generalized to others.

In support of this premise is growing evidence that the cellular protein
quality control system seems to be an underlying common denominator of
these diseases (Dobson, 2001). For example, genes involved in protein
folding and degradation, including molecular chaperones and components
of the proteasome, have been shown to modulate onset, development, and
progression in models of multiple neurodegenerative diseases (Bonini, 2002;
Chan et al.,2002; Cummings et al., 1998). Furthermore, it has been suggested
that despite the absence of sequence homology, different disease-related
proteins share a common ability to adopt similar proteotoxic conformations
(Kayed et al., 2003; O’Nuallain and Wetzel, 2002) and that these might be
used as therapeutic targets.

Invertebrate Models of Neurodegenerative Disease

Some of these disorders, including the polyglutamine diseases, exhibit
clear familial inheritance, allowing the use of genetic studies and posi-
tional cloning to identify single gene alterations underlying the disorders
(Kawaguchi et al., 1994; Koide et al., 1994; La Spada et al., 1991; Orr et al.,
1993). Other diseases are more commonly sporadic, but rare familial forms
have allowed the identification of candidate genes that could reveal insights
into pathology. These include mutations of amyloid precursor protein in
AD, parkin and a-synuclein in PD, and superoxide dismutase in ALS
(Kamino et al, 1992; Laing and Siddique, 1997; Lucking et al., 2000;
Mizuno et al., 2001; Polymeropoulos et al., 1997; Rosen et al., 1993).
Identification of these genes has led to an explosion of models to investi-
gate the underlying pathology, identify factors and pathways that modify
the disease process, and test potential therapeutic interventions.

Mouse and cell culture models continue to be mainstays to complement
clinical study of these disorders for their complexity and simplicity, respec-
tively. Recently, invertebrate models, in particular Drosophila and C. elegans,
have been used to great advantage in the study of neurodegenerative disease
(Driscoll and Gerstbrein, 2003; Link, 2001; Thompson and Marsh, 2003;
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Westlund et al., 2004). As described in more detail later for C. elegans, these
systems represent an attractive intermediate by combining sufficient com-
plexity to allow investigation of both cellular and behavioral phenotypes with
simplicity that facilitates rapid, high-throughput testing of hypotheses.
Pathogenic mechanisms in neurodegeneration often involve a gain of
function toxicity allowing these disorders to be modeled by transgenic over-
expression of human disease-related proteins regardless of the presence or
absence of a clear ortholog. For example, expression of polyglutamine-
containing proteins is neurotoxic in both Drosophila retinal neurons and
C. elegans chemosensory or mechanosensory neurons despite the absence of
clear disease gene orthologs (Faber ef al., 1999, 2002; Parker et al., 2001;
Warrick et al., 1998). Similar strategies have been used to examine the
toxicity of APP, SOD, and a-synuclein in flies and worms (Feany and
Bender, 2000; Lee et al., 2005; Link, 1995, 2001; Oeda et al., 2001; Shulman
et al., 2003; Wexler et al., 2004). However, it is clear that no single model
recapitulates all features of a given disease. A discrepancy common with
many models is that disease-related proteins are toxic in most cell types
where they have been expressed without appropriate tissue specificity.
Despite the idiosyncrasies of different models, each provides unique insights
that clearly validate the general approach. Presumably, features observed
across disparate models, with different inherent assumptions and sources of
variability, are most likely to represent key events underlying pathology.

C. elegans Models of Polyglutamine Disease

We have focused our studies largely on polyglutamine expansions as
occur in Huntington’s disease and related movement disorders including
several spinocerebellar ataxias and Kennedy’s disease (Orr, 2001; Ross,
2002; Trottier et al., 1995; Zoghbi and Orr, 2000). Expression of expanded
polyglutamine, with or without flanking sequences from the endogenous
proteins, or when inserted into an unrelated protein, is sufficient to reca-
pitulate pathological features of the diseases in multiple model systems
(Davies et al., 1997; Mangiarini et al., 1996; Ordway et al., 1997). This
suggests that polyglutamine expansions play a central role in these disor-
ders and supports an approach in which expression of isolated polygluta-
mine expansions without flanking sequences could lend insight into shared
features of these disorders.

A novel feature of the polyglutamine diseases is polymorphism of the
repeat length among individuals, with an apparent pathogenic threshold of
35-40 residues. Molecular genetic studies have established that Huntingtin
alleles from normal chromosomes contain fewer than 30-34 CAG repeats,
whereas those from affected chromosomes contain greater than 35-40
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repeats (Andrew et al., 1993). Analysis of patient databases has estab-
lished a strong inverse correlation between repeat length and age of onset
(Andrew et al., 1993; Brinkman et al., 1997). Similar breakpoints and length
dependence are seen for the other polyglutamine repeat diseases suggest-
ing a 35-40 residue threshold at which the disease gene products are
converted to a proteotoxic state.

Here, we describe our experience using the nematode, C. elegans, as a
model to study polyglutamine expansions. C. elegans is a roundworm that in
its free-living form can be found in a variety of soil habitats throughout the
world. In the laboratory, the animals can be readily cultured in large num-
bers on agar plates seeded with a lawn of E. coli, as wild-type adult animals
reach a maximum length of approximately 1-1.5 mm. The adult stage is
preceded by progression through embryonic development and four larval
stages. This life cycle is completed in approximately 3 days under typical
growth conditions (20-25°). Taken together with an adult lifespan of ap-
proximately 2 weeks under normal conditions, this allows experiments to be
designed and carried out quite rapidly compared with other metazoan
model systems.

