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Abstract
Amyotrophic lateral sclerosis (ALS) is a progressively paralytic neurodegenerative disease that
can be caused by mutations in Cu,Zn-superoxide dismutase 1 (SOD1). Transgenic mice that over-
express mutant SOD1 develop paralysis and accumulate aggregates of mutant protein in the
brainstem and spinal cord. The present study uses a cell culture model to demonstrate αB-
crystallin is capable of reducing aggregation of mutant SOD1. To test the role of αB-crystallin in
modulating SOD1 aggregation in vivo, αB-crystallin deficient mice were bred to mice expressing
two different SOD1 mutants (G37R and L126Z mutants). Although completely eliminating αB-
crystallin reduced the interval to disease endstage by 20–30 days in mice expressing either mutant,
there were no detectable changes in the levels of sedimentable, SOD1 aggregates in the spinal
cord of symptomatic mice. Because αB-crystallin is most abundantly expressed in muscle, we
expected that the loss of this chaperone would leave this tissue vulnerable to mutant SOD1
aggregation. However, there was no evidence of mutant SOD1 aggregation in the muscle of mice
lacking αB-crystallin. Our findings indicate that a significant perturbation to the protein
homeostasis network of muscle is not sufficient to induce the aggregation of misfolded mutant
SOD1. These outcomes have implications regarding the role of chaperones in modulating the
tissue specific accumulations of misfolded SOD1.
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Introduction
Dominantly inherited mutations in superoxide dismutase 1 (SOD1) have been linked to
familial amyotrophic lateral sclerosis (fALS)(Rosen et al. 1993). More than 100 mutations
in SOD1 are known to cause fALS (http://alsod.iop.kcl.ac.uk). Some mutations in SOD1
retain high activity (Ratovitski et al. 1999) and the targeted deletion of SOD1 in mice does
not induce ALS-like symptoms (Reaume et al. 1996); thus, mutant SOD1 is thought to cause
disease by the acquisition of toxic properties. A recent study from our laboratory has
demonstrated that one property that may be shared by all fALS mutants of SOD1 is a higher
inherent propensity to form detergent-insoluble aggregates (Prudencio et al. 2009).
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Moreover, computational modeling approaches (Wang et al. 2008b) and SOD1 aggregation
models (Prudencio et al. 2009) have revealed an association between high aggregation
propensity of mutant SOD1 and short disease duration in patients.

All mouse models of fALS that overexpress mutant human SOD1 share a similar phenotype
of motor neuron loss, muscle wasting, and hindlimb paralysis (Turner and Talbot 2008). In
these models of fALS, mutant SOD1 is ubiquitously expressed; however, cell death is
largely restricted to motor neurons. In all SOD1 transgenic mice, the appearance of
symptoms is associated with an accumulation of sedimentable structures that are detergent-
insoluble, which is diagnostic for protein aggregation (Johnston et al. 2000;Shinder et al.
2001;Wang et al. 2003). SOD1 aggregates are selectively detected in the spinal cord, and
these aberrant structures are absent in muscle and other tissue (Wang et al. 2002).

Recent studies in invertebrate models have suggested that the aggregation of mutant proteins
may be modulated by constituents of the protein homeostasis network, which primarily
includes the cellular chaperones and co-chaperones (for review see (Morimoto and Cuervo
2009)). Multiple laboratories have demonstrated that symptomatic fALS mice show
evidence of upregulation of the small heat shock proteins termed Hsp25 (in human termed
Hsp27) and αB-crystallin (Vleminckx et al. 2002;Wang et al. 2003;Wang et al.
2005a;Tummala et al. 2005). αB-Crystallin is of particular interest as previous studies have
demonstrated, in in vitro aggregation assays, that the aggregation of mutant SOD1 (Wang et
al. 2005a) and mutant α-synuclein (Wang et al. 2008a) can be inhibited by αB-crystallin.

