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Abstract

Aims: To examine the role of the enzyme methionine sulfoxide reductase A-1 (MSRA-1) in amyloid-b peptide
(Ab)-peptide aggregation and toxicity in vivo, using a Caenorhabditis elegans model of the human amyloi-
dogenic disease inclusion body myositis. Results: MSRA-1 specifically reduces oxidized methionines in pro-
teins. Therefore, a deletion of the msra-1 gene was introduced into transgenic C. elegans worms that express the
Ab-peptide in muscle cells to prevent the reduction of oxidized methionines in proteins. In a constitutive
transgenic Ab strain that lacks MSRA-1, the number of amyloid aggregates decreases while the number of
oligomeric Ab species increases. These results correlate with enhanced synaptic dysfunction and mis-
localization of the nicotinic acetylcholine receptor ACR-16 at the neuromuscular junction (NMJ). Innovation:
This approach aims at modulating the oxidation of Ab in vivo indirectly by dismantling the methionine
sulfoxide repair system. The evidence presented here shows that the absence of MSRA-1 influences Ab
aggregation and aggravates locomotor behavior and NMJ dysfunction. The results suggest that therapies which
boost the activity of the Msr system could have a beneficial effect in managing amyloidogenic pathologies.
Conclusion: The absence of MSRA-1 modulates Ab-peptide aggregation and increments its deleterious effects
in vivo. Antioxid. Redox Signal. 22, 48–62.

Introduction

Sporadic inclusion body myositis (IBM) is the most
common muscle disease in the elderly. It affects the

skeletal muscles, and its progression leads to severe muscle
weakness (3, 33). Although there is also an important in-
flammatory component (2, 16), patients do not respond to
immunosuppressor and immunomodulatory therapies (2, 3).

One of the most notable characteristics of IBM is the
presence of amyloid-b peptide (Ab) aggregates in skeletal
muscle fibers (4, 6, 7, 51, 69). The accumulation of the Ab
peptide has been proposed to have a crucial role in the de-
velopment of IBM, similar to what occurs in Alzheimer’s
disease (AD). However, in the case of AD, the buildup of Ab
occurs mainly extracellularly, while the accumulation of the
peptide is intracellular in IBM (4, 6, 7, 51, 69). The prevalent

Innovation

Aberrant protein aggregation is a common feature of
late-onset diseases, such as Alzheimer’s disease and in-
clusion body myositis (IBM). Using a Caenorhabditis
elegans model of the amyloidogenic disease IBM that ex-
presses the amyloid-beta peptide in muscle cells, we eval-
uated the role of the oxidation repair msra-1 gene in vivo.

We found that the absence of MSRA-1 is critical during
early stages of IBM, being a key factor in its aggregation
and toxicity. This study highlights the relevance of the
methionine sulfoxide reductase system in IBM pathology.

Therapies that improve the activity of this antioxidant
system could be beneficial in managing amyloidogenic
diseases.
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2Center for Aging and Regeneration (CARE), Santiago, Chile.
3Escuela de Biotecnologı́a, Facultad de Ciencias, Universidad Santo Tomás, Santiago, Chile.

ANTIOXIDANTS & REDOX SIGNALING
Volume 22, Number 1, 2015
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2013.5803

48



theory sustains that the damage of skeletal muscle fibers is
secondary to the abnormal accumulation of proteins as is the
case in AD (29, 30, 67).

In AD, the neurotoxic effects of the Ab peptide compro-
mise synaptic structure and function well before the start of
neurodegeneration (61, 62, 74). For instance, there is a de-
crease of synaptic proteins before the onset of plaque for-
mation in murine models of AD and also in AD patients (36,
49). Similarly, there is mislocalization of neuromuscular
junction (NMJ) proteins in cellular cultures from IBM bi-
opsies (38), indicating a NMJ transmission defect (4). Cur-
rent evidence shows that in AD, soluble Ab oligomers, rather
than insoluble senile plaques or insoluble Ab fibrils, are the
toxic species (50, 63, 71). Ab oligomers are also present in
muscle biopsies from IBM patients (52). We previously
showed that, in a Caenorhabditis elegans model of IBM,
there are structural defects in the NMJ as well as synaptic
dysfunction, and that Ab oligomeric species are the main
toxic forms of the peptide (56). This IBM model expresses
the human Ab peptide in muscle cells and has been exten-
sively used to elucidate the molecular mechanisms of AD and
IBM (32, 57, 59). In addition, Ab aggregation can be easily
monitored in vivo from very early stages throughout the an-
imals’ lifespan (40, 57).

Oxidative stress is considered as playing a major role in the
development of AD and also in IBM (5, 68). In vitro evidence
indicates that the oxidation of Met35 in Ab1-42 affects its
aggregation and toxicity (9, 13, 23). The redox state of the
methionine residue at position 35 of the Ab peptide influ-
ences its aggregation by reducing fibril formation (23–25).
There is controversy regarding whether the oxididation state
of Ab oligomeric species makes them more or less neurotoxic
(10, 15, 65). Cell culture experiments show that this oxidized
peptide increases the oxidative stress of the organism (9). In
vitro experiments suggest that the effect of Met35 oxidation
on Ab toxicity may be influenced by experimental condi-
tions, especially how the oligomers and fibrils were prepared
and the exposure time to the cell culture (13). It appears that
the formation of soluble oligomers is delayed during the first
phase of aggregation when Met35 is oxidized (26). Therefore,
there is a larger proportion of nontoxic Ab monomers,
making Ab-Met35-O less toxic at the onset of short-term
experiments (26). In the context of AD and Ab peptide ag-
gregation, an in vivo study suggests that the methionine res-
idue at position 35 of the peptide is relevant in the generation
of oxidative stress and influences its neurotoxic properties
(65, 12).

The methionine sulfoxide reductase (Msr) system has been
implicated in aging and protection against oxidative stress
(28, 39, 43, 44, 53). This highly conserved system reverses
the oxidation of methionine residues within proteins (75). In
vertebrates, the enzyme methionine sulfoxide reductase is
expressed in most tissues (22, 60) and specifically reduces
oxidized methionines in proteins (45, 47, 48). MSRA-1 is the
only Msr enzyme described in C. elegans (31). We found that
the expression of the enzyme declines during aging; while its
deletion increases the levels of oxidized methionines in
proteins from 10% to 30% and accelerates aging (39). In rats,
Msr expression decays in the kidney, brain, and liver during
aging (54). Similarly, brains from AD patients show de-
creased MsrA expression (20). It is still unknown whether
MsrA expression declines in human muscle tissue during

aging, which could have relevance in the development of
IBM. If this is the case, the oxidation of Ab Met35 may re-
main unrepaired for longer periods of time, leading to the
prevalence of more toxic oligomeric species and/or an in-
crease in oxidative stress, as Met35 cannot act as a reactive
oxygen species (ROS) scavenger (9).

