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Protein homeostasis maintains proper intracellular balance by promoting protein folding and clearance
mechanisms while minimizing the stress caused by the accumulation of misfolded and damaged proteins.
Chronic expression of aggregation-prone proteins is deleterious to the cell and has been linked to a wide range
of conformational disorders. The molecular response to misfolded proteins is highly conserved and generally
studied as a cell-autonomous process. Here, we provide evidence that neuronal signaling is an important
modulator of protein homeostasis in post-synaptic muscle cells. In a forward genetic screen in Caenorhabditis
elegans for enhancers of polyglutamine aggregation in muscle cells, we identified unc-30, a neuron-specific
transcription factor that regulates the synthesis of the inhibitory neurotransmitter �-aminobutyric acid
(GABA). We used additional sensors of protein conformational states to show that defective GABA signaling
or increased acetylcholine (ACh) signaling causes a general imbalance in protein homeostasis in post-synaptic
muscle cells. Moreover, exposure to GABA antagonists or ACh agonists has a similar effect, which reveals
that toxins that act at the neuromuscular junction are potent modifiers of protein conformational disorders.
These results demonstrate the importance of intercellular communication in intracellular homeostasis.
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All organisms have in common the necessity to main-
tain intracellular homeostasis, a balance between pro-
tein synthesis, folding, and clearance, and the ability to
respond to environmental challenges and pathophysi-
ological conditions (Dobson 2003). Protein quality con-
trol mechanisms prevent the appearance of misfolded
and aggregation-prone proteins. Disruption in protein
homeostasis leads to the appearance and accumulation
of intermediate nonnative conformations that tend to
form oligomeric and aggregated species, which over time
cause cellular injury (Soto 2003; Gregersen 2006). This
problem is fundamental to cell biology, and is associated
with an increasing number of diseases of protein confor-
mation (Soto 2003; Brignull et al. 2007). For each disor-
der, the expression of a specific mutant protein can re-
sult in either loss of function—for example, cystic fibro-
sis, in which there is premature clearance of the
misfolded mutant protein (Amaral 2006; Gregersen

2006)—or toxic gain of function such as Huntington’s
disease or amyotrophic lateral sclerosis (ALS), where
misfolded mutant proteins accumulate and cause toxic-
ity (Cohen and Kelly 2003). Diseases associated with pro-
teotoxicity have been suggested to share common mo-
lecular and cellular pathogenic mechanisms (Dobson
2003; Stefani 2004; Drysdale et al. 2006; Rusmini et al.
2007).

The genetic background of an organism and its inter-
action with the environment are likely contributors to
the network of regulators that impact on the course of
conformational disorders. The eukaryotic proteome has
abundant polymorphisms (Kimchi-Sarfaty et al. 2007)
that are maintained in a phenotypically silent state or
can become exposed by environmental fluctuations or
changes in the folding capacity of the cell (Rutherford
and Lindquist 1998; Queitsch et al. 2002; Gidalevitz et
al. 2006). For example, the expression of mutant polyglu-
tamine (polyQ) expansion proteins causes the global loss
of function of other coexpressed metastable polymorphic
proteins, and moreover, the “unmasking” of these meta-
stable polymorphisms further enhances polyQ misfold-
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ing and aggregation (Gidalevitz et al. 2006). These results
suggest that endogenous protein polymorphisms can act
as genetic modifiers in protein conformational diseases.
This may be relevant to other late-onset progressive neu-
rodegenerative diseases such as ALS, for which 90% of
the cases are sporadic, but share the same pathological
characteristics of the familial form of the disease (Boillee
et al. 2006).

Proteins containing expanded polyQ form alternate
conformational states that can self-associate and form
proteotoxic oligomeric and aggregate species (Warrick et
al. 1998; Gusella and MacDonald 2000; Chen et al. 2002).
For polyQ repeat diseases, the length of the polyQ ex-
pansion dictates both the kinetics of aggregation (Chen
et al. 2002) and age of disease onset (Gusella and Mac-
Donald 2000). A number of Caenorhabditis elegans
models expressing polyQ proteins have been established
in which length-dependent phenotypes have been ob-
served in different tissues (Faber et al. 1999; Parker et al.
2001). The C. elegans models established by our labora-
tory for polyQ aggregation and toxicity employed chi-
meric polyQ fusion proteins to yellow fluorescent pro-
tein (YFP) that revealed a clear length- and age-depen-
dent polyQ aggregation and cellular toxicity in body wall
muscle cells (Satyal et al. 2000; Morley et al. 2002) and
neurons (Brignull et al. 2006) that mimics the polyQ-
length dependence observed for Huntington’s disease.
Animals expressing 24 glutamines (Q24) exhibited
soluble fluorescence, whereas animals expressing 35
(Q35) or 40 glutamines (Q40) exhibited age-dependent
aggregation (Nollen et al. 2004). The intrinsic character-
istics of polyQ protein aggregation and toxicity in C.
elegans have proven useful for genome-wide screens for
modifiers of protein aggregation (Nollen et al. 2004) and
as probes to challenge the folding environment revealing
the delicate nature of protein homeostasis (Nollen et al.
2004; Gidalevitz et al. 2006). These models also contrib-
uted to establish the critical roles of the age-1/daf-2 in-
sulin-like signaling (ILS) signaling pathways and the
heat-shock response as potent modulators of polyQ ag-
gregation and toxicity and as lifespan regulators (Morley
et al. 2002; Hsu et al. 2003; Nollen et al. 2004). Collec-
tively, these studies revealed the delicate nature of pro-
tein homeostasis, the relative ease by which an imbal-
ance occurs and the role of stress signaling networks of
intracellular factors to counter this imbalance.