A self-fertilizing hermaphrodite form comprises greater than 99% of
C. elegans in normal populations, although males arise at a low frequency
of ~0.01% (owing to meiotic nondisjunction) allowing construction and
maintenance of genetic stocks. The hermaphrodite body plan is relatively
simple, composed of only 959 somatic cells. However, this small number of
cells is sufficient for the formation of multiple complex tissues types including
intestine, muscle, hypodermis, and a fully differentiated nervous system.
Thus, despite its simplicity and ease of handling in the laboratory, studies in
C. elegans can offer insight into processes unique to complex multicellular
organisms. In addition, the C. elegans system has well-established techniques
for forward and reverse genetics, a wide range of mutants, and a fully
sequenced genome, all of which enhance the usefulness of this model.
We highly recommend two monographs published by Cold Spring Harbor
Laboratory Press titled “The Nematode C. elegans’ and ““C. elegans 11"’ for
further information on C. elegans. Additional information and updates on
C. elegans are available online as “WormBook” (http://www.wormbook.org).

In the studies described here, we have examined the fate of aggregation-
prone polyglutamine proteins in a living organism and, in particular, the
potential influence of physiological and genetic modifiers on these process-
es. For example, we wished to understand the relationship between aging
and the ability of organisms to sense and respond to the appearance of
misfolded and aggregation-prone proteins. In addition, we studied the ex-
pression of polyglutamine proteins in different tissue types, namely muscle
cells and neurons, to better understand the effect of cell-type specific factors.
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Using genome-wide RNA interference (RNAi) analysis in C. elegans, we
sought to identify the comprehensive set of proteins or complexes that
modulate the cellular protein folding environment, which we refer to as
the “protein folding buffer.” Throughout these studies, we used powerful
fluorescence-based cell biological and biophysical methods (described here
in a series of detailed protocols) to examine the behavior of these proteins in
a complex multicellular environment.

Visualization of Protein in a Live, Multicellular Organism

Previous studies in vitro had demonstrated that polyglutamine peptides
exhibited nucleation-dependent aggregation kinetics proportional to repeat
length (Chen et al., 2001; Scherzinger et al., 1997), reminiscent of the inverse
correlation between polyglutamine length and age-at-onset observed in the
human diseases (Chen et al., 2002). However, studies on polyglutamine-
mediated toxicity in animal models had examined only the extreme ends
of the spectrum comparing the effects of very short (<30Q) or very long
(>60Q) repeats. We chose to examine the distinctive properties of polyglu-
tamine proteins at the apparent pathogenic threshold (Q30-Q40) in the
crowded macromolecular environment of the cell.

We generated a series of transgenic animals expressing polyglutamine
repeats of different lengths in body-wall muscle cells, with greater resolu-
tion near the apparent threshold (Q0, Q19, Q29, Q33, Q35, Q40, Q44, Q64,
and Q82) fused to YFP. In young adult animals (3-4 days old), we found a
clear length-dependent shift in the subcellular localization of the proteins,
because repeat lengths of Q35 or less were localized diffusely as soluble
proteins (Fig. 1A), but repeat lengths of Q40 and greater were localized in
aggregates (Fig. 1A).

To determine whether the properties of polyglutamine proteins
observed in muscle cells were tissue specific, we expressed a range of poly-
glutamine proteins in the nervous system of C. elegans. Polyglutamine
proteins in C. elegans neurons displayed Q-length—-dependent changes in
protein localization similar to that observed in muscle cells. Expression of
YFP alone or YFP fused to Q19, Q35, or Q40 resulted in a soluble distribu-
tion pattern (Fig. 1B). The distribution of Q67::YFP or Q86::YFP in the
nervous system was distinctly different from smaller glutamine tracts, with
the protein localized to discreet foci (Fig. 1B). Although the trend of length-
dependent changes in the localization of polyglutamine proteins is consis-
tent between muscle and neurons in C. elegans, the aggregation threshold
seems to be lower in muscle cells at this level of resolution. The use of
additional assays described here, including Fluorescence Recovery After
Photobleaching (FRAP), reveals that Q40 is also the threshold for changes
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Fic. 1. Length-dependent aggregation of polyglutamine:YFP fusion proteins in
C. elegans. (A) Fluorescent images of 3—4-day-old C. elegans expressing different lengths of
polyglutamine::YFP in body-wall muscle cells. Bar = 0.1 mm. (B) Fluorescent images of
C. elegans expressing different lengths of polyglutamine:: YFP throughout the nervous system
of 4-day-old animals. Images are flattened, confocal z-stacks of C. elegans head, scale bar =
50 pum. Neuronal cell bodies are significantly smaller than body-wall muscle cells and foci, such
as those indicated by the arrows in Q19 (B) are cell bodies. In both tissue types, expressing
YFP or Q19:YFP results in diffuse fluorescence in all expressing cells, whereas animals
expressing >80 glutamine repeats exhibited distribution into fluorescent foci. Animals
expressing Q40::YFP in muscle cells showed a polymorphic phenotype with both diffuse and
punctate fluorescence distribution (A), whereas no changes in Q40:YFP distribution are
visible in the neuronal model at this level of microscopic resolution (B).

in the properties of polyglutamine proteins in neurons as well as in muscles.
Together, these models establish a system allowing the simultaneous visuali-
zation of aggregation and toxicity in multiple tissue types in a single organism,
allowing further studies to identify physiological and genetic modifiers.