To examine the role of Met35 oxidation in Ab aggregation
and toxicity in vivo, we used C. elegans models of IBM where
the gene that encodes the C. elegans methionine sulfoxide
reductase-1 (MSRA-1) is deleted. As a consequence, the
reduction of oxidized methionines is suppressed in these
strains (39). In a constitutive strain, which expresses Ab
throughout the worms’ lifespan, we found that the locomo-
tory and synaptic defects caused by Ab are enhanced in the
absence of MSRA-1. These phenotypes correlate with an
increment of oligomeric species and fewer Ab aggregates.
This constitutive model resembles the course of human IBM:
It is late onset, the individuals are affected progressively
during their lifetime, but their lifespan is not shortened.

In an inducible Ab strain that expresses large quantities of
the peptide in a very short period of time (72), we observed a
limited delay in the time course of paralysis. This model can
be used only during a short window of time of Ab aggrega-
tion, because the individuals die within hours of induction
and at a very early age. Therefore, this model does not re-
semble human IBM, but it could, nonetheless, help us un-
derstand Ab dynamics.

Our results suggest that the absence of the MSRA-1
enzyme could influence IBM pathology by increasing Ab
oligomeric species and synaptic dysfunction.

Results

The deletion of the msra-1 gene heightens
the locomotory impairments of Ab transgenic worms

Muscle expression of Ab causes locomotory impairments
in C. elegans (40, 56). To test the relevance of oxidation
repair in this model of IBM, we first evaluated locomotion
in a transgenic strain that carries a deletion of the msra-1 gene
(allele tm1421) and expresses the human Ab peptide in
muscle cells. In this strain, methionine-35 of the Ab peptide
may remain oxidized. Once this modification occurs, it can-
not be reduced due to the absence of the repair enzyme
MSRA-1. To evaluate the general methionine oxidation state
of proteins in the absence of MSRA-1 in our model, we
specifically measured oxidized methionines in total protein
extracts of each strain (Table 1). We found that the presence

Table 1. Percentage of Oxidized Methionines

in Total Protein Extracts

from One-Day-Old Adult Worms

Genotype
% Met-O/
total Met

p-Value with
regard to

wild-type strain

p-Value with
regard to
Ab strain

No Ab 17.2 – 3.5
msra-1 30.8 – 4.4 p £ 0.1
Ab 23.5 – 1.6 p £ 0.5
Ab; msra-1 31.3 – 2.4 p £ 0.1 p £ 0.1

Values are the average – (SEM) from n = 3 measurements per
strain. Student’s t-test was used for statistical analysis. Met-O,
oxidized methionines.
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of Ab increases the oxidation in methionines (from 17% to
23%). In msra-1 deletion mutants and in the Ab, msra-1
strain the oxidation of methionines reaches 30% of total
methionines. Therefore, we expect that around 30% of Ab
Met35 is oxidized.

We performed thrashing assays (number of body bends per
minute) in liquid medium at day 1 (Fig. 1A) and day 3 of
adulthood (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/ars). The locomo-
tory defect of the Ab strain (40% reduction with regard to the
control strain) is enhanced in the absence of msra-1 (Fig. 1A
and Table 2). The motility impairments of the Ab; msra-1
strain (65% total decrease in thrashing rates) are more severe
than the sum of the defects shown by each independent strain
(Ab and msra-1 strains) in 1-day-old adults (Table 2).
Therefore, the absence of the MSRA-1 enzyme aggravates
the locomotory defects caused by Ab and the impairments
persist for at least during the first 3 days of adulthood (Sup-
plementary Fig. S1). When we rescued the Ab; msra-1 strain
with the wild-type msra-1 gene, the motility improves to
reach that of the Ab strain (Fig. 1A, Supplementary Fig. S1
and Table 2).

In order to test the effect of another antioxidant enzyme in
motility impairments caused by Ab, we constructed a strain
that carries a mutation in the iron/manganese superoxide
dismutase gene sod-3 and which also overexpresses the Ab
peptide in muscle cells. The superoxide dismutase system
acts directly on ROS levels, but it is unable to reduce oxidized
proteins. We found that a mutation in this enzyme worsens
the Ab phenotype by 31% (Fig. 1B and Table 2). However,
the lack of MSRA-1 reduces Ab worms’ motility by 41%
(Fig. 1A and Table 2), even though in a wild-type background
the msra-1 phenotype is milder than that of sod-3 (Fig. 1A, B
and Table 2).

We also knocked down msra-1 expression in the Ab strain
using RNA interference (RNAi). In these experiments, we
obtained similar effects as those observed with the null msra-1
mutant. The absence of MSRA-1 exacerbates the motility
defects of the Ab worms (Fig. 1C). We corroborated msra-1
knockdown in a strain that expresses MSRA-1::GFP under the
control of the endogenous msra-1 promoter. MSRA-1 ex-
pression is undetectable in all tissues, including muscle cells
where Ab is expressed, but remains in the nervous system, as
RNAi is not effective in this type of cells (Fig. 1D).

The absence of MSRA-1 exacerbates synaptic
dysfunction in the Ab transgenic worms

Previously, we showed that the constitutive Ab transgenic
strain develops functional defects in the NMJ, displaying
resistance to nicotine but not to levamisole (both drugs are
acetylcholine receptor agonists). Therefore, Ab seems to
specifically affect the subtype of nicotinic acetylcholine
receptors that are sensitive to nicotine but insensitive to le-
vamisole (40, 56). These receptors are closely related to the
a7-nicotinic acetylcholine receptor, proposed to be associ-
ated with Ab1-42 neurotoxic effects in mammals (55, 59).
Paralysis assays on nicotine performed at day 1 of adulthood
show that the absence of MSRA-1 enhances the resistance of
the Ab worms to this drug (Fig. 2A and Supplementary Fig. S2).
This enhanced resistance to nicotine is abolished when the
wild-type msra-1 gene under the control of its own promoter

is transformed into the Ab; msra-1 strain (Fig. 2A). No dif-
ference in behavior between these strains is observed when
the worms are exposed to levamisole (Fig. 2B). These results
suggest that the absence of MSRA-1 aggravates the func-
tional defects of a NMJ already compromised by Ab, prob-
ably through the same targets.