In this study, we show that neuronal signaling is a
potent non-cell-autonomous modulator of post-synaptic
protein homeostasis. Disturbances in neuronal signal-
ing, whether caused by genetic modifications or pharma-
cological agents that lead to post-synaptic cellular over-
stimulation, have widespread effects on the cell’s buff-
ering capacity for protein folding resulting in misfolding
of conformationally challenged metastable proteins.
Therefore, changes in cell–cell communication represent
an important and previously unidentified modulator of
protein homeostasis. Furthermore, due to the ability of
cell–cell communication to affect protein folding, non-
cell-autonomous regulation is likely to represent a criti-
cal component of protein misfolding disorders.

Results

rm7 leads to premature polyQ aggregation

We identified novel modifiers of polyQ aggregation by
performing a forward genetic screen of C. elegans strains
expressing polyQ�YFP in body wall muscle cells (Fig.
1A–J). Mutants that exhibited a premature shift from a
diffuse to punctate polyQ�YFP distribution were se-
lected. We identified and characterized a mutation, rm7,
that led to the premature appearance of polyQ foci in
Q35�YFP or Q40�YFP animals compared with wild-
type Q35 and Q40 lines, respectively (Fig. 1, A–J,K–T). In
Q35;rm7 animals, the polyQ foci appeared prematurely
in young adult (4-d-old) animals and increased as the
animals aged (Fig. 1M–P). By comparison, in wild-type
Q35 animals polyQ foci appeared initially at a later age (5
d after hatching), with widespread distribution only at 6
d of age (Fig. 1C–F). Likewise, premature polyQ foci were
also observed in rm7;Q40 animals as young day 1 larvae
(Fig. 1Q,R), a full day earlier than for wild-type Q40 ani-
mals (Fig. 1G–J). In 1-d-old rm7;Q40 animals the appear-
ance of polyQ foci displayed a striking dorsal–ventral
asymmetry, with a prevalence of foci on the ventral side
(Fig. 1Q–T,V). This dorsal–ventral asymmetry in distri-
bution was only observed early in development (Fig. 1V).
The rm7 mutation had no effect in Q24-expressing ani-
mals (Fig. 1A,B,K,L).

We next examined whether the polyQ foci detected in
the rm7 background corresponded to the appearance of
immobile aggregate species using fluorescence recovery
after photobleaching (FRAP) analysis. FRAP is a dynamic
imaging method that we adapted to cells of living worms
to assess changes in protein mobility and solubility
(Brignull et al. 2006). The foci in day 4 Q35;rm7 animals
did not recover following photobleaching (Fig. 1U), indi-
cating that that Q35 had changed from a soluble, diffuse
population to an immobile and aggregated state. These
results suggest that the rm7 mutation leads to the pre-
mature appearance of polyQ aggregates. Similar results
were also observed for the polyQ foci formed in rm7;Q40
animals (data not shown) in contrast to soluble Q35 or
Q40 in wild-type backgrounds. We concluded that the
rm7 mutation caused the premature conversion of ex-
panded polyQ�YFP from a soluble to an aggregated state
in body wall muscle cells. We addressed whether the
rm7 mutation altered the levels of polyQ protein by
Western blot analysis and found that wild-type and rm7
animals express equivalent levels of Q35 (Supplemen-
tary Fig. S1). These results reveal that the premature
polyQ aggregation observed in the rm7 background is not
due to changes in polyQ protein levels, and rather is due
to an imbalance in protein homeostasis.

rm7 is a hypomorphic allele of unc-30

Using standard genetic techniques, the rm7 mutation
was mapped to the gene unc-30 (Fig. 2A; Supplementary
Fig. S2; Supplemental Material). UNC-30 is a neuron-
specific homeodomain transcription factor essential for
�-aminobutyric acid (GABA) synthesis (Jin et al. 1994).
GABAergic motor neurons are required for proper loco-

Neuronal regulation of protein homeostasis

GENES & DEVELOPMENT 3007

 Cold Spring Harbor Laboratory Press on July 7, 2015 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


motion and both unc-30-null alleles and unc-30(rm7)
cause an obvious uncoordinated phenotype (Supplemen-
tal Material). The rm7 mutation was characterized and

shown to be due to a 347-base-pair (bp) deletion of part of
the homeodomain region, the DNA-binding domain of
UNC-30 (Supplementary Fig. S3). Consequently, the