αB-crystallin binds to exposed hydrophobic surfaces on denatured or misfolded proteins
(Devlin et al. 2003;Sathish et al. 2003;Tanksale et al. 2002;Kumar et al. 2005), which allows
it to inhibit protein aggregation (Horwitz 2003;Narberhaus 2002). In spinal cords of fALS
mice expressing fALS mutants of SOD1 (G37R, G93A, G85R, L126Z), increased levels of
oligomeric αB-crystallin, which are associated with its activation as a chaperone (Kumar
and Rao 2000), are detected after the onset of symptoms (Wang et al. 2003). Moreover, in
symptomatic L126Z mice, misfolded mutant SOD1 appears to specifically accumulate in
motor neurons, which are not immunoreactive with αB-crystallin antibodies (Wang et al.
2005a). αB-crystallin is highly expressed in skeletal muscle (Dubin et al. 1989), which does
not accumulate large, sedimentable SOD1 aggregates (Wang et al. 2002).

αB-crystallin knock-out mice have been developed in which αB-crystallin and a portion of
HspB2 genes are deleted (the overlapping gene structure of HspB2 was unknown at the time
the mice were generated) (Brady et al. 2001). HspB2 (also termed myotonic dystrophy
kinase binding protein (Suzuki et al. 1998)) is highly abundant in the heart and muscle and is
ubiquitously expressed at lower levels in most tissues (Suzuki et al. 1998;Shama et al.
1999). αB-crystallin knock-out mice have no overt pathology until 40 weeks of age, at
which time they develop muscular degeneration, kyphosis, and osteoarthritis (Brady et al.
2001). Mice that retain one functional allele of αB-crystallin and HspB2 do not develop
obvious phenotypes. Whether the muscle degeneration phenotypes are due to the loss of αB-
crystallin, HspB2, or the combined loss of both is presently unknown.

In this study, we used three lines of SOD1 transgenic mice to study the effect of αB-
crystallin on disease course, and on SOD1 aggregate accumulation and localization. Two of
the models we used, Gn.G37R and Gn.L126Z mice, have mutations in human genomic
SOD1 and are under the control of the human SOD1 promoter (Wong et al. 1995;Wang et
al. 2005a), producing ubiquitous expression of human SOD1. Both strains of mice develop
the characteristic ALS phenotype of hindlimb paralysis, motor neuron loss, and
accumulation of detergent-insoluble mutant SOD1 in the spinal cord. In both lines of mice,
misfolded forms of mutant SOD1 appear to accumulate selectively in motor neurons (Wong
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et al. 1995;Wang et al. 2005a;Watanabe et al. 2001). PrP.G37R mice have mutations in the
human SOD1 cDNA with expression under the transcriptional control of the mouse prion
promoter, which is predominantly expressed in neuronal and muscle tissue (Wang et al.
2005b). Mice that are heterozygous for PrP.G37R do not develop disease or pathology by
two years of age and do not form SOD1 aggregates; however, mice that are homozygous for
the PrP.G37R transgene develop hindlimb paralysis, motor neuron loss, and detergent-
insoluble SOD1 species, indicating that threshold levels of mutant SOD1 expression are
required to induce disease in this mouse model (Wang et al. 2005b). We report here that the
complete elimination of αB-crystallin in these mouse models causes a detectable, but
modest, reduction in the age at which mice reach clinical endstage (only for the Gn.G37R
and Gn.L126Z mice) without changing the tissue distribution or abundance of detergent-
insoluble SOD1 aggregates.

Materials and Methods
Transgenic mice

The SOD1 transgenic mice used in this study have been previously characterized. Three
strains of mice that were used are transgenic for multiple copies of a 12 kb fragment of
human genomic DNA that encompasses the entire human sod1 gene including the human
SOD1 promoter: the G37R variant [line 29 (onset at 7–8 mo)] (Wong et al. 1995), the
L126Z variant [line 45 (onset at 7–9 mo)](Wang et al. 2005a), and the wild type variant (line
76) (Wong et al. 1995). One SOD1 transgenic mouse strain was created using SOD1 cDNA
under the control of the mouse prion promoter: G37R [line 39 (asymptomatic)] (Wang et al.
2005b). Mice homozygous null for αB-crystallin were obtained from Dr. Eric Wawrousek at
the National Eye Institute and have been described previously (Brady et al. 2001). Mice
were genotypes by PCR of DNA extracted from tail biopsy. All procedures involving mice
were reviewed an approved by the University of Florida Institutional Animal Care and Use
Committee. Methods used in the histologic analysis of tissues from these animals are
described in Supplemental Information.