Generating Transgenic C. elegans—Expressing Polyglutamine Proteins

Plasmid Construction. Construction of polyglutamine vectors for ex-
pression in muscle cells was as described previously (Morley et al., 2002).
Pan-neuronal polyglutamine expression was achieved by cloning 3.5 kb of
DNA upstream of the C. elegans gene, F25B3.3, along with the first five
codons with a point mutation of the start codon to ATC (gift of Dr. David
Pilgrim). This fragment was cloned into pPD95.79 (gift of Dr. Andrew
Fire) between the Pstl and BamH]I sites generating Pr,sps 3. Glutamine
tracts were established by sequencing and inserted into a second vector
containing CFP (pECFP-N1, Clonetech) between the Kpnl and BamH1
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sites. Polyglutamine::CFP fragments were generated by addition of a 3’ Bsm/
site following Q(n)CFP in pECFP-N1 by PCR amplification. The resulting
Q(n)CFP fragments and Pgysp3 3 were digested with Kpnl/Bsml and ligated.
Constructs containing polyglutamine expansions labeled with YFP were gen-
erated by removing CFP from Pg,sp33Q(n)::CFP and inserting YFP from
pEYFP-N1 (Clonetech) between Agel and Not! sites.

Generation of Transgenic Strains. Nematodes were raised and handled
using standard methods unless otherwise noted (Brenner, 1974). Genera-
tion of transgenic animals expressing polyglutamine proteins in muscle
cells was as described previously (Morley et al., 2002). For generation of
transgenic animals expressing pan-neuronal polyglutamine, DNA encoding
Pr2s33Q(0, 19, 29, 40, 67, 86)::CFP or YFP was injected into wild-type
animals (N2) at 50 ng/ul. Of note, in C. elegans, heritable transgenes result
from the assembly of injected DNAs into large extrachromosomal arrays
(Mello et al., 1991). Depending on copy number and other factors, expres-
sion of the gene of interest may vary somewhat in independent lines;
therefore, it is important to isolate and analyze multiple lines for a given
transgene to ensure homogeneity of phenotype. This is also important to
ensure that any phenotypes are not the result solely of transgene expres-
sion levels, although we suggest using a biochemical approach, such as
Western blots, to compare protein expression levels between transgenic
lines. Finally, it is of critical importance that transgenic lines are frozen as
soon as possible after they have been generated. We have observed that
animals kept in continuous culture, especially those expressing large, toxic
glutamine tracts, eventually adapt to the transgene. This has been more
evident in various behavioral assays used to establish toxicity rather than
aggregation. The time required for animals to adapt varies widely depend-
ing on the transgene and various stressors, so we cannot recommend how
long lines should be kept in culture. However, we do suggest thawing lines
before any new or critical assay.

The Use of Fluorescence Imaging in C. elegans

High-Resolution Imaging in C. elegans. Animals used for live imaging
are mounted on a glass slide with a pad of 3% agarose. The agarose pad
provides a ‘““cushion” for the animals to sink into when the coverslip is added
and prevents them from being crushed, allowing individual animals to be
repeatedly imaged over time. Animals are immobilized by 1 mM levamisole,
an acetylcholine agonist that causes permanent contraction of muscle cells. It
is important to note that although levamisole paralyzes the body-wall muscle
cells of C. elegans, animals should continue to display erratic pharyngeal
pumping, indicating that they have survived the mounting process.
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Imaging and fluorescence-based biophysical experiments presented
here were performed on a Zeiss LSM, 510 Meta confocal microscope.
For C. elegans, a 63x water objective with a 1.4 numerical aperture was
used. Because animals are mounted in agarose, a water objective is prefer-
able to an oil immersion objective. For optimal imaging, animals should
be well spaced on the slide and the coverslip carefully sealed to prevent the
agarose pad from drying out and desiccating the animal during imaging.

Aggregate Quantification. Animals expressing polyglutamine aggregates
in muscle cells were viewed at 100 x magnification using a stereomicroscope
equipped for fluorescence, and the number of polyglutamine aggregates was
counted. Aggregates were defined as discrete structures with boundaries
distinguishable from surrounding fluorescence on all sides. Aggregate size in
muscle cells, when measured using confocal microscopy, typically ranged
from 1 x 5 pm. At 100x magnification, we were able to detect >80% of
aggregates observable at higher magnifications. Repeated aggregate counts
by the same observer and independent observers in blinded analyses varied
by less than 10%. Polyglutamine aggregate size varies depending on tissue
type, and aggregates in neurons were smaller (typically less than 2 um in
diameter), because their growth is limited by the small size of neurons
relative to body-wall muscle cells.

Biophysical Analysis of Polyglutamine Proteins in C. elegans

A clear advantage provided by this system was our ability to readily
visualize aggregates in an intact organism. This allowed us to apply
fluorescence-based cell biological techniques to examine the properties of
polyglutamine proteins in the living animal. For example, we used Fluores-
cence Recovery After Photobleaching (FRAP) to determine whether the
shift in polyglutmine:: YFP cellular distribution corresponded to a transition
of these proteins from a soluble to an aggregated state. FRAP and other
biophysical techniques can be adapted for C. elegans with very few changes
to the processes established for studying cultured cells.

Fluorescence Recovery After Photobleaching. One of the most critical
requirements for FRAP is a good sample; in this case a well-mounted
animal exhibits minimal movement and provides access to the appropriate
cells. The process of mounting C. elegans for microscopy was described
previously; however it is often difficult to find animals that are sufficiently
still and in the correct orientation. Therefore, we recommend preparing at
least two slides with ~5-10 animals mounted on each slide. To minimize
movement, animals should not be mounted immediately before FRAP
experiments. We typically allow at least 30 min before experiments for
maximal effectiveness of levamisole treatment.
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FiG. 2. FRAP analysis of polyglutamine::YFP solubility in living animals. FRAP
distinguishes between QO::YFP (A) and a Q40::YFP foci (B) in muscle cells. Images presented
are representative and include an image before photobleaching (pre-bleach) of the boxed area
(black box), immediately after photobleaching (post-bleach) and after a recovery period (time
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The data presented here were generated by FRAP analysis on animals
expressing various lengths of polyglutamine proteins fused to a C-terminal
YFP. Therefore, both imaging and photobleaching used a laser with a
wavelength of 514 nm, specific for YFP. Excitation for imaging purposes
was performed at 0.1% laser power transmission. This low percentage of
transmission was selected for imaging to minimize photobleaching while
still providing sufficient image quality for data analysis. Photobleaching
used 100% transmission of the 514 nm laser over a region of interest (ROI)
with iterations sufficient to photobleach the sample. The size of the ROI,
number of photobleaching iterations and the imaging transmission should
be adjusted on the basis of the specific properties of the sample. For
example, C. elegans muscle cells are much larger than neurons, and, conse-
quently, polyglutamine aggregates become larger in muscle cells than in
neurons, as indicated previously. Therefore, in muscle cells, the ROI was
fixed at an area of 3.6 um? (25 x 25 pixels), whereas in neurons, the ROI
was 10 x 10 pixels. Once these parameters are determined, they must
remain consistent between experiments for data analysis.