In order to establish whether the lack of other antioxidant
response enzymes also increases the resistance of Ab trans-
genic worms to nicotine, we performed nicotine paralysis
assays on Ab; sod-3 worms. Figure 2C shows that the absence
of SOD-3 makes the Ab transgenic worms more resistant to
nicotine, similar to what we described for msra-1 mutants in
the Ab background. However, sod-3 mutant worms (in the
absence of Ab) show resistance to nicotine, while msra-1
mutant worms do not. In fact, msra-1 mutants seem to be
slightly sensitive to the drug (Fig. 2C). These results would
indicate that sod-3 mutants have additional phenotypes which
might not be related to oxidative stress. In fact, it was re-
ported that sod-3 mutants show axon guidance defects
(www.wormabase.org).

To further test the influence of MSRA-1 on the synaptic
function of the Ab transgenic strain, we determined the ef-
fects of aldicarb (acetylcholinesterase inhibitor). Our results
show that the Ab strain is sensitive to aldicarb. However, this
behavior is not altered in the msra-1 mutant background (Fig.
2D). Therefore, the absence of MSRA-1 in the IBM model
does not seem to affect the function of the presynaptic
terminal.

Taken together, these results suggest that in our animal
model, MSRA-1 function is relevant at the postsynaptic ter-
minal and may affect nAChRs which are insensitive to le-
vamisole through the Ab peptide.

MSRA-1 knockdown enhances the mislocalization
of the nAChR ACR-16 in the NMJ of Ab transgenic
worms

Previously, we showed that the nicotinic acetylcholine
receptor ACR-16 is mislocalized in the NMJ of Ab transgenic
worms, while the levamisole sensitive nAChRs are not al-
tered (1, 56). ACR-16 mislocalization in these worms cor-
relates with nicotine resistance. Figure 3Ad and B show that
in worms that express Ab and lack MSRA-1, the intensity
of ACR-16::GFP fluorescence is greatly reduced. Ab ex-
pression by itself does not change ACR-16 expression levels
(56). Besides, msra-1 knockdown by RNAi in a wild-type
background does not affect the clustering of ACR-16 or the
intensity of ACR-16::GFP fluorescence (Fig. 3Aa,b, B).
Western blot analysis indicates that ACR-16::GFP is present
at similar levels in all our experimental conditions (Fig. 3C,
D). Therefore, the diminished fluorescence could be a con-
sequence of ACR-16 inability to form clusters at the NMJ in
the presence of permanently oxidized Ab.

MSRA-1 modulates Ab aggregation in vivo

In vitro evidence shows that the oxidation state of Met35 of
the Ab peptide influences its aggregation by reducing fibril
formation (23–25). Therefore, we tested aggregation in vivo
in our Ab, msra-1 strain. C. elegans strains that express Ab
present high levels of oxidative stress (18, 73). Consequently,
in the absence of the repair enzyme MSRA-1, the amino acid
Met35 of the peptide will likely remain permanently oxidized
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(Table 1). First, we stained the worms with ThS, a dye that binds
to Ab aggregates. We found that in the absence of MSRA-1, the
area and number of ThS positive deposits decreases com-
pared with the control strain [Ab, msra-1 ( + / + )] (Fig. 4A–C).
We also observed that, while the area of ThS-positive amy-

loid aggregates decreases, the percentage area that stains
with (Trans, trans)-1-bromo-2,5-bis-(3-hydroxycarbonyl-4-
hydroxy) styrylbenzene (BSB) (a dye with higher affinity for
Ab oligomeric species) increases (Fig. 4D, E). However, the
number of BSB-positive aggregates does not change when the

FIG. 1. The deletion of the msra-1 gene worsens the locomotory impairments of amyloid-beta peptide (Ab)
transgenic worms. (A) The graph shows the quantification of movement in liquid medium (thrashes per minute) of 1-day-
old adult worms. Ab transgenic worms (black bar; strain CL2120) move slower than the controls that do not express Ab
(white bar; strain CL2122). In an msra-1 mutant background, the transgenic Ab worms (dark gray bar; strain ANM19)
show a significant decrease in motility compared with the Ab worms (black bar). Deletion of the msra-1 gene (light gray
bar) causes a slight decrease in motility compared with the control worms at this age. Transformation rescue of the wild-
type msra-1 gene into the Ab; msra-1 strain (lined bar, strain ANM45) restores motility to reach that of the Ab transgenic
worms. Data are means – SEM from at least four independent experiments. n ‡ 50 animals per bar. One-way ANOVA
followed by Bonferroni’s post hoc comparisons test were used for statistical analysis. ***p £ 0.001. (B) The graph shows the
quantification of movement in liquid medium (thrashes per minute) of 1-day-old adult worms. Ab transgenic worms (black
bar; strain CL2120) move slower than the controls that do not express Ab (white bar; strain CL2122). In a sod-3 mutant
background, the transgenic Ab worms (dark gray bar; strain ANM48) show a moderate decrease in motility compared with
the Ab worms (black bar). Deletion of the sod-3 gene (light gray bar; strain VC433) causes a significant decrease in
motility compared with the control worms at this age. Data are means – SEM from at least four independent experiments.
n ‡ 30 animals per bar. One-way ANOVA followed by Bonferroni’s post hoc comparisons tests were used for statistical
analysis. ***p £ 0.001, **p £ 0.01 (C) The graph shows motility in liquid medium (thrashes per minute) of 1-day-old adult
worms. Control worms (no Ab; strain CL2122) and Ab transgenic worms (strain CL2120) were subjected to msra-1 RNAi
(black bars). The msra-1 knocked-down worms show decreased motility in the presence of Ab. Data are means – SEM
n ‡ 50 animals per strain. Unpaired Student’s t-test was used for statistical analysis. ***p £ 0.001 (D) The fluorescence
images show worms that express MSRA-1::GFP under the control of the endogenous msra-1 promoter. The top image
shows that MSRA-1::GFP is expressed in several tissues, including the intestine, muscle cells, and neurons (strain ANM57).
The bottom image shows a worm from the same strain described earlier that has been subjected to msra-1 RNAi. Expression
of MSRA-1::GFP remains only in the neurons.
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MSRA-1 enzyme is absent (Fig. 4F). We have already demon-
strated that the number of ThS-positive aggregates increases
with age (40). In this work, we also show that the BSB-positive
areas increase with age (Supplementary Fig. S3), and this pro-
cess is exacerbated in the absence of MSRA-1.

Analysis of Ab oligomeric species through Western blot
indicates that the relative levels of low-molecular-weight
(MW) oligomers (8–24 kDa) with regard to higher MW
species (26–50 kDa) increase in the absence of MSRA-1 (Fig.
4G, H and Supplementary Fig. S4).

The formation of fewer and smaller amyloid aggregates in
the absence of oxidation repair of methionines correlates with
an increase in the relative levels of oligomeric species and
with enhanced motility impairments and synaptic defects.