Figure 1. The mutation rm7 causes premature polyQ aggregation in C. elegans expressing Q35�YFP or Q40�YFP in body wall
muscle cells. Fluorescent microscopy images of 6-d-old Q24 (A,B) and rm7;Q24 (K,L), 4-d-old Q35 (C,D) and Q35;rm7 (M,N), 6-d-old
Q35 (E,F) and Q35;rm7 (O,P), 1-d-old Q40 (G,H) and rm7;Q40 (Q,R), and 2-d-old Q40 (I,J) and rm7;Q40 (S,T) animals. The white box
indicates magnified region. Bars: A,C,E,K,M,O, 200 µm; B,D,F,G,I,L,N,P,Q,S, 50 µm; H,J,R,T, 25 µm. (U) Quantitative FRAP analysis
of diffuse or foci Q35�YFP proteins. Full lines represent “foci” and dashed lines represent “diffuse protein,” indicated by f and d,
respectively. The relative fluorescence intensity (RFI) was determined for each time point and represents the average of a minimum
of four independent measurements. Error bars indicate SEM. (V) Dorsal–ventral aggregation asymmetry. Aggregates in the dorsal and
ventral sides of Q40 and rm7;Q40 age-matched animals were quantified. Columns represent the number of aggregates in the dorsal side
of Q40 (white columns), ventral side of Q40 (gray columns), dorsal side of rm7;Q40 (dashed columns), and ventral side of rm7;Q40
(black columns) animals. In the figure, d and v indicate dorsal and ventral, respectively. Each column represents the average of 80
animals and error bars indicate SEM. (**) P < 0.01 between dorsal and ventral rm7;Q40. Fluorescent and phase-contrast images of
1-d-old rm7;Q40 animals. White asterisk indicates the region were vulva will form at a late larval stage corresponding to the ventral
side of the animal. Bar, 50 µm.
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phenotype of the rm7 mutation has an uncoordinated
phenotype indistinguishable from that of unc-30-null al-
leles (Supplemental Material).

The effect of the rm7 mutation on UNC-30 activity
and GABA signaling was examined using a reporter
strain containing the promoter region of unc-47, the ve-
sicular GABA transporter that is a downstream target of
UNC-30 (Fig. 2E; McIntire et al. 1997). The unc-47 pro-
moter fused to GFP, Punc-47�gfp, is expressed in all 26
GABAergic neurons (Fig. 2B; McIntire et al. 1997). Intro-
duction of an unc-30-null mutation into the background
of the reporter strain, unc-30(e191);Punc-47�gfp, results
in a complete absence of GFP expression in the 19
type-D GABAergic neurons with no effect on seven,

UNC-30-independent, non-type-D GABAergic neurons
(Fig. 2C). A similar loss of GFP expression was observed
for unc-30(rm7);Punc-47�GFP in the 19 type-D GABAer-
gic neurons (Fig. 2D). We concluded from these results
that the unc-30(rm7) allele is a hypomorphic allele of
unc-30 that results in a severe deficit in GABAergic sig-
naling.

Defective GABAergic signaling leads to premature
polyQ aggregation

A prediction from the unc-30(rm7) result is that other
unc-30 alleles as well as mutations in UNC-30 down-
stream targets should also result in premature polyQ ag-

Figure 2. GABAergic-defective signaling leads to premature aggregation of polyQ expansions. (A) Above is the genetic map of the
unc-30 region on chromosome IV and rescuing cosmid B0564; the bottom displays the unc-30 exon–intron structure containing the
rm7 deletion region. (B–D) Fluorescent images and merged phase-contrast images of young adult animals Punc-47�gfp (B), unc-
30(e191);Punc-47�gfp (C), and unc-30(rm7);Punc-47�gfp (D). Animals expressing Punc-47�gfp exhibit GFP expression in the 26 GABAer-
gic neurons (B); conversely, unc-30(e191);Punc-47�gfp (C), and unc-30(rm7);Punc-47�gfp (D) display GFP localization only in the non-
type-D GABAergic motor neurons (white arrows). Bar, 100 µm. (E) Schematic representation of the downstream targets of UNC-30.
(F,G) Animals were synchronized and the age-dependent accumulation of aggregates was determined. The strains analyzed were Q35
(red diamonds), Q35;unc-30(rm7) (empty circles), Q35;unc-30(e191) (gray triangles), Q35;unc-30(e2327) (gray diamonds), Q35;unc-
25(e156) (blue circles), and Q35;unc-47(gk192) (empty blue triangles) (F); and Q40 (red diamonds), unc-30(rm7);Q40 (empty circles),
unc-30(e2327);Q40 (gray diamonds), unc-25(e156);Q40 (blue circles), unc-47(gk192);Q40 (empty blue triangles), and unc-49(e407);Q40
(empty gray diamonds) (G). Cohort sizes decreased as some animals died during the experiment, but each data point represents at least
21 animals (range, 21–141). Error bars indicate SEM.
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gregation. To test this, we examined two known unc-30-
null alleles and mutations in two UNC-30 targets, unc-
47 encoding vesicular GABA transporter and unc-25, the
gene encoding glutamic acid decarboxylase (Fig. 2E; Jin
et al. 1999). All of these mutations resulted in the pre-
mature appearance of polyQ aggregation, similar to what
we had observed for unc-30(rm7) (Fig. 2F,G). On average,
at day 4, mutants in the UNC-30 pathway had a 17-fold
increase in polyQ35 aggregation with respect to Q35
wild-type animals. This increase in aggregation persisted
through day 5, when GABA-defective mutant animals
displayed a fourfold increase in aggregates relative to
wild-type animals. Furthermore, Q35 GABA-defective
animals have an enhanced aggregation half-time (t1/2, de-
fined as the average age at which animals reached 50%
maximal aggregation) of 1.2 d earlier than Q35 wild-type
control animals (Supplementary Table S1). Q40 GABA-
defective animals in turn displayed a threefold increase
in aggregation at day 2 and a nearly 1-d enhancement in
the t1/2 (Supplementary Table S1). We next examined
animals with a null mutation for unc-49 encoding the
GABA receptor expressed in body wall muscle cells (Fig.
2E). unc-49(e407);Q40 animals also exhibited premature
Q40�YFP aggregation, similar to that observed in other
GABA mutants (Fig. 2G). These results revealed a con-
sistent pattern of premature polyQ aggregation and sug-
gested that defective GABA signaling in motor neurons
affected protein aggregation in post-synaptic muscle cells.