Images for analysis should be collected before and after photobleach-
ing. The duration of the recovery period is dependent on the protein of
interest but should continue until fluorescent recovery has plateaued. In
the data presented in Fig. 2, the ROI was bleached for 4 sec (five iterations
at 100% laser power), after which an image was collected every 30 sec for
up to 5 min.

FRAP Data Analysis. Relative fluorescence intensity (RFI) was deter-
mined using the equation: RFI = (T/C,)/(Ty/Cy). Ty indicates the intensity
of fluorescence in the “‘test”” ROI before photobleaching, and 7, is intensity
in the same area at a given time after bleaching. Data should be normalized
against an unbleached area in the same cell as a control for photobleaching
and autofluorescence. Therefore, Cy is the fluorescence intensity of a control
area before bleaching and C, the same area at a given time after bleaching
(Phair and Misteli, 2000). In choosing the control area, it is better to pick an
area within the same cell being bleached. This is especially important for

indicated in accompanying graph). As expected, QO recovers rapidly from photobleaching
(A), whereas Q40 protein in foci does not recover from photobleaching (B), consistent with
an insoluble protein. Bar = 2 um. (C) Results from FRAP are quantified by determining
the relative fluorescence intensity (RFI) for each time point the graph represents the average
of analysis of a minimum of five independent measurements. Error bars indicate SEM.
In neurons, FRAP was able to distinguish between a soluble (40s, D) and insoluble species
(40a, E) of the same Q40:YFP protein, quantified in (F). Scale bars indicate 2 pm.
Quantification of neuronal data is the mean of five neurons for 40s and 10 neurons for 40a.
Error bars indicate SEM.
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FRAP experiments in C. elegans, because even when anesthetized, animals
may move unexpectedly, changing the intensity in the ROI without affecting
the background or other cells. Any movement of the cell of interest will skew
data automatically generated by the ROI function in the AIM software
associated with a Zeiss LSM confocal microscope. The intensity data gen-
erated by the ROI function quantifies intensity in the same location for each
time point so if there is any movement, results will only be accurate until that
point. Therefore, when intensity of an ROl is being determined, each time
frame must be examined individually for any shift in the ROI. This is a
significant difference from FRAP analysis in cells that remain quite still by
comparison. Data resulting from analysis using the preceding equation will
generate an RFI for every time point at which an image is collected and is
used to generate the graphs shown in Fig. 2.

FRAP Analysis of Polyglutamine Proteins in a Multicellular Organism.
We used FRAP to determine whether the shift in polyglutmine:: YFP
cellular distribution corresponded to a transition of these proteins from a
soluble to an aggregated state. Furthermore, FRAP can be performed on
individual cells in a live animal; significant advantages to traditional bio-
chemical approaches to identifying aggregates. We reasoned that soluble
YFP-tagged proteins in the cytoplasm would diffuse freely and recover
rapidly after photobleaching. In contrast, fluorescent proteins with limited
mobility within an aggregate should exhibit little or very slow recovery
after photobleaching. Photobleaching of diffuse QO0::YFP from young ani-
mals led to an immediate 100% fluorescence recovery (Fig. 2A, C), consis-
tent with the biophysical properties of soluble proteins; this result has also
been demonstrated biochemically by SDS-PAGE and immunoblotting of
bulk samples (Nollen et al., 2004; Satyal et al., 2000). In contrast, the
fluorescent signal associated with foci in muscle cells of Q40 animals does
not recover after photobleaching consistent with restriction within aggre-
gates (Fig. 2B, C). These results are consistent with the polyglutamine
length-dependent changes in localization observed visually and provide a
quantitative measure of solubility that can be used to define aggregation in
C. elegans.

When FRAP is applied to polyglutamine proteins in C. elegans neurons,
a similar trend is observed: as the length of glutamine tracts increases,
protein solubility decreases. However, FRAP experiments on multiple
neurons distributed throughout a single animal revealed that Q40::YFP
recovery from photobleaching varies widely. Q40 protein solubility ranges
from rapid (Fig. 3D, F), similar to that observed for soluble Q19, to
completely immobile Q40::YFP (Fig 3E, F), similar to the Q86 aggregates
despite the absence of overt visual foci in Q40 animals. The small size and
complex structures of neurons in C. elegans prevented visual detection of
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Fic. 3. Expanded polyglutamine proteins FRET in vivo. Q86 protein in neuronal
aggregates exhibits FRET, indicating close and roughly ordered interactions at the molecular
level. YFP photobleaching is seen on the YFP channel (A, C, E, and G) and its effect on the
CFP donor in the same cell (B, D, F, H). CFP and YFP coexpression (A, B) do not FRET,
E° = 0.08 (& standard deviation of 0.16), n = 5. Animals expressing CFP::YFP do FRET (C,
D), E° = 0.25 (& 0.08), n = 20. Neurons coexpressing Q19::CFP and Q19:YFP (E, F) do not
FRET, E° = —0.08 (+ 0.05), n = 15, whereas coexpression of Q86::CFP and Q86::YFP (G, H)
does produce FRET, E° = 0.22 (+ 0.08), n = 17. Cells shown are representative of FRET
experiments. Intensity is by a color scale (G), where blue is least intense and red is most
intense. Scale bar = 2 pm.