Analysis of SOD1 aggregation detergent extraction and centrifugation
The procedures used to separate aggregated forms of mutant SOD1 from soluble species, in
spinal cord, muscle tissues, or transfected cell cultures, and to quantify the level of
aggregated protein have been described previously (Wang et al. 2003;Karch and Borchelt
2008). Descriptions of the cell model, expression vectors, and methods of SOD1 analysis by
immunoblotting are provided in Supplemental Information.

Results
Previous studies have demonstrated that αB-crystallin prevents the in vitro aggregation of
mutant SOD1-L126Z (Wang et al. 2005a). HEK293-FT cells do not constitutively express
αB-crystallin nor can these cells be induced to express αB-crystallin in response to mutant
SOD1 expression (Suppl. Fig. 1). These cells constitutively express Hsp70 with little or no
further induction upon heat shock (Suppl. Fig. 2). Similarly, Hsp40 is constitutively induced,
but at lower levels (Suppl. Fig. 2). These cells express low levels of Hsp27; just at the level
of detection by immunoblot (data not shown). To assess the effect of αB-crystallin on
mutant SOD1 aggregation in cell culture, vectors encoding fALS mutants (G85R, A4V,
G37R) were transfected alone, with vectors encoding αB-crystallin, or with vectors
encoding GFP in HEK293-FT cells. The cell lysates were fractionated into detergent-
insoluble and detergent-soluble fractions by sonication and high-speed centrifugation in
non-ionic detergent following previously described protocols (Karch and Borchelt 2008). In
this assay, the amount of protein from the insoluble fraction that was analyzed is ~4 times
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that of the soluble fraction and this difference in protein loading should be kept in mind
when viewing the data. In this study, SOD1 aggregates are defined as protein that is
insoluble in non-ionic detergent and sediments upon centrifugation. All fALS-linked SOD1
mutants formed detergent-insoluble species (Fig. 1A, lanes 5, 8, 11) and had an aggregation
potential significantly different from wild-type protein SOD1 (Fig. 1C). The co-expression
of αB-crystallin with each SOD1 mutant (G85R, A4V, G37R) reduced aggregation (Fig.
1A, lanes 6, 9, 12) to levels that were not significantly different from wild-type (Fig. 1C). To
control for non-specific effects on mutant SOD1 expression that could be caused by co-
transfection of the αB-crystallin expression vectors, we compared the effect of αB-crystallin
co-expression to co-expression of GFP In cells co-expressing GFP, there was a slight
reduction in mutant SOD1 protein in the detergent-insoluble protein fraction due to an
overall reduction in mutant SOD1 expression as a result of co-transfection (Fig. 1A, lanes 7,
10, 13); however, the aggregation propensity of mutant SOD1 (a ratio of soluble to insoluble
protein) expressed with GFP was similar to mutant SOD1 expressed alone (Fig. 1C).
Notably, the amount of mutant SOD1 detected in the soluble fraction of cells co-expressing
mutant SOD1 with αB-crystallin and GFP were similar, indicating similar levels of
expression of mutant SOD1 under both conditions (Fig. 1B). Immunoblots for αB-crystallin
confirmed the high expression level of this chaperone in cells transfected with the
appropriate vectors (Suppl. Fig. 1). In these cells both soluble and insoluble forms of αB-
crystallin were detected (Suppl. Fig. 1). Thus, when co-expressed at high levels in cultured
cells, αB-crystallin reduces mutant SOD1 aggregation in cell culture.