The absence of MSRA-1 delays paralysis
in an inducible Ab strain

In vitro experiments suggest that the effect of Met35 oxi-
dation on Ab toxicity may be influenced by experimental
conditions, especially how the oligomers and fibrils are pre-
pared and the length of exposure to the cell culture (13). It
appears that initial Ab aggregation (formation of soluble
oligomers) is delayed during the first phase of aggregation
when Met35 is oxidized (26). Therefore, there is a larger
proportion of nontoxic Ab monomers during the first phase of
aggregation at the beginning of short-term experiments. In
order to test Ab-Met35-O toxicity in a shorter time frame
in vivo, we used the inducible strain CL4176. This strain
produces large quantities of Ab in a very short period of time
(18, 72). The worms paralyze very quickly, and most worms
cannot move 24 h after induction. In contrast to the consti-
tutive Ab worms and to IBM pathological features, they do
not form ThS-positive amyloid aggregates (18). The graph in
Figure 5A compares the percentage of worms paralyzed over
time in the inducible strain and in strains that express Ab
constitutively. Most worms from the inducible strain
(CL4176) are paralyzed 24 h after induction as previously
described (17); while the worms that express Ab constitu-
tively remain motile, as we have already shown (40, 56).
Another constitutive strain (CL2006) that forms fewer Ab
aggregates than CL2120 presents an intermediate paralysis
curve as already described (72). We introduced the msra-1
deletion into the inducible strain through standard genetic
crosses and then, we analyzed paralysis over time after Ab
induction. The graph in Figure 5B shows the paralysis time
course of inducible Ab transgenic worms compared with
inducible Ab worms that lack MSRA-1. The absence of

MSRA-1 causes a small delay in the time course of paralysis,
suggesting reduced Ab toxicity. However, this protection is
temporary, as both strains are completely paralyzed 29 h after
induction (Fig. 5B).

To test Met35 oxidation state in these strains, we immuno-
precipitated Ab from protein extracts and then, we detected the
presence of oxidized methionines using an anti-methionine
sulfoxide antibody. The Ab peptide has only one methionine;
therefore, we can only detect the oxidized Met35. As expected
from the results shown in Table 1, we found that there is me-
thionine oxidation in both strains. Unfortunately, this assay is
only qualitative, and, therefore, we cannot establish a quanti-
tative difference between the strains (Fig. 5C and Supple-
mentary Fig. S5).

Discussion

We postulate that the absence of MSRA-1 in the transgenic
C. elegans model of IBM triggers changes in the composition
and toxicity of amyloid aggregates in muscle cells. These
alterations may be related to the oxidation in Met35 of the Ab
peptide. Based on the evidence reported by several research
groups, there is general consensus on the role of Met35 in
controlling Ab oligomerization and aggregation (24, 25, 35).
On the other hand, it is unclear whether the oxidation state of
Met35 influences the peptide’s toxicity in vivo (13, 14).

Oxidative stress induced by Ab is central in the patho-
logical cascade that leads to neurodegeneration in AD (12–
14, 65). Therefore, one of the key questions is whether the
oxidation in Met35 increases the peptide’s toxicity. As stated
earlier, this point has not been settled, as there are numerous
reports showing conflicting results depending on the selected
experimental strategy (13). The available evidence on the
oxidized peptide toxicity is largely based on cell culture ex-
periments where the peptide is prepared in vitro and then used
to treat the cells. The results depend on how the peptide is
prepared and on the exposure times (13, 58). In IBM, the
peptide aggregates intracellularly in muscle cells (3, 4, 6);
therefore, the previous in vitro evidence based on the peptide
added to the extracellular space is less relevant in studying
this disease. In our approach, we used a transgenic C. elegans
strain that constitutively expresses the human Ab peptide in
the body wall muscle cells and also carries a deletion of the
msra-1 gene, the only Msr enzyme described in C. elegans
(31, 39) to avoid reduction of oxidized methionines. This
model enables us to focus on the aggregation and toxicity of
the peptide itself, as there is no APP processing involved or
changes in the peptide’s expression. It was originally

Table 2. Quantification of Movement in Liquid Medium (Thrashes per Minute) of One-Day-Old Adult Worms

Genotype Thrashes/min
% with regard to
wild-type control

% decrease with regard
to wild-type control

% decrease
with regard to Ab

No Ab Control (n = 30) 201 – 3.9 100 0
Ab (n = 50) 119 – 5.8 59 41
msra-1 (n = 52) 178 – 4.3 89 11
Ab; msra-1 (n = 50) 70 – 2.9 35 65 41
Rescued strain (n = 62) 99 – 2.5 49 51
sod-3 (n = 30) 116 – 2.8 58 42
Ab; sod-3 (n = 30) 82 – 2.7 41 59 31

Values are the average – (SEM) from n ‡ 30 worms per strain.
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demonstrated that in mammals, the absence of MsrA causes
an increase in the oxidation of proteins and elevated levels
of brain pathologies (42, 46 and references therein). In
C. elegans, we showed that there is an increment in the per-
centage of oxidized methionines in the null msra-1 mutants
(39). In our constitutive transgenic C. elegans Ab model, we
can recapitulate in vivo the natural assembly of Ab over time, as