changes in protein solubility at low magnification, as were observed in
muscle cells. These data provide an example of the usefulness of FRAP
as a technique for establishing subtle changes in protein solubility in
specific cells of a live, metazoan model.
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Fluorescence Resonance Energy Transfer (FRET). FRET is a technique
developed principally for in vitro biochemical studies and applied to cell
culture to address in vivo questions of macromolecular interactions. The
resolution of this technique is in the nanometer range; FRET is maximal at
50 A and will not occur if proteins are more than 100 A apart when using
CFP and YFP fluorophores. The second condition required for FRET is
that proteins are appropriately oriented to enable dipole—dipole interac-
tions between fluorophores; proteins must be roughly parallel for energy
transfer between fluorophores (Miyawaki, 2003; Miyawaki and Tsien,
2000). This technique has been widely used to show protein interactions
in vitro and in cell culture (Kim et al., 2002; Tsien, 1998), and we were
interested in establishing whether FRET could be performed in C. elegans
to determine whether polyglutamine proteins are sufficiently ordered and
in molecular proximity for energy transfer to occur between CFP (donor)
and YFP (acceptor).

FRET experiments in C. elegans were performed by an indirect meth-
od; combined donor and acceptor photobleaching (Berney and Danuser,
2003; Wouters et al., 1998). When fluorophores are in sufficient proximity
and the appropriate orientation, energy is transferred from the donor to
the acceptor. This results in decreased donor intensity and increased ac-
ceptor intensity. In conditions where FRET is occurring, photobleaching of
the acceptor blocks energy transfer causing donor intensity to increase.
Thus, measuring donor intensity before and after acceptor photobleaching
is an indirect measurement of FRET, whereas determining acceptor emis-
sion in the presence or absence of donor excitation would be a direct
measure of FRET.

We chose to measure FRET indirectly, using the acceptor photobleach-
ing technique, to minimize the potential for excitation bleed-through. YFP is
also excited by the 458 nm laser used to excite CFP in C. elegans. Therefore,
we measured FRET indirectly by quantifying CFP emission before and after
YFP photobleaching and only needed to control for emission bleed-through.
There are two approaches to controlling emission bleed-through. First is
careful selection of emission filters that do not allow any overlapping emis-
sions, although this may result in some loss of signal intensity. The data
presented here used this approach, and the setup included an HFT 458/514
primary dichroic beam splitter, a 480-520 nm bandpass filter on the CFP
detection channel, and a bandpass filter from 524-546 on the YFP detection
channel.

The second option for setting up the microscope to minimize bleed-
through is to capture both donor and acceptor emission simultaneously
using a filter such as the Zeiss “Meta Detector.” This detector, when used
in the “Lambda Scan Mode’” will scan across all emission wavelengths and
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bin all emissions into 10.7 nm wavelengths. The resulting spectra can be
unmixed using the linear unmixing algorithm to maximize the available
signal while minimizing spectral overlap.

For imaging, excitation of CFP and YFP was at 5% transmission of 458
nm laser line. YFP photobleaching was done with 514 nm laser at 100%
transmission. To photobleach YFP in neurons of C. elegans, an ROI of
25 x 25 pixels was bleached for 50 iterations (~10 sec) while using a
63x water objective, numerical aperture 1.4, at 9x scan zoom. Conditions
were optimized to photobleach YFP throughout the entire C. elegans’
neuron so the ROI selected was larger than that used in FRAP (10 x 10)
in which only a portion of each neuron was photobleached. Both the
duration and area of photobleaching should be adjusted for the sample,
cell, and fluorophore of interest. Images should be obtained before and
after photobleaching.

FRET Data Analysis. Normally, FRET data are presented as ratio
images to provide a visual representation in the change in donor intensity
after acceptor photobleaching. However, even immobilized C. elegans twist
slightly during imaging causing three-dimensional misalignment of sequential
images that hinders alignments for ratio images. Therefore, representative
images from FRET experiments display individual images before and after
YFP bleaching for both acceptor and donor intensity (Fig. 3). Calculation
of E° included a control area, outside of the photobleached region, to correct
for any movement of the animal. Because the entire cell of interest is
photobleached, the control was an adjacent cell.

There are several methods to determine molecular interactions indicated
by FRET, and these are reviewed extensively in Berney and Danuser (2003).
Of particular interest is their observation that when using the acceptor photo-
bleaching technique, incomplete photobleaching increases the error in calcu-
lations of FRET efficiency. Therefore, we excluded from analysis cells with
more than 10% acceptor fluorescence intensity remaining after photobleach-
ing to minimize error. Calculating the FRET coefficient provides an indica-
tion of how efficient FRET is in the sample of interest. We calculated
the FRET coefficient using the equation (E° ) = 1 — (C,,/C)(T/T,p) Where
ab = after bleaching, C = unbleached control cell, T = experimental cell,
where YFP is bleached (Berney and Danuser, 2003).