Additional support for the involvement of GABAergic
signaling on post-synaptic protein homeostasis is pro-
vided by our earlier observation of asymmetric dorsoven-
tral pattern of Q40 aggregation in unc-30 animals (Fig.
1Q–T,V). The timing of Q40 dorsal–ventral aggregate dis-
tribution correlates with the asymmetric development
of GABAergic neuromuscular innervation. In L1 larval
stage animals, GABAergic signaling is present only in
the ventral body wall muscle cells and by L2, both dorsal
and ventral sides become innervated (White et al. 1978).
The initial cells that are exposed to defective GABA sig-
naling are the ventral body wall muscle cells. We found
a striking correlation with the appearance of aggregates
predominately on this side (Fig. 1V). Furthermore, this
asymmetry in aggregation onset was observed for the
different Q40;GABA-defective strains analyzed (data not
shown). As expected, this dorsal–ventral asymmetry in
polyQ aggregation was transient and was not observed
later in development (Fig. 1V) at 3 d old. Taken together,
these results provide strong support to a model in which
premature polyQ aggregation is induced by defective
GABAergic signaling in the post-synaptic cell.

Cholinergic hyperstimulation causes premature polyQ
aggregation in body wall muscle cells

The sinusoidal locomotion of C. elegans results from
alternate body wall muscle contraction, promoted by ex-
citatory cholinergic motorneurons, and muscle relax-
ation promoted by inhibitory GABAergic motorneurons.
We hypothesized that the premature polyQ aggregation
observed in GABA-defective mutants was the result of

overstimulation of the post-synaptic cells by the cholin-
ergic motorneurons. To test this, we analyzed the effects
of mutations in acetylcholinesterases ace-1 and ace-2
that result in muscle hypercontraction due to the reduc-
tion of acetylcholine (ACh) clearance from the neuro-
muscular junction (NMJ) (Combes et al. 2003). In
Q35;ace-2(g72);ace-1(p1000) mutant animals, we ob-
served a premature enhancement (more than twofold) in
Q35�YFP aggregation at 4 d relative to controls (Fig. 3A).
These results indicate that increased cholinergic activity
results in premature polyQ aggregation.

We next examined the role of downstream compo-
nents of ACh signaling. The pathway activated down-
stream from the ACh receptor is calcium (Ca2+) depen-
dent (Richmond and Jorgensen 1999; Jospin et al. 2002);
therefore, an increase of Ca2+ influx should result in pre-
mature polyQ aggregation. To address this, we employed
a gain-of-function mutation in the �1-subunit of the
Ca2+ channel, egl-19(ad695), shown to yield a sustained
influx of Ca2+ into body wall muscle cells (Lee et al.
1997). The aggregation phenotype of Q35;egl-19(ad695)
animals displayed a dramatic 16-fold increase in aggre-
gation at day 4 that corresponds to a 1-d enhancement in
t1/2 (Fig. 3B; Supplementary Table S1), with a premature

Figure 3. Cholinergic hyperstimulation causes premature
polyQ aggregation in body wall muscle cells. Animals were syn-
chronized and the age-dependent accumulation of aggregates
was determined by fluorescent microscopy. (A,B) The strains
analyzed were Q35, Q35,ace-2(g72);ace-1(p1000) (A) and Q35,
Q35;egl-19(ad695) (B). Each column represents a minimum of
20 animals (range of 20–72). (C–F) One-day-old (L1) animals
were treated with 200 mM GABA (C), 1 mM lindane (D), 25 µM
levamisole (E), or 1 mM nicotine (F), and the number of aggre-
gates were determined daily. (C–F) The age-dependent increase
in aggregate number was plotted for the different drug treat-
ments. An n value of at least 40 animals (range, 40–200) for each
concentration and time point was analyzed. For all graphs, error
bars indicate SEM. (*) P < 0.05; (**) P < 0.01.
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aggregation onset similar to the observed for Q35 GABA-
defective animals (Fig. 2F). Conversely, a partial loss-of-
function mutation in this gene, egl-19(n582), leading to a
30% decrease in the amount of Ca2+ entering the muscle
cells, caused a decrease in aggregation in Q35;egl-
19(n582) animals (Supplementary Fig. S4A). Together,
these data indicate that overexcitation of post-synaptic
muscle cells is the basis for an imbalance in protein ho-
meostasis. This hypothesis was further corroborated by
the finding that a reduction in the general excitability of
body wall muscle cells can also reduce polyQ aggrega-
tion. Specifically, we observed that a gain-of-function
mutation in unc-93, a gene encoding a subunit of the K+

channel complex that is known to reduce muscle con-
traction (de la Cruz et al. 2003), decreased polyQ aggre-
gation in body wall muscle cells (Supplementary Fig.
S4B). Collectively, these results suggest that a shift in
the signaling balance toward cellular overexcitation un-
derlies the disruption in protein homeostasis and lend
support for the role of neuronal signaling as an important
modulator of polyQ misfolding and aggregation.