it happens in IBM; we can measure its toxicity at different
stages of Ab aggregation, and we can establish the effects of the
absence of MSRA-1. Moreover, we were able to measure the
oxidation state of methionines in total proteins and, indirectly,
in the Ab peptide (Table 1, Fig. 5C and Supplementary Fig.
S5). These results support earlier evidence showing that Ab
expression in C. elegans models of IBM triggers an increase in
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FIG. 2. The absence of MSRA-1 exacerbates synaptic dysfunction in the Ab transgenic worms. (A) The graph shows
the time course of paralysis in response to nicotine (31 mM). One-day-old control worms (CL2122), Ab transgenic worms
(CL2120), Ab; msra-1 worms (ANM19), and Ab; msra-1 worms rescued with the wild-type msra-1 gene (ANM45) were
assayed on nicotine plates. The absence of MSRA-1 increases the nicotine resistance of the Ab strain. Ab; msra-1 rescued
strain ANM45 shows the same behavior as the Ab strain. Data are means – SEM from at least four independent experiments.
n ‡ 45 animals per strain in each experiment. Repeated-measures two-way ANOVA followed by Bonferroni’s post hoc
comparisons tests were used for statistical analysis. ***p £ 0.001 comparing the Ab transgenic worms with Ab; msra-1
worms. + + p £ 0.01 comparing Ab transgenic worms with the control worms. + + + p £ 0.001 comparing Ab transgenic
worms with the control worms. (B) One-day-old control worms (CL2122), Ab transgenic worms (CL2120), and Ab; msra-1
animals (ANM19) were assayed on levamisole plates (0.25 mM). Data are means – SEM from at least four independent
experiments. n ‡ 45 animals per strain in each experiment. The paralysis curves show no differences between the strains. (C)
The graph compares the paralysis of the Ab expressing worms in different backgrounds (msra-1 or sod-3) after a 45-min
exposure to nicotine 31 mM. The absence of both msra-1 and sod-3 worsens the nicotine resistance of the Ab worms.
Contrary to what we observe in the msra-1 mutant, the sod-3 mutants show nicotine resistance even in the absence of Ab.
Data are means – SEM from at least four independent experiments. n ‡ 45 animals per strain in each experiment. One-way
ANOVA followed by Bonferroni’s post hoc comparisons tests were used for statistical analysis. ***p £ 0.001 (D) The graph
shows the time course of paralysis in response to aldicarb (1 mM). One-day-old control worms (CL2122), Ab transgenic
worms (CL2120), Ab; msra-1 animals (ANM19), and msra-1 mutant worms were assayed on aldicarb plates. The absence
of MSRA-1 does not change the hypersensitivity of the Ab worms to aldicarb. Data are means – SEM from at least four
independent experiments, n ‡ 45 animals per strain in each experiment. Repeated-measures two-way ANOVA followed by
Bonferroni’s post hoc comparisons tests were used for statistical analysis. **p £ 0.01, ***p £ 0.001 comparing Ab transgenic
worms with the control worms.
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the oxidation state of proteins which correlates with the pa-
ralysis phenotype (18, 73). In terms of toxicity, our evidence
shows that in the constitutive Ab in vivo model, which re-
sembles the human disease, the accumulation of oxidized
peptide in adult individuals leads to increased toxicity. The
toxicity translates into decreased synaptic function, compro-
mised synaptic structure, and diminished locomotory capacity.
Our results support previous reports showing that the oxidized
oligomers are more toxic in long-term experiments (58).
Moreover, there is evidence showing that the MsrA system has
a role in protecting cultured neurons from Ab1-42 toxicity. The
oxidation of Met35 to Met-sulfoxide induces the activity of this
oxidation repair system to increase cell viability in cortical and
hippocampal neurons (41, 46). In C. elegans, the absence of
SOD-3, an enzyme that contributes to the redox balance of the
organism, triggers serious motility impairments even in the
absence of Ab. This phenotype worsens only slightly in the
presence of Ab in contrast to what occurs in msra-1 mutants.
Therefore, the lack of SOD-3 may influence Ab toxicity as a
consequence of a general increase in oxidative stress. Instead,

the inability to specifically repair oxidized methionines (lack of
MSRA-1) seems to have a greater impact in increasing Ab
toxicity.

In our previous work, we found that the NMJ functional
defects (increased nicotine resistance) caused by Ab correlate
with the specific mislocalization of the nicotinic acetylcho-
line receptor ACR-16 in the postsynaptic region (56). This
receptor shows a high identity with the a7 subunit of the
vertebrate nicotinic AChR expressed in neurons (21). The
evidence shows that Ab can affect the function of nAChRs.
For example, Ab1–42 binds with a high affinity to a7 and a4b2
nAChRs (70). In this work, we show that in the absence of
MSRA-1, which makes oxidation repair of methionines im-
possible, the clustering of ACR-16 is further compromised in
the Ab transgenic worms. This result is in agreement with the
phenotype of increased nicotine resistance observed in this
strain (Fig. 2A). There is no clear evidence indicating whe-
ther the Ab oligomers and protofibrils interact directly or
indirectly with the nicotinic receptors (8). However, Pym
2007 demonstrated that the subtype-specific actions on

FIG. 3. MSRA-1 knockdown enhances the mislocalization of the nAChR ACR-16 in the NMJ of Ab transgenic
worms. (A) Control worms expressing ACR-16::GFP show fluorescent puncta over the ventral nerve cord (a). msra-1
knockdown does not alter the localization of ACR-16::GFP in muscle cells (b). Worms that express Ab show a markedly
altered localization of ACR-16::GFP puncta which can be seen in several muscle arms (arrows) (c). In the presence of Ab,
msra-1 knockdown significantly reduces ACR-16 fluorescence (d). (B) The graph shows the quantification of ACR-16::GFP
fluorescence as integrated density of the puncta. Data are means – SEM from n ‡ 30 worms per strain. Student’s t-test was
used for statistical analysis. ***p £ 0.001. (C) Western blot of total protein extracts from strains shown in (A). ACR-
16::GFP detected with anti-GFP antibodies. Anti-a-tubulin antibodies were used as a loading control. (D) The graph shows
quantification of the Western blot in (C). Data are means – SEM of three independent Western blots. Student’s t-test was
used for statistical analysis.

54 MINNITI ET AL.



FIG. 4. MSRA-1 modulates Ab aggregation in vivo. (A) ThS staining of 1-day-old Ab (top image) and Ab; msra-1 (bottom
image) worms show amyloid deposits in the head muscles. Very few ThS-positive amyloid deposits are detected in the absence of
MSRA-1 (arrows). (B) The graph shows the quantification of the area of ThS-positive amyloid aggregates in the head region. Data
are means – SEM from n ‡ 30 worms per strain. Student’s t-test was used for statistical analysis. ***p £ 0.001. (C) Quantification
of the total number of amyloid deposits in the head area. Data are means – SEM from n ‡ 30 worms per strain. Student’s t-test was
used for statistical analysis. ***p £ 0.001. (D) BSB staining of 1-day-old Ab (top image) and Ab; msra-1 (bottom image) worms.
The arrows show BSB-positive areas that are increased in the absence of msra-1. (E) The graph shows quantification of the BSB-
positive areas in the head of the animal. Data are means – SEM from n ‡ 30 worms per strain. Student’s t-test was used for
statistical analysis. ***p £ 0.001. (F) Quantification of the total number of BSB-positive areas in the animal’s head. Data are
means – SEM from n ‡ 30 worms per strain. Student’s t-test was used for statistical analysis. ***p £ 0.001. (G) Western blot from
Wt, Ab, and Ab; msra-1 worms. Bands of higher-molecular-weight (MW) decrease in intensity in the absence of msra-1. A
representative blot from four independent experiments is shown. (H) The graph shows the quantification of the bands in (G) by
densitometry. In the absence of msra-1, the fraction of high MW Ab species decreases with regard to the lower MW Ab oligomers.
Data are means – SEM of three independent Western blots. *p £ 0.01. Student’s t-test was used for statistical analysis.
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neuronal nAChRs, displayed by the Ab peptide, are depen-
dent on Met35 of the Ab1–42 sequence (55). Interestingly, the
effects observed on neuronal nAChR subtypes are strongly
dependent on the presence of a sulfoxidized amino acid in
position 35 of Ab, suggesting that an interaction between Ab
and nAChRs may play a role in these effects.