Mice lacking αB-crystallin have been previously described as developing late onset
muscular degeneration (Brady et al. 2001). Because of overlapping gene structure, mice with
the targeted deletion of αB-crystallin also lack HspB2, which is a specific chaperone for
myotonic dystrophy kinase. Mice lacking αB-crystallin do not show evidence of motor
neuron degeneration and live for 1 year before the loss of muscle mass requires euthanasia.
Though imperfect, this model allows us to examine the impact of eliminating αB-crystallin
upon the course of disease and the distribution of SOD1 aggregates in fALS mouse models.
Moreover, because αB-crystallin null mice develop myopathy at 40 weeks (Brady et al.
2001), we indirectly asked whether concurrent muscle degeneration could compound the
ALS phenotype in mice overexpressing mutant SOD1. Mutant SOD1 transgenic mice
(Gn.G37R, Gn.L126Z, PrP.G37R) were crossed to mice that were homozygous null for αB-
crystallin to produce mutant SOD1 mice in which αB-crystallin was reduced (heterozygous;
+/−) or eliminated (KO; −/−). In the Gn.G37R and Gn.L126Z mice, the elimination of αB-
crystallin resulted in a modest change in disease course (Fig. 2). Gn.G37R and Gn.L126Z
mice lacking αB-crystallin developed characteristic hindlimb paralysis that appeared to
progress at approximately the same rate, in regards to the interval between the first
appearance of gait abnormalities and humane endpoint. Gn.G37R mice with reduced αB-
crystallin (n=17, mean: 204 days) and no αB-crystallin (n=12, mean: 195 days) had
lifespans significantly shorter than Gn.G37R mice with wild-type levels of αB-crystallin
(mean: 214.5 days; p<0.0001, p=0.001, respectively) (Fig. 2A). The lifespans of Gn.G37R
mice that were heterozygous for αB-crystallin deficiency were not different from Gn.G37R
mice with no αB-crystallin (p=0.6919). Gn.L26Z mice that were heterozygous for αB-
crystallin deficiency (n=8, mean: 225 days) had lifespans similar to Gn.L126Z mice
expressing wild-type levels of αB-crystallin (mean: 210 days; p= 0.5552) (Fig. 2B).
Gn.L126Z mice lacking αB-crystallin reached endstage earlier than Gn.L126Z mice
expressing wild-type levels of αB-crystallin and Gn.L126Z mice expressing reduced levels
of αB-crystallin (n=8, mean: 180 days; p<0.0001, p=0.0145, respectively) (Fig. 2B). In the
study involving the L126Z mice, all of the knockout animals were generated as a single
cohort and all reached endstage within a few days of each other, producing the unusual
survival plot for this study. Thus, reduction or elimination of αB-crystallin is capable of
altering disease course in SOD1 transgenic mice. However, the effect is not particularly
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robust and does not show a reproducible pattern of dose-dependency; Gn.L126Z mice
heterozygous for αB-crystallin deletion are not significantly different from fALS mice wild-
type for αB-crystallin.

To more stringently test the role of αB-crystallin in fALS disease course, we used mice that
express G37R under the control of the mouse prion promoter (PrP.G37R). Mice that are
heterozygous for the PrP.G37R transgene do not develop fALS symptoms, whereas a 2-fold
increase in expression by generating homozygous animals produces disease (Wang et al.
2005b). This model allows us to determine whether eliminating αB-crystallin changes the
threshold of mutant SOD1 expression that is required to induce disease. Eliminating αB-
crystallin in heterozygous PrP.G37R mice did not induce fALS symptoms (mice were
harvested at 40 weeks due to muscle atrophy). Thus, in PrP.G37R mice, the second insult
provided by the elimination of αB-crystallin did not create enough of a burden to initiate
disease in mice that are otherwise asymptomatic.

Because the elimination of αB-crystallin altered the disease course in Gn.G37R and
Gn.L126Z mice, we were interested in the effects of αB-crystallin on mutant SOD1
aggregate accumulation and location. In mutant SOD1-L126Z mice, SOD1 aggregates are
absent in muscle and are only detected in the spinal cord and brainstem (Suppl. Fig. 3). We
hypothesized that the normally high level of expression of αB-crystallin in muscle could
protect this tissue from the accumulation of SOD1 aggregates. To test this hypothesis,
hindlimb muscle from Gn.G37R, Gn.L126Z, and PrP.G37R (αB +/+, αB +/−, αB −/−) was
extracted in non-ionic detergent and fractionated into detergent insoluble and soluble
fractions. In muscle from symptomatic mice (Gn.G37R and Gn.L126Z), SOD1 was not
detected in the detergent-insoluble fraction when αB-crystallin was reduced (+/−) or
eliminated (−/−) (Fig. 3A, lanes 3–4, 7–8). In these tissues, all mutant SOD1 was found in
the detergent-soluble fraction (Fig. 3B, lanes 3–4), however in the L126Z mice only faint
bands were apparent for SOD1-L126Z, due to the short half-life of this protein (Wang et al.
2005a) (Fig. 3B, lanes 7–8). In asymptomatic mice (PrP.G37R), SOD1 was not detected in
the detergent-insoluble fraction when αB-crystallin was reduced (+/−) or eliminated (−/−)
(Fig. 3A, lanes 5–6); however, detergent-soluble SOD1 was detected (Fig. 3B, lanes 5–6).
Thus, the reduction or elimination of αB-crystallin in muscle of the SOD1 transgenic mice
does not result in the accumulation of detergent-insoluble SOD1 in this tissue.