Small molecule agonists and antagonists that alter
GABAergic and cholinergic signaling affect protein
homeostasis

The NMJ is a well-characterized target for small mol-
ecule effectors of neurotransmitter activity at the synap-
tic junction, including environmental toxins that can
function as agonists and antagonists of cholinergic and
GABAergic signaling. Exposure of Q35 animals to
GABA, an agonist of the UNC-49 receptor, suppressed
polyQ aggregation (Fig. 3C; Supplementary Fig. S5A–D),
whereas exposure to lindane, an organochlorine pesti-
cide that functions as a UNC-49 antagonist, enhanced
polyQ aggregation (Fig. 3D; Supplementary Fig. S5E–H).
Likewise, incubation with ACh agonists nicotine (Fig.
3F; Supplementary Fig. S5M–P) or levamisole (Fig. 3E;
Supplementary Fig. S5I–L) also enhanced polyQ aggrega-
tion. We also observed similar effects of these pharma-
cological agents on polyQ aggregation in Q35;unc-
30(rm7) animals (data not shown). The effects of the dif-
ferent compounds on polyQ aggregation were slightly
weaker than the effects of the GABAergic mutants, and
similar to what we had observed with the ACh genetic
data, These results reveal that small molecule agonists
and antagonists are environmental factors that affect
protein homeostasis in post-synaptic muscle cells as a
result of a chemical imbalance in neuronal signaling.
Taken together, our data show that an imbalance in cho-
linergic signaling has deleterious effects on protein ho-
meostasis whether induced by a genetic deficiency or
small molecules.

Cellular hyperstimulation has global consequences
on the conformation and activity of metastable
proteins

Our results suggest a model in which neuronal signaling
modulates protein homeostasis. To examine whether
the imbalance in neuronal signaling has global deleteri-

ous effects on protein homeostasis, we examined the
phenotypes of two metastable proteins with tempera-
ture-sensitive (ts) mutations: unc-15(e1402), an allele of
paramyosin, and unc-52(e669su250), a ts allele of perle-
can with a role in muscle structure (Gidalevitz et al.
2006). At the restrictive temperature, the folding defect
of a ts allele of unc-15(e1402) can be monitored both at a
cellular level by the failure to form myofilaments and
behaviorally by measuring uncoordinated movement
(Gengyo-Ando and Kagawa 1991). Conversely, the fold-
ing defect caused by the unc-52(e669su250) ts mutation
results in muscle dysfunction and stiff paralysis (Rogal-
ski et al. 2001). The phenotypes of both ts strains were
determined in the background of unc-30(rm7) mutants.
If unc-30 causes a general disruption in protein homeo-
stasis, we would predict that these ts phenotypes will be
expressed at the permissive conditions.

For each of these ts mutations we observed a strong
mutant phenotype at the restrictive condition: UNC-
52(ts) animals become paralyzed except for the head re-
gion, and likewise UNC-15(ts) become uncoordinated
(Table 1). At the permissive conditions, these ts pheno-
types are either not detected or only weakly penetrant
(Table 1; Fig. 4A,B). However, when each ts protein was
expressed in the background of unc-30(rm7), we ob-
served the ts phenotypes for both double mutants at the
permissive condition (Table 1; Fig. 4A,B). A striking in-
crease in the fraction of uncoordinated animals, from 36%
to 85% was observed for unc-15(e1402);unc-30(rm7)
relative to unc-30(rm7) alone (Table 1; Fig. 4A). A similar
severe effect was observed for unc-52(e669su250);unc-
30(rm7) in which 75% of the population displayed pa-
ralysis relative to none for control animals (Fig. 4B).

We next examined the specificity of the loss of protein
homeostasis caused by the unc-30(rm7) mutation on
unc-15(e1402) function by the direct examination of
paramyosin in thick filament structure by immunostain-
ing. At the permissive temperature (15°C), the thick fila-
ments in unc-15(e1402) animals exhibit the characteris-

Table 1. Defective neuronal signaling leads to misfolding
of unrelated folding-defective proteins

Proteins expressed
Phenotype scored

(n value)

Animals displaying
phenotype (%)

15°C 25°C

Slow movement (n > 130)

N2 (wild type) 0 ± 0.0 0 ± 0.0
UNC-30(rm7) 36 ± 0.6 38 ± 0.1
UNC-15(e1402) 3 ± 0.4 70 ± 2.4
UNC-15(e1402);

UNC-30(rm7) 85 ± 1.3 100 ± 0.3

Abnormal body shape (stiff paralysis) (n > 200)

N2 (wild type) 0 ± 0.0 0 ± 0.0
UNC-30(rm7) 0 ± 0.0 0 ± 0.0
UNC-52(e669su250) 0 ± 0.0 100 ± 0.0
UNC-52(e669su250);

UNC-30(rm7) 75 ± 0.7 100 ± 0.0
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tic muscle cell structure indistinguishable from wild-
type animals (Fig. 4C), whereas at the restrictive
temperature there is extensive disruption of muscle
structure in all unc-15(e1402) animals (100%, n = 5) due
to improper formation of thick filaments (Fig. 4F). At
both the permissive and restrictive temperatures, unc-
30(rm7) worms have a wild-type muscle structure
(100%, n = 4 and 100%, n = 6) (Fig. 4D,G, respectively),
whereas in double-mutant animals unc-15(e1402);unc-
30(rm7) the structure of thick filaments is completely
disrupted at the permissive temperature (100%, n = 7)
(Fig. 4E). These results indicate that the presence of the
unc-30 mutation exposes the misfolding defect of a
metastable protein with a ts mutation, disrupting
muscle structure (cellular level) and muscle function (be-
havioral level). From these results, we conclude that
neuronal signaling has important consequences on pro-
tein homeostasis and interferes with the folding and ac-
tivity of proteins with mild folding defects.