FRET Reveals Intermolecular Interactions of Polyglutamine Proteins in
a Multicellular Organism. To establish whether FRET could be observed in
single cells of a live animal, we generated as a positive control C. elegans
expressing a CFP::YFP chimera with a flexible linker separating the two
fluorophores (Kim et al., 2002). FRET experiments performed on the
neuronal CFP::YFP positive control by photobleaching the YFP acceptor
(Fig. 3C) resulted in increased donor (CFP) intensity as expected, E° = 0.25
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(£ 0.08) (Fig. 3D). As a negative control, animals coexpressing CFP and YFP
from separate constructs were tested. After YFP photobleaching (Fig. 3A),
there was no visible increase in CFP intensity (Fig. 3B) demonstrating, as
expected, that FRET was not occurring, E° = 0.08 (£ 0.16). With FRET
efficiencies from control animals as reference points, C. elegans expressing
both Q19::CFP and Q19:YFP were tested. Q19:YFP photobleaching (Fig.
3E) had no visible effect on CFP intensity, E° = —0.08 (£ 0.05) (Fig. 3F),
similar to negative control animals (Fig. 3B). In contrast, animals coexpress-
ing Q86::CFP and Q86::YFP showed an increase in CFP intensity (Fig. 3H)
after YFP photobleaching, E° = 0.22 (£ 0.08), (Fig. 3G). FRET positive
aggregates were detected in a wide range of neurons and visible redistribution
of Q86 into foci, combined with SDS resistance, FRAP, and FRET data,
shows that large polyglutamine expansions form insoluble, ordered aggre-
gates in neurons throughout the nervous system of C. elegans.

Combining Visualization of Polyglutamine Proteins with other
C. elegans Techniques

Behavioral Assays Determine Polyglutamine-Mediated Cellular Dys-
function. Motility in C. elegans can be assayed as described in Morley ef al.
(2002). Individual animals at the indicated ages were picked to fresh plates
and their tracks recorded (Fig. 4A) at indicated time intervals using a CCD
camera and Leica dissection stereomicroscope (8x magnification), and
distance traveled was determined using a ruler calibration macro in the
Openlab software program (Improvision). Dividing this distance by the
time interval gave the motility index for each animal. Statistical signifi-
cance of the results was determined by a chi-squared test. Because the
polyglutamine transgenes were carried on extrachromosomal arrays, some
animals in the population were nontransgenic and consequently provided
internal controls. Motility values for wild-type (N2) and nontransgenic
control groups were indistinguishable from one another.

Young adult animals expressing polyglutamine expansions of <35 exhib-
ited motility similar to wild type (Fig. 4B). In contrast, we observed a ~10-fold
reduction in motility of young adult Q82 animals (Fig. 4B). Q40 animals,
which had aggregates in some cells but not in others, exhibited an intermedi-
ate motility defect with a high degree of variation in the intensity of loss of
motility across a population (Fig. 4B) that corresponded directly with the
degree of aggregate formation in any given animal (Morley et al., 2002).

Aging Influences the Threshold for Polyglutamine Aggregation and
Toxicity. Although aggregation-prone proteins are expressed through-
out the lifetime of patients, pathology associated with diseases such as
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FiG. 4. Behavioral analysis of polyglutamine-mediated cellular dysfunction. (A) Time-lapse
micrographs show tracks left by 5-day-old wild type (N2) and Q82 animals 2 and 30 min after
being placed at the position marked by the arrowhead. (B) Quantification of motility index for
4- to 5-day-old QO, Q19, Q29, Q35, Q40, and Q82 animals reveal polyglutamine length-
dependent toxicity. Data are mean & SD for at least 50 animals of each type as percentage of N2
motility. (Morley et al., 2002. Copyright 2002, National Academy of Sciences, U.S.A.)
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Huntington’s, Alzheimer’s, and Parkinson’s are typically not manifest until
middle or old age. This motivated us to study the behavior of polyglutamine
proteins during aging. Indeed, a major advantage of the C. elegans system was
our ability to follow the behavior of fluorescent polyglutamine proteins in
individual animals over their entire lifetimes. We found that the threshold for
aggregate formation described previously for young animals was dynamic as
the animals aged. At 3 days of age or less, only animals expressing Q40
or greater exhibit aggregates (Fig. SA). However, at 4-5 days of age, the
threshold shifts as aggregates appear in Q33 and Q35 animals (Fig. 5A).
The threshold again shifts to Q29 with appearance of aggregates in aged
animals (>9-10 days) (Fig. SA). In all cases, we observed a coordinated
age-dependent loss of motility relative to controls that paralleled the accumu-
lation of polyglutamine aggregates (Fig. 5B). Thus, the threshold for
polyglutamine aggregation and toxicity is not static or strictly repeat length-
dependent, likely reflecting a balance of different factors including repeat
length and changes in the cellular protein folding environment over time.

On the basis of these results, we wondered whether this behavior
resulted from the intrinsic properties of a protein motif, or whether
changes over time reflect the influence of aging-related alterations in the
cellular physiology. The idea that the molecular determinants of longevity
might influence polyglutamine-mediated toxicity is supported by observa-
tions that the time until polyglutamine-mediated pathology develops—
days in C. elegans, weeks in Drosophila, months in mice, and years in
humans—correlates approximately with the lifespan of the organism. Here,
again, the C. elegans model was a tremendous advantage, because the
availability of mutants with extended lifespans allowed us to test these
ideas directly.

To accomplish this, we generated transgenic animals expressing Q82::
YFP in the background of animals with extended longevity. In C. elegans,
age-1 encodes a phosphoinositide-3 kinase that functions in an insulin-like
signaling pathway (ILS), and mutations in this gene can extend lifespan
by 1.5-2 fold (Guarente and Kenyon, 2000; Morris et al., 1996). When
expressed in long-lived animals, both aggregation (Fig. 5C) and toxicity
(Fig. 5D) of polyglutamine proteins were substantially delayed (Morley
et al., 2002). Furthermore, the suppression of polyglutamine aggregation
and toxicity was entirely dependent on the activity of daf-16, a forkhead
transcription factor that functions downstream of age-I in the ILS pathway
and is required for extended lifespan (Guarente and Kenyon, 2000; Lin
et al., 1997; Ogg et al., 1997). Thus, the dual effects of age-1 on longevity
and polyglutamine-mediated toxicity share a common genetic pathway.