It is expected that the absence of the MSRA-1 enzyme will
result in the permanent oxidation of many other proteins, and
this could be the real cause of the aggravated phenotypes we
observe in the Ab, msra-1 strain. This is a caveat that is very
difficult to resolve completely. However, based on our pre-
vious and thorough analysis of the msra-1 mutants (39), we
performed our experiments in developmental stages where
the msra-1 deletion does not cause any apparent phenotypes
in the absence of Ab.

In this work, we also show that, in the absence of MSRA-1,
the aggregation kinetic of intracellular Ab-peptide in vivo is
similar to what has already been shown in vitro. Zagorsky
and collaborators showed that the oxidation of Met35 in the
Ab peptide hinders the formation of Ab aggregates in vitro
(23–25). We show that there is a significant decrease in the
formation of Ab aggregates when we prevent the oxidation
repair of methionines in vivo. Our results suggest that while
the number and area of Ab aggregates decrease, the oligo-
meric species increase. Our experimental design enables us
to indirectly address whether the oxidation in Met35 has a
role in Ab assembly and toxicity (12, 34, 73). In contrast,
other experimental approaches substitute Met35 by a redox-

unreactive amino acid, which can alter the aggregation of the
peptide itself, independent of the oxidation in Met35 (11, 13).

Interestingly, the toxicity results we obtained with the in-
ducible Ab strain in the msra-1 background are in conflict with
those obtained with the constitutive Ab strain. The worms
from the inducible strain generate large amounts of oligomers
in a very short period of time, they never form amyloid ag-
gregates, and they paralyze and die in a matter of hours. This
inducible model does not resemble the time course and the
pathological features of IBM. However, we believe that it can
give some insights into the very early stages of Ab aggrega-
tion. Worms from the constitutive strain express Ab during the
animal’s lifetime, they form numerous amyloid aggregates and
show a wild-type lifespan (40), similar to what happens in the
human disease. In the absence of MSRA-1, the worms from
the inducible Ab strain show a mild and transient improvement
in the phenotype (the paralysis is delayed) that lasts for only a
few hours. We could explain these results based on the ag-
gregation kinetics of the oxidized peptide in vitro where the
oxidized monomers require longer times to form soluble
oligomers and fibrils (23–26). We could hypothesize that since
the Ab monomers are less toxic than the oligomers, toxicity
and paralysis will be temporarily delayed. However, since this
is a very dynamic process, the monomers will quickly form
toxic oligomers that trigger paralysis. This approach only en-
ables us to look at a very specific time point on the kinetics of
Ab aggregation in a situation where large quantities of peptide
are produced in a very short time frame.

FIG. 5. The absence of MSRA-1 delays
paralysis in an inducible strain. (A) In the
graph, each curve is the result of at least five
independent experiments and it shows the
progression of Ab-induced paralysis in three
different Ab transgenic strains. CL2120 forms
numerous Ab aggregates and does not para-
lyze over the course of the experiment.
CL2120 is the constitutive transgenic Ab
strain we used in all previous experiments.
CL2006 is another constitutive Ab transgenic
strain that forms fewer Ab aggregates than
CL2120, and it paralyzes over time. CL4176
is an inducible strain that does not form Ab
aggregates but accumulates large amounts of
Ab. All worms are completely paralyzed 26 h
after temperature shift. (B) The graph com-
pares the progression of paralysis in the Ab-
inducible strain in the presence and absence of
MSRA-1. In the absence of MSRA-1, paral-
ysis is delayed between 22 and 26 h after
temperature shift. By 28 h, there is no differ-
ence in the fractions of animals paralyzed in
the presence and absence of MSRA-1. Data
are means – SEM from at least four indepen-
dent experiments. Repeated-measures two-
way ANOVA followed by Bonferroni’s post
hoc comparisons tests were used for statistical
analysis. **p £ 0.01. (C) The Western blot
shows oxidative state of Ab Met35. Ab was
immunoprecipitated from protein extracts of
synchronized strains CL4176 (Ab) and
ANM12 (Ab; msra-1) at 24 h after induction.
For the Western blot, the anti-methionine
sulfoxide antibody was used.
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The C. elegans model is a powerful tool for genetic analysis
of biological processes. In this work, we have taken advantage
of this characteristic to examine the role of MSRA-1 in Ab-
peptide aggregation and toxicity in vivo. Our analyses enabled
us to gain insights into the unsolved problem of Ab redox state
by correlating phenotypic analyses, the aggregation state of
Ab, and the absence of the system for Met-O reduction. It
is clear that additional biochemical analyses are needed to
achieve a quantitative evaluation of Met35 redox state in the
Ab peptide. However, C. elegans has limitations in this regard,
and it is, therefore, necessary to look for more suitable animal
models (mouse models of IBM and AD).

Our proposed model of the pathological events in a
C. elegans model of IBM states that the accumulation of
specific Ab species in muscle cells causes motility impair-
ments, and structural and functional defects in the neuro-
muscular synapse (Fig. 6A). The redox state of Ab is a key
component in the modulation of Ab aggregation. In our IBM
model that constitutively expresses Ab in muscle cells and
lacks MSRA-1, the toxic Ab oligomeric species will accu-
mulate because the oxidation in Met35 inhibits the formation
of less toxic fibrils and aggregates (Fig. 6B). This toxicity is
associated with motility defects and early synaptic dys-
function at the NMJ. In future, it will be important to explore
other processes that are being affected directly or indirectly
by the oxidized oligomers, perhaps later in the development
of the disease, such as mitochondrial function and protein
homeostasis.

Materials and Methods

Nematode strains and culture

Nematodes were raised at 20�C (unless otherwise indi-
cated) under standard laboratory conditions on agar plates
cultured with Escherichia coli (OP50) (64).

The following strains were used: N2 (Bristol) as the
wild type, msra-1(tm1421)II, VC433 sod-3(gk235) X. Trans-
genic strains CL2120 (dvIs14[unc-54/Ab1-42(pCL12) +
mtl-2::GFP(pCL26)]) and CL2122 (dvIs15[pPD30.38(unc-
54vector) + mtl-2::GFP(pCL26)]) and CL2006 (dvIs2[pCL12
(unc-54/hAb1–42) + pRF4(rol-6(su1006)] were previously de-
scribed (19). Briefly, CL2120 predominantly expresses the
human Ab3-42 peptide under the control of the unc-54 (myosin
heavy chain) promoter that drives expression in the body wall
muscle cells. These animals form intracellular amyloid deposits
constitutively in their muscle cells (37). CL2122 is the control
strain for CL2120, without Ab expression. Strain CL4176smg-
1(cc546)I;dvIs27[pAF29(Pmyo-3::Ab1-42) + pRF4(rol-6(su1006)]
expresses human Ab3-42 in the body wall muscle cells when
induced at 23�C, and has the roller phenotype. The Ab trans-
genic strains and their controls were a gift of Dr. Christopher
Link, University of Colorado, Boulder, CO.