Discussion

Neuronal overexcitation of post-synaptic muscle cells,
whether caused by an imbalance of GABAergic or cho-
linergic signaling, compromises protein homeostasis.
This was revealed by identification of a mutation in
unc-30 and the subsequent demonstration that other

mutations that alter neuromuscular transmission led to
misfolding of polyQ expansion proteins and other meta-
stable proteins harboring ts mutations. These observa-
tions establish that the problem of protein folding and
maintenance of protein homeostasis is not solely the re-
sult of intrinsic cellular events, but can also be influ-
enced significantly in a non-cell-autonomous manner by
perturbations in neuronal cell signaling. Our data sup-
port a model (Fig. 5) in which cellular overstimulation
has severe consequences on the folding stability of pro-
teins, and that an imbalance in neuronal signaling may
be a common feature of protein conformation disorders.
The non-cell-autonomous regulation of post-synaptic
cellular homeostasis is likely to be of central importance
not only to neurodegenerative and neuromuscular dis-
ease but may have widespread relevance in systemic pa-
thologies associated with aging. We further propose that
small molecules that alter neurotransmission, some of
which correspond to widespread environmental con-
taminants, represent a new class of modifiers of confor-
mational disorders.

Neuronal signaling as a non-cell-autonomous
modulator of protein homeostasis

The ability of the cellular machinery to prevent accumu-
lation of damaged, misfolded or aggregated proteins is

Figure 4. Cellular hyperstimulation exposes ts phenotypes at permissive temperatures. Age-synchronized animals were kept at 15°C
up to 6 d of age, when they were analyzed for different phenotypes. (A) The strains tested for slow movement were unc-15(e1402) and
unc-15(e1402);unc-30(rm7). (B) The strains unc-52(e669su250) and unc-52(e669su250);unc-30(rm7) were scored for abnormal body
shape and paralysis.The wild type (N2) and unc-30(rm7) were used as controls for both assays. Graph bars represent the percentage of
scored phenotype at 15°C for at least 130 animals. For both graphs, error bars indicate SEM. (C–H) Confocal projections (20×) of body
wall muscle cells stained with antibody against paramyosin are shown. At the permissive temperature (15°C), the thick filaments in
unc-15(e1402) animals exhibit the characteristic muscle cell structure indistinguishable from wild-type animals, whereas at the
restrictive temperature disruption of muscle structure was observed in all unc-15(e1402) animals due to improper formation of thick
filaments. (C) unc-15(e1402) at 15°C. (D) unc-30(rm7) at 15°C. (E) unc-15(e1402);unc-30(rm7) at 15°C. (F) unc-15(e1402) at 25°C. (G)
unc-30(rm7) at 25°C. (H) unc-15(e1402);unc-30(rm7) at 25°C. All images were taken from the midsection of day 6 animals. Bar: A–F,
5 µm.
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influenced by the genetic background. Genome-wide ge-
netic screens for modulators of protein aggregation have
identified ∼200 genes, providing an initial understanding
of the complexity of cellular protein homeostasis (Nol-
len et al. 2004). These results revealed how orchestration
among diverse cellular processes can act to sense and
restore balance to the protein folding environment in the
cell (Nollen et al. 2004). The identification of neuronal
signaling pathways as modulators of protein misfolding
and aggregation is unexpected. Previous work has linked
an ACh-regulated response to starvation and described
an enhancement in protein catabolism in a subset of
muscle cells that was suggested to provide the metabolic
resources necessary for organismal survival (Szewczyk et
al. 2000). It has also been shown that loss of both GABA
and ACh signaling to the post-synaptic cells led to se-
lective targeting of GABAA receptors for autophagy
(Rowland et al. 2006). While it is well established that
protein folding processes can be influenced by external
stimuli—for example, heat shock or oxidative stress—
the regulation of protein homeostasis has been tradition-
ally viewed as an intrinsic process. These results reveal
that protein homeostasis can be strongly influenced by
extracellular communication and, in particular, neuro-
nal activity.

We only examined body wall muscle cells as one class
of post-synaptic cells, but we suggest that the neural
modulatory effects on protein homeostasis may consti-
tute a regulatory mechanism of broader significance. The
ability of the cell to maintain a proper protein folding
environment may constitute an important early sensor
of an imbalance in presynaptic neuronal activity, before
progressive disruption and irreversible cellular damage
occurs. Our studies also show that neuronal excitation
results in the chronic exposure of the post-synaptic cell
to higher levels of intracellular Ca2+ that has a myriad of
effects on cellular processes including protein homeosta-
sis. Cell–cell communication, and the intracellular
changes these processes elicit, thus emerges as an addi-
tional level of regulation and integration of different in-
puts in a multicellular organism with potential to have
an effect on the organism’s general fitness.

While we employed ts proteins as a tool to monitor
protein homeostasis, polymorphisms are abundant in
the eukaryotic proteome (Goodstadt and Ponting 2001)
and their penetrance have been suggested to depend on
the robustness of the protein quality control mecha-
nisms in the cell (Sangster et al. 2004; Kimchi-Sarfaty et
al. 2007).