Genome-Wide RNAi Screening Defines Novel Regulators of Polyglutamine
Aggregation and Toxicity. The dynamic threshold for polyglutamine
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Fic. 5. Influence of aging on polyglutamine aggregation and toxicity. (A) Repeat length-
dependent accumulation of polyglutamine aggregates during aging. Data are mean + SEM.
Twenty-four animals of each type are represented at day 1. Cohort sizes decreased as animals died
during the experiment, but each data point represents at least five animals. (B) Motility index as a
function of age for the same cohorts of animals described in A. Data are mean + SD as a percentage
of age-matched QO animals. Mutations in the C. elegans gene, age-1 extend lifespan and alter
polyglutamine pathogenesis. (C) When polyglutamine expressing animals are crossed into an age-/
background we observe that extending lifespan in C. elegans delays the onset of aggregation.
Data are mean £SEM. (D) Increased lifespan also delays the onset of polyglutamine-mediated
toxicity as measured by motility. Data are mean + SD for 30 animals of each type. Motility of
nontransgenic wild-type and age-1 animals was similar to that of wildtype (N2). (Morley et al.,
2002. Copyright 2002, National Academy of Sciences, U.S.A.).

aggregation and toxicity demonstrates that the fate of these proteins is not
an all-or-none outcome solely on the basis of repeat length and implies
the presence of a cellular buffering system to prevent proteotoxicity.
Thus, this model provided a substrate to which we could apply the power
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of C. elegans forward and reverse genetics to define components of
the cellular buffer and uncover novel modifiers of polyglutamine-induced
pathology.

The results previously described identify ILS as a genetic pathway that can
influence the course of polyglutamine-mediated phenotypes. What other
pathways might exert similar effects? Numerous overexpression and genetic
studies in mammalian (Cummings et al., 2001) and Drosophila (Fernandez-
Funez et al., 2000; Warrick et al., 1999) models have identified various en-
hancers or suppressors of polyglutamine-mediated aggregation and toxicity.
This is well-illustrated by the large number of approaches in which various
molecular chaperones either alone or in combination have been shown to
influence polyglutamine-mediated phenotypes (Bonini, 2002; Carmichael
et al., 2000; Chai et al., 1999; Cummings et al., 1998, 2001; Warrick et al,
1999). Although one could argue which of these modifiers is the “key” to
determining the fate of aggregation-prone proteins, we interpret these results
to suggest that the transition of polyglutamine proteins from a soluble to an
aggregated state is the result of a delicate balance in which multiple pathways
are involved. To identify the complete protein-folding buffer involved in
polyglutamine transition from a soluble to an aggregated state, we used a
genome-wide RNAIi approach.

RNAI is a commonly used reverse-genetics approach in C. elegans (Fire
et al., 1998; Wang and Barr, 2005) allowing the targeted down-regulation of
specific genes by introduction of small fragments of cognate double-stranded
RNAs . Although initially used to test the function of single or small groups of
candidate genes, this technique has been adapted to genome-wide screens
with the Ahringer laboratory’s construction of a library consisting of 16,757
bacterial clones covering 86% of the predicted C. elegans genome (Fraser
et al., 2000; Kamath ef al, 2003). RNAI has the additional advantages of
allowing the detection of lethal positives and the immediate identification
of the target genes. However, genome-wide RNAi screens may miss certain
genes because of variation in mRNA depletion or relative inefficiency of
RNAI in specific tissues, of which neurons are an example. Nevertheless, this
approach offers an extremely powerful and rapid tool to identify the set of
genes that modify a given phenotype.

To identify genes that prevent polyglutamine aggregate formation we
used C. elegans strains expressing polyglutamine lengths close to the aggre-
gation threshold, Q33 and Q35 strains, in an RNAi genetic screen.

Genome-wide RNAi Screening in C. elegans. The full-genome RNAi
screen was performed in a 96-well format by feeding RNAIi bacteria to
animals in liquid culture. Construction of the RNAI library used in the
genetic screen was described originally by Ahringer’s group, and our initial
use was described in Nollen et al. (Ashrafi et al., 2003; Fraser et al., 2000;
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Nollen et al., 2004). The RNAI library used is now commercially available
thru “MRC geneservice” at http://www.hgmp.mrc.ac.uk/geneservice/index.
shtml.

Animals were synchronized by NaOCI bleaching and overnight hatching
in M9. In each well, 10-15 L1 larval-stage animals were suspended in 50 pl of
M9 plus (M9, 10 ug/ml cholesterol, 50 ug/ml ampicillin, 12 pg/ml tetracycline,
200 pg/mlisopropyl B-D-thiogalactoside [IPTG] and 0.1 pg/ml fungizone) and
added to 80 pl of an overnight culture of RNAi bacteria induced by IPTG for
4 h. The animals were grown at 23° with continuous shaking at 150 rpm (New
Brunswick Scientific Incubation shaker). Q35 animals were scored for foci
formation by visual inspection after 72 h. RNAi-producing bacteria that
induced more than five visible foci in >30% of the animals in a well were
scored as aggregation enhancers. All positive RNAI clones were confirmed in
an independent experiment and scored for aggregate formation in QO0, Q24,
and Q33 animals. A gene was scored as a positive when it induced early onset
of aggregation in both Q33- and Q35-expressing animals but not in QO and
Q24 animals. This criteria ensured that the genes identified where polygluta-
mine expansion specific. The gene targets of the positive RNAI clones were
verified by sequencing of the insert of the RNAi plasmids.