Strains carrying GFP fusion proteins Pmyo3::ACR-16::GFP
were a gift from Dr. M. Francis, University of Massachusetts,
Worcester, MA.

We constructed the following strains by standard genetic
crosses:

ANM19 dvIs14[unc-54/Ab1-42(pCL12) + mtl-2::GFP
(pCL26)];msra-1(tm1421)II, ANM48dvIs14[unc-54/A
b1-42(pCL12) + mtl-2::GFP(pCL26);sod-3(gk235)X, ANM30
(dvIs2[pCL12(unc-54/hAb1–42) + pRF4(rol-6(su1006)];Pmyo3::
ACR-16::GFP and ANM31[pCL12(unc-54/Ab1-42)pRF4
(su1006)], [Punc-54::Ab1-42;pRF4(rol-6(su1006)];Pmyo3::
ACR-16::GFP), ANM12smg-1(cc546)I; dvIs27[pAF29
(Pmyo-3::Ab1-42) + pRF4(rol-6(su1006)];msra-1(tm1421)II.

Transgenic strains were generated by germline transfor-
mation using standard microinjection techniques (64). Mul-
tiple independent transgenic lines were generated for each
transgenic strain. For (dvIs14[unc-54/Ab1-42(pCL12) + mtl-
2::GFP(pCL26)]);msra-1(tm1421) rescue experiments,

FIG. 6. Proposed model.
The cartoon shows the early
pathological events in the
IBM C. elegans model. (A)
The accumulation of Ab spe-
cies in different states of
oligomerization at the neuro-
muscular synapse causes an
alteration of specific postsyn-
aptic molecules, including
nAChRs. The oxidative state
of Ab Met35 alters Ab aggre-
gation kinetics. (B) During the
development of IBM, the ox-
idation of Ab-Met35 may shift
the aggregation kinetics to-
ward the formation of more
toxic oligomeric species. The
oxidation of the toxic-soluble
oligomers prevents the for-
mation of fibrils and, ulti-
mately, of less toxic amyloid
aggregates. To see this illus-
tration in color, the reader is
referred to the web version of
this article at www.liebertpub
.com/ars
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ANM19 strain was injected with the pTTX3::cherry plasmid
(70 ng/ll) along with plasmid pRA1006 carrying the com-
plete wild-type msra-1 gene (100 ng/ll) to generate strain
ANM45. For RNAi assays, we constructed strain ANM57
uccEx17[rol-6(su2006)pmsra-1::MSRA-1::GFP] that en-
ables us to confirm the specific interference of the MSRA-1
expression in all tissues except the nervous system.

Plasmid construction

pRA1006: the plasmid carries the complete msra-1 gene plus
a - 1403 bp 5¢UTR. The DNA was obtained by polymerase
chain reaction-mediated amplification of cosmid F43E2.5 using
oligonucleotide primers 5¢AAACAATAgTgATgTACTgTg3¢
and 5¢TAAAATTCATTgAAAACCTgATAAA3¢. The poly-
merase chain reaction (PCR) fragment was cloned into pGEM-
T easy vector (Promega).

pRA1045: the plasmid carries the complete msra-1 gene
plus a - 1403 bp 5¢UTR. The DNA was obtained by polymer-
ase chain reaction-mediated amplification of cosmid F43E2.5
using oligonucleotide primers 5¢AAACAATAgTgATgTACT
gTg3¢ and 5¢TAAAATTCATTgAAAACCTgATAAA3¢. The
PCR fragment was cloned into the pPD95_75GFP vector
(Addgene).

Thrashing assays

Individual 1- and 3-day-old adult animals (between 15–25
animals per experiment) were placed on a 30 ll drop of M9
buffer (64). After a 2-min recovery period, each individual
worm was recorded for 1.0 min and the thrashes were counted.

Microscopy

Animals were anesthetized in 20 lM NaAzide and moun-
ted on slides for epifluorescence. Fluorescence images were
acquired using the same exposure parameters for all experi-
mental conditions, with 40 · or 100 · objectives in an Olym-
pus BX51 microscope (Shinjuku) equipped with a digital
camera Micropublisher 3.3 RTV (JH Technologies).

Thioflavine-S staining

Thioflavine-S (ThS) staining was performed as previously
described (19). Briefly, the worms washed from the plates
were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) pH 7.4 for 24 h at 4�C. The fixative solution was
removed, replaced by permeabilization solution (125 mM
Tris, pH 7.4, 1% Triton X-100, and 5% b-mercaptoethanol),
and incubated at 37�C for 24 h. The animals were washed
thrice in PBS-T (PBS + Triton X-100 0.1%), stained in
0.125% Th-S (Sigma) in 50% ethanol for 2 min, and de-
stained for another 2 min in 50% ethanol. The stained sam-
ples were resuspended in PBS, mounted in fluorescence
mounting medium (DAKO), observed with epifluorescence
microscopy (Olympus BX51), and photographed with a
digital camera (Micropublisher 3.3RTV; JH Technologies).

BSB staining

BSB was purchased from AnaSpec, Inc. and prepared ac-
cording to the manufacturer’s instructions. The assay was
performed according to the protocol established by Toledo
and Inestrosa (66) with the following modifications. Briefly,

synchronized worms were cultured and collected at different
stages, fixed with 4% paraformaldehide, and permeabilized
as indicated by Fay et al. (19). Then, the worms were incu-
bated with BSB (0.02% resuspended in ethanol 50%), for 4 h
at 37� C. The worms were then washed with lithium car-
bonate (1 M) with water and finally mounted for microscopy
observation. BSB staining intensity was estimated using the
WCIF Image J software.

Image fluorescence quantification

Digital quantification of areas positive for ThS, BSB, or
ACR-16::GFP fluorescence was done using the ImageJ
software. For ThS or BSB, the analysis revealed the total
average area of the deposits. The total area of deposits was
divided by the total head area to standardize it to the worm’s
size. The images were transformed to 8-bit and after sub-
traction of background fluorescence, a region of interest was
drawn around individual areas of fluorescence in the worm’s
head. In the case of ACR16::GFP puncta, quantification of
fluorescence was performed along the ventral nerve cord.
Pictures were always obtained from the anterior or posterior
regions nearest to the vulva. Data were estimated as an in-
tegrated density value using the same threshold parameters
for control and treatment situations.