In disparate model organisms, the disruption of quality
control mechanisms, by either chronic expression of ag-
gregation-prone proteins or the loss of Hsp90 function,
have been shown to cause an imbalance in cellular ho-
meostasis, exposing otherwise silent genetic variation
(Gidalevitz et al. 2006). In post-reproductive aging organ-
isms, the exposure of silent genetic variation, due to the
accumulative effects of various stresses, may contribute
to disease susceptibility (Halapi and Hakonarson 2002;
Mularoni et al. 2006; Kimchi-Sarfaty et al. 2007). Indeed,
the majority of conformational disorders are age related
and caused by the chronic expression of aggregation-
prone proteins (Dobson 2003; Soto 2003). Here, we reveal
that an imbalance in cell–cell communication intro-
duces a form of chronic cell stress that can destabilize
cellular homeostasis and affect disease progression.

Small molecule effectors of neuronal excitation
as modulators of protein conformational disorders

Despite the prominence of protein misfolding as a caus-
ative agent of conformational disorders, another com-
mon feature of neurodegenerative diseases is the asso-
ciation with other environmental factors that contribute
to disease onset and progression (Soto 2003). Examples
include Huntington’s disease, for which patients with
the same polyQ length can exhibit variation in age of
disease onset (Wexler et al. 2004), Parkinson’s disease, in
which post-industrial environmental exposures such as
insecticides have been correlated with disease onset
(Benmoyal-Segal and Soreq 2006), and ALS, in which the
majority of the cases are sporadic (Bruijn et al. 2004).

Our results reveal that small molecule agonists and
antagonists that alter the balance of ACh and GABA at
the NMJ cause an imbalance in protein homeostasis in
post-synaptic cells, suggesting an important new role for
commonly ingested chemicals (nicotine) and other wide-
spread environmental contaminants (lindane) with neu-
rostimulatory properties in protein misfolding diseases.
Organochlorine compounds and other related toxicologi-
cal agents have been implicated in diverse human dis-
eases (Bruijn et al. 2004; Zawia and Basha 2005; Ben-
moyal-Segal and Soreq 2006). The chronic exposure to
these compounds could, over time, lead to a progressive
imbalance in protein homeostasis that exacerbates the
proper folding and clearance of conformationally chal-
lenged proteins. Consequently such environmental toxi-
cants could contribute significantly to the onset of spo-
radic diseases such as ALS, for which an imbalance in
GABAergic synaptic transmission seems to be pivotal for
differential vulnerability of particular sets of cerebrospi-
nal axis motor neurons (Lorenzo et al. 2006). Whether
such compounds are directly causal or not, our data

Figure 5. Neuronal signaling modulates the post-synaptic
cell’s capacity for protein folding. We propose that an imbalance
in neuronal signaling resulting in overstimulation of post-syn-
aptic cells disrupts the cell’s folding capacity and causes mis-
folding and aggregation of metastable and aggregation-prone
proteins. (ACh) Acetylcholine; (AChR) acetylcholine receptor;
(GABA) �-aminobutyric acid; (GABAR) GABA receptor.
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would support their roles to imbalance homeostasis as
potential modifiers of disease.

Materials and methods

Strains

Nematodes were handled using standard methods (Brenner
1974) and experiments were performed at 20°C, unless other-
wise indicated. Strains and alleles used in this study were as
follows: Bristol strain N2 (wild type), unc-30(e191), unc-
30(e2327), unc-25(e156), unc-47(gk192), unc-49(e407), Punc-47�

gfp, rmIs132[Punc-54�q35�yfp], rmIs133[Punc-54�q40�yfp], ace-
1(p1000), ace-2(g72), egl-19(ad692), unc-15(e1402), and unc-
52(e669su250). The unc-30(e2327) strain was kindly provided
by the Horvitz laboratory; all other strains are available from
the Caenorhabditis elegans Genetic Center. Strains containing
Q35 and Q40 stretches were described previously (Morley et al.
2002; Nollen et al. 2004). Strains generated in this work are
listed in the Supplemental Material.

Mutagenesis, mapping, and molecular analysis
of unc-30(rm7)

Mutagenesis with ethyl methanesulfonate (EMS) was per-
formed by standard methods (Brenner 1974). unc-30(rm7) chro-
mosome mapping was performed by SNPs (Wicks et al. 2001).
UNC-30 function rescue was obtained by coinjecting the cos-
mid B0564 (40 µg/µL) and a cotransformational marker
Pmyo-2�gfp (100 ng/µl) (gift from A. Fire, Stanford University,
Stanford, CA) in unc-30(rm7) animals. Transgenic lines were
identified based on the presence of the fluorescent marker and
transgenic animals were analyzed for aggregation and uncoor-
dination phenotypes [detailed identification of unc-30(rm7) is
described in the Supplemental Material].