A total of 186 modifiers were identified, comprising five major classes:
genes involved in RNA metabolism, protein synthesis, protein folding,
protein trafficking, and protein degradation (Nollen et al., 2004). Examples
of some of these genes are RNA helicases, splicing factors, and transcrip-
tion factors for RNA metabolism; initiation and elongation factors and
ribosomal subunits for protein synthesis; chaperonins and Hsp70 family
members for protein folding; nuclear import and cytoskeletal genes for
protein trafficking; and proteasomal genes for protein degradation. Al-
though numerous distinct biochemical activities are represented by the
different modifiers, a common feature is an expected imbalance between
protein synthesis, folding, and degradation triggered by their disruption. In
this context, these five classes can then be further grouped in two major
categories: genes whose disruption leads to an increase in misfolded pro-
tein production and genes that when disrupted lead to a decreased clear-
ance of misfolded proteins and proper protein turnover. Together, these
results reveal that the transition between soluble and aggregated states of
polyglutamine proteins is regulated by a much more complex integration of
events, extending beyond the immediate involvement of chaperone-
mediated folding and proteasomal degradation. In addition these findings
validate an approach allowing our group and others to screen RNA! libraries
against model systems for multiple neurodegenerative diseases to identify
similarities and differences in the set of modifiers observed to better under-
stand the conserved or unique aspects of their pathophysiology.
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Discussion

C. elegans Models of Polyglutamine-Mediated Toxicity and Aggregation

We describe here two C. elegans models expressing isolated polygluta-
mine repeats in neurons or in muscle cells to investigate not only the
pathogenesis of HD and related disorders but also to uncover the genes
and associated pathways that regulate the protein folding environment. Our
model differs from the human diseases in that we expressed isolated poly-
glutamine motifs rather than those in the context of disease-related proteins.
Although protein context and posttranslational modifications of flanking
sequences are increasingly recognized to play a role in pathology (Chai et al.,
2001; Chen et al., 2003), we reasoned that studying isolated polyglutamine
expansions would lend insight into the conserved features underlying the
different pathologies. In support of this idea, our genome wide RNAi screen
identified multiple molecular chaperones that have been implicated in poly-
glutamine diseases, AD and PD. Furthermore, expression of isolated poly-
glutamine tracts in both neurons and body-wall muscle cells of C. elegans
recapitulated numerous features of the human diseases, including polyglu-
tamine length-dependent aggregation and toxicity. More subtle features
were also observed, specifically variability in aggregate formation and se-
verity of motility defect observed in Q40 animals (Figs. 1 and 4). These
observations relied on unique characteristics of C. elegans, in particular its’
transparency, which enabled us to apply fluorescence-based biophysical
assays such as FRAP and FRET to a live, multicellular animal. These studies
represent the initial stages of applying biophysical approaches to C. elegans,
and future studies may extend the use of these techniques to generate more
precise, quantitative data on the polyglutamine proteins in vivo. These
might include examining the relative proportions of soluble versus insoluble
polyglutamine protein in specific cells or determining how solubility and/or
intermolecular interactions of polyglutamine proteins compare with other
aggregation prone proteins.

Using C. elegans to Identify Modifiers of Polyglutamine Pathogenesis

Another important characteristic of C. elegans in our studies was the
animals’ short lifespan and the availability of genetic mutants effecting
lifespan. The ability to combine visualization of polyglutamine aggregates
in live animals with mutations conferring longevity enabled us to demon-
strate that increasing lifespan delays polyglutamine aggregation and toxici-
ty. These results suggest a novel link between the genetic regulation of
aging and aging-related disease and once again use unique characteristics
of C. elegans.
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In subsequent studies, we and others have demonstrated that the mo-
lecular link between these pathways is, in part, maintained by factors that
detect and respond to misfolded proteins, heat shock transcription factor
(HSF) and molecular chaperones/heat shock proteins. For example, it has
been shown that inhibition of HSF-1 function leads to decreased lifespan
and an accelerated aging phenotype in C. elegans (Garigan et al., 2002; Hsu
et al., 2003; Morley and Morimoto, 2004). Conversely, overexpression of
HSF-1 in C. elegans extends lifespan (Hsu et al, 2003; Morley and
Morimoto, 2004). Research on the molecular mechanisms in both areas,
aging and molecular chaperones, is active and continuously identifies
new players in these pathways. Future work using C. elegans will take ad-
vantage of new mutants generated from ongoing research to apply the
approaches described here.

In addition to our targeted approach to specific genetic pathways for
their role as potential modifiers, we used an unbiased genome-wide RNAI
screen to identify a set of proteins and pathways that influence polygluta-
mine aggregation. The identification of five classes of polyglutamine sup-
pressors provides a better understanding of the breadth of pathways and
cellular complexes involved in sensing protein damage. In particular, our
findings suggest a model in which each step in the birth, life, and death of a
protein influences the capacity of a cell to maintain the conditions neces-
sary for protein folding. For example, we found that perturbation of the
RNA-processing machinery was associated with accelerated aggregation of
Q35:YFP. Although a direct effect is possible, it seems more likely that
this results from an increased burden of abnormal proteins requiring the
activity of the protein folding buffer. Under such conditions, aggregation-
prone proteins normally degraded escape quality control, leading to aggre-
gation and toxicity. Uncovering the role of these genes in the disease
process additionally provides new potential therapeutic targets.

Together, these studies have revealed a common set of factors that link the
genetic regulation of protein homeostasis, stress responsiveness, and longevi-
ty. Using C. elegans as a model system, we have combined a variety of ap-
proaches, including RNAIi, genetics, and behavioral assays with the
visualization of polyglutamine proteins in a live, aging, multicellular model
to examine polyglutamine pathogenesis. Extending the visualization of poly-
glutamine proteins to include FRAP and FRET has made it possible to apply
quantitative criteria of solubility and intermolecular interactions to visible
changes in protein localization and further our understanding of polygluta-
mine pathogenesis in a highly sensitive, cell-specific manner. In the future, the
continued application of this combination of approaches will provide addi-
tional insight on the mechanisms underlying protein aggregation and how it
contributes to pathology in human disease.
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