Neuromuscular synaptic transmission assay

Worms were cultured on regular nematode growth me-
dium (NGM) agar plates (64). Synchronized worms of the
same age (25–30) were placed on assay plates (NGM sup-
plemented with 0.25 mM Levamisole (Sigma)), 31 mM Ni-
cotine, or 1 mM Aldicarb (Sigma). We then analyzed the
drug-induced paralysis over time (56).

Protein extraction

Worms were collected from the plates with M9 buffer,
transferred to tubes, centrifuged, and washed twice to elim-
inate bacteria. The final worm pellet was resuspended in
200 ll lysis buffer in the presence of protease inhibitors
(50 mM HEPES pH = 7.5; 6 mM MgCl2; 1 mM EDTA;
75 mM sucrose; 25 mM benzamidine; and 1%Triton X-100)
and frozen at 80�C. The samples were sonicated three times
on ice for 15 s and centrifuged at 12,000 g for 15 min; the
supernatants were removed and use for Western blot analysis.

Western blot analyses

The crude protein extracts were centrifuged for 5 min at
9500 g to eliminate the cuticles. The supernatant was trans-
ferred to a new tube, and total protein content was quantified
using the Bradford method. Equal protein quantities were
suspended in loading buffer (50 mM Tris-HCl pH 6.8; 5% SDS;
10% glycerol; bromophenol blue; and 5% b-mercaptoethanol)
and boiled for 3 min adapted from (72). The samples were
subjected to electrophoresis on 10%–20% Tris-Tricine Precast
Gel (BioRad) at a constant voltage (100 V) of 4�C. The proteins
were then transferred to polyvinylidene difluoride membranes
for 1 h at 4�C (300 mA). The membranes were boiled in PBS for
3 min before blocking with a solution of PBT (PBS, 0.1%
Tween-20) plus 5% milk for 1 h at room temperature. We used
the mouse anti-Ab monoclonal antibody 6E10 (Chemicon,
Millipore Corporation) 1:1000 dilution or mouse anti-a-tubulin
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monoclonal antibody (Sigma) at 1:5000 dilution overnight at
4�C. We used goat anti-mouse HRP as a secondary antibody.
For GFP Western blot, we use the A11121 monoclonal anti-
body 11E5 (LifeTechnologies, Invitrogen) following the
manufacturer’s recommendations.

Immunoprecipitation assay

Briefly, crude protein extracts were diluted to 1 lg/ll in the
lysis buffer in the presence of protease inhibitors. From this
dilution, 200 lg of protein were precleared with 20 ll of
Protein G PLUS-agarose beads (Santa Cruz Biotechnology)
for 30 min at 4�C, with rotation. Samples were centrifuged at
2370 g for 5 min, and the supernatant was incubated with 1 lg
of mouse anti-Ab antibody (6E10; Millipore) for 1 h at 4�C.
25 ll of new Protein G beads were added for 3 h at 4�C, with
rotation. The immune-complexes were finally pelleted at
590 g for 5 min, washed thrice with cold PBS, and re-
suspended with 2X loading buffer. Immnunoblots were per-
formed with the rabbit anti-methionine sulfoxide polyclonal
antibody (Novus Biologicals) to detect oxidized methio-
nine, and the loading buffer used had no dithiothreitol or
b-mercaptoethanol.

Methionine oxidation quantification

Met-O was measured by high-performance liquid chro-
matography (HPLC)-fluorometric detection, using a modifi-
cation of the method reported by Minniti et al. and references
therein (39). Briefly, total protein extracts were hydrolyzed
using methanesulfonic acid and then derivatized with orto-
phthaldialdehyde. L-Methionine sulfone (Met-O2) was used
as an internal standard. Analyses were performed by reverse-
phase HPLC using a Merck-Hitachi L-6200 Intelligent pump
engaged to an F-1000 fluorescence spectrophotometer de-
tector and a column oven L-7350 (Merck LaChrom). The
excitation wavelength was set at 340 nm, and the emission
was set at 455 nm. Amino acids were separated on an Inertsil
ODS-3 (C18) 150 mm · 4.6 mm · 5 lm GLSciences column.
Gradient elution was performed with solution A, composed
of 75 mM sodium acetate (pH 4.5), 19% methanol, and 1%
tetrahydrofuran and solution B, composed of 75 mM sodium
acetate (pH 4.5) and 80% methanol, delivered at a flow rate of
0.9 ml/min, as follows: initially and during the first 1.5 min
with 100% A; for the next 11.5 min, with 96% A; next 5 min
with 86% A; next 7 with 60% A; and finally, 13 min with 0% A.
The injection volume for the extract was 20 ll. All mea-
surements were performed in the ‘‘Centro de Nutrición
Molecular y Enfermedades Crónicas, Pontificia Universidad
Católica de Chile (CNMEC-UC).’’

RNAi experiments

These experiments were performed using standard RNAi
feeding protocols (27) and the corresponding E. coli strain
from the Ahringer RNAi feeding library (F43E2.5clone). We
acknowledge the originator of the library, Dr. Julie Ahringer,
and Source BioScience LifeSciences for providing the
library. The exposure of worms to the msra-1 RNAi clone
was done from the embryo stage. Verification of interfer-
ence was performed for every assay using strain ANM57
(MSRA::GFP).

Data and statistical analysis

The statistical analyses were performed using Graph-
PadPrism5 software. The specific statistical tests used in
each experiment are indicated in the corresponding Figure
Legends.
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Abbreviations Used

ACR-16¼ acetylcholine receptor16
AD¼Alzheimer’s disease
Ab¼ amyloid-beta peptide

BSB¼ (Trans, trans)-1-bromo-2,5-bis-
(3-hydroxycarbonyl-4-hydroxy)
styrylbenzene

EDTA¼ ethylene-diamine-tetraacetic acid
GFP¼ green fluorescent protein

HEPES¼ 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

HPLC¼ high-performance liquid chromatography
IBM¼ inclusion body myositis

Met35¼methionine at position 35 of the Ab peptide
Met-O¼methionine sulfoxide

Msr¼methionine sulfoxide reductase
MSRA-1¼methionine sulfoxide reductase A-1 enzyme

msra-1¼methionine sulfoxide reductase A-1 gene
mtl-2¼metallothionein2 gene
MW¼molecular weight

NaAzide¼ sodium azide
nAChR¼ nicotinic acetylcholine receptor

NGM¼ nematode growth medium
NMJ¼ neuromuscular junction
PBS¼ phosphate-buffer saline
PCR¼ polymerase chain reaction

RNAi¼RNA interference
rol-6¼ roller-6 gene
ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate

SOD-3¼ superoxide dismutase-3 enzyme
sod-3¼ superoxide dismutase-3 gene

ThS¼ thioflavine-S
unc-54¼ uncoordinated 54 gen

UTR¼ untranslated region
Wt¼wild type
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