Fluorescence microscopy and fluorescence recovery
after photobleaching

For in vivo imaging, animals were mounted on a 2% agar pad on
a glass slide and immobilized in 1 mM levamisole (Sigma). Fluo-
rescence micrographs were taken with a Zeiss Axioplan 2/LSM
510 Meta confocal microscope. Immobilized animals were sub-
jected to FRAP analysis as described (Nollen et al. 2004) with
the following modification: An area of 3.6 µm2 was bleached for
6.4 sec (25 iterations at 100% laser power), after which an image
was collected every 30 sec (at 0.1% laser power). Relative fluo-
rescence intensity (RFI) was determined by using the equation
RFI = (Net/N1t)/(Ne0/N10). Net is the average intensity of the
bleached area at a given time point, and N1t is the average
intensity of an adjacent nonbleached area at the corresponding
time point, allowing to control for general photobleaching and
background fluorescence. Ne0 and N10 are the average intensity
before photobleaching of the bleached and nonbleached control
area, respectively.

Aggregate quantification

Animals were age-synchronized by bleaching with NaOCl and
left overnight to hatch on either unseeded NGM plates or in
S-medium for the drug assays. For the Q40 or Q35 signaling-
defective backgrounds, single L1-stage animals were picked and
put onto individual seeded plates for aggregate counting and the
same animal was scored for aggregation during 6 or 10 d, respec-
tively. A minimum of 21 animals were scored for each strain

and for each time point analyzed. For the drug assays, a popu-
lation study was performed. At each time point animals were
transferred from 96-well microtiter liquid cultures onto plates
and the total number of aggregates was scored for each indi-
vidual. For RNA interference (RNAi) assays, synchronized Q35
L1 animals were transferred onto individual NGM plates seeded
with Escherichia coli containing the appropriate target se-
quence or vector alone, L4440. Aggregates were counted for
each animal over time. Staged animals were viewed at 100×
magnification with a stereomicroscope equipped for epifluores-
cence, and the number of polyQ aggregates was determined.
Aggregates were defined as discrete, bright structures, with
boundaries distinguishable from surrounding fluorescence. The
number of aggregates for each animal in each day was counted
at least twice and the values were averaged. For the drug assays,
the quantification was performed blind. Data were collected
from different experiments and compiled to calculate daily ag-
gregate number averages. Day 1 is defined as 24 h following
NaOCl age synchronization and animals are said to be 1 d old.

Assay for ts phenotypes

For the slow movement assay, age-synchronized L1 nematodes
were grown at 15°C and scored 5 d later. Per assay, eight to 12
animals were placed in a freshly seeded plate (equilibrated to
20°C) in the center of a 1-cm ring. Animals remaining in the
1-cm circle after 5 min were considered to possess a slow move-
ment phenotype (Gidalevitz et al. 2006). As a control experi-
ment, L1 nematodes were grown at 15°C until L3–L4 stage (to
avoid embryonic and developmental phenotypes), transferred to
25°C, and scored 1 d later for the same phenotype. Experiments
were repeated until the n value was at least 130. To score for
abnormal body shape (or stiff paralysis), age-synchronized L1
nematodes were grown for 6 d at 15°C. Partially paralyzed ani-
mals with moving heads and stick-like bodies were scored for
abnormal body shape. The controls were grown at 15°C until
L3–L4 stage, transferred to 25°C, and scored 2 d later.

Immunofluorescence analysis

Six-day-old nematodes were collected using M9 buffer and fixed
for 2 h in 40 mg/mL formaldehyde/phosphate buffer (pH 7.2) at
4°C. After fixation, animals were washed in PBS (pH 7.4) and
incubated in 2% Tween20 for 30 min at room temperature. For
permeabilization, animals were washed in PBS (pH 7.4), resus-
pended in 5% 2-Mercaptoethanol/Tris (pH 6.8) (with 1% Triton
X-100), and incubated overnight at 37°C. Samples were then
treated with 2.5 U/µL Collagenase/Tris (pH 7.4) (type IV, Sigma-
Aldrich #C5138) for ∼30 min at 37°C, using a shaker at 250 rpm.
This reaction was stopped by transferring the samples to ice.
Fixed-permeabilized samples were blocked with AbA solution
(10 mg/mL BSA in PBS) followed by antibody staining. Samples
were incubated overnight with primary antibody against para-
myosin (1:200 dilution, Developmental Studies Hybridoma
Bank mouse IgG1, gift from H. Epstein, University of Texas,
Galveston, TX) at room temperature. Incubation with second-
ary antibody was performed for 2 h using anti-mouse IgG-FITC
conjugate (1:200 dilution; Sigma #F0257). Nematodes were
mounted in 90% glycerol/1 mg/mL DABCO (diaza-bicyclo-oc-
tane) anti-fading solution. Samples were examined by immuno-
fluorescence microscopy using a Zeiss ConfoCor3/510 Meta
confocal microscope (Ruvkun and Giusto 1989; Finney and
Ruvkun 1990).

Drug assays

Drug assays were performed in 96-well plates in liquid culture
(Voisine et al. 2007). Each well contained a final volume of 60
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µL comprising 10–15 L1 animals, drugs at the appropriate con-
centration, and HB101 bacteria to a final OD of 0.8 in the mi-
crotiter plate. Animals and bacteria were resuspended in S-me-
dium supplemented with streptomycin, penicillin, and nystatin
(Sigma). C. elegans were grown with continuous shaking at 200
rpm at 20°C (New Brunswick Scientific Incubation shaker).
Compound preparation: Stock solutions of 500 mM GABA
(Sigma) and 800 mM levamisole (Sigma) were prepared in water;
stock solutions of 300 mM nicotine (Sigma) and 170 mM lin-
dane (Sigma) were prepared in ethanol.
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