To determine whether the reduction or elimination of αB-crystallin could alter the
abundance of SOD1 aggregates in the spinal cord tissue, we measured detergent-insoluble
SOD1 using the detergent extraction assay described above. In symptomatic Gn.G37R mice,
which normally produce detergent-insoluble SOD1, there was little change in the overall
levels of detergent-insoluble SOD1 in spinal cord when αB-crystallin was reduced (+/−) or
eliminated (−/−) (Fig. 4A, lanes 3–5). PrP.G37R mice, which do not produce SOD1
aggregates when heterozygous for the transgene, produced levels of detergent-insoluble
SOD1 similar to or less than that of mice that overexpress WT SOD1 (Fig. 4A, compare
lanes 1 and 6–8). In repeated measurements, we found no evidence of statistically significant
differences in the ratio of detergent insoluble to soluble SOD1 among the αB-crystallin
genotypes (Suppl. Fig. 4A; Suppl. Fig. 5). In the Gn.L126Z mice, the elimination of αB-
crystallin resulted in a much larger variability in the ratio of soluble to insoluble SOD1
protein (Suppl. Fig. 4B). The low level of soluble L126Z protein in spinal cords (Fig. 4B,
lanes 9–11) causes higher variability in values for aggregation propensity. It is possible that
the spinal cords of these mice contain slightly higher levels of aggregated L126Z mutant
protein (Fig. 4A, lanes 9–10), although we could not establish statistical significance (Suppl.
Fig. 4B). Levels of detergent-soluble protein varied slightly in Gn.G37R and PrP.G37R
spinal cords among the αB-crystallin genotypes; however, no consistent statistically
validated difference was detected (Fig. 4B, lanes 3–8). Moreover, we were not able to detect
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any changes in the cellular distribution of mutant SOD1 immunoreactivity in spinal cords of
mutant mice lacking αB-crystallin (Supplemental Information). We conclude that the
reduction or elimination of αB-crystallin does not consistently alter the abundance of
detergent-insoluble SOD1 in the spinal cords of mutant SOD1 transgenic mice.

Previous studies have independently demonstrated up-regulation of αB-crystallin in
symptomatic fALS mice (Gn.G37R, Gn.L126Z and PrP.G37R mice) (Wang et al.
2003;Tummala et al. 2005;Wang et al. 2008a). To compare induction of αB-crystallin in
these strains of mice directly, in side-by-side analyses, spinal cords from symptomatic mice
were analyzed by the detergent extraction assay described above, producing detergent
insoluble and soluble fractions that were immunoblotted to detect αB-crystallin. Although
the levels of soluble αB-crystallin were similar among the three genotypes, the levels of
insoluble αB-crystallin in spinal cords of symptomatic Gn.G37R mice were much higher
than that of symptomatic Gn.L126Z mice (Suppl. Fig. 6A, lanes 3,4). In symptomatic
Gn.L126Z mice, which seem to have a very weak upregulation of αB-crystallin, we noted a
robust immunoreactivity for αB-crystallin in cells of astrocyte morphology (Suppl. Fig. 7G),
whereas in the Gn.G37R mice which show a robust upregulation of αB-crystallin by
immunoblot, the majority of the immunoreactivity appeared to be in cells exhibiting
oligodendrocyte morphologies (Suppl. Fig. 7A). Moreover, as compared to nontransgenic
animals (Suppl. Fig. 7J), it was difficult to demonstrate significant upregulation of αB-
crystallin immunoreactivity in any cell type in the Gn.G37R mice (Suppl. Fig. 7). Thus, in
this side-by-side comparison of different fALS mice, we find that Gn.L126Z mice differ
from other mutants in regards to the magnitude of αB-crystallin induction and the types of
cells that seem to produce the chaperone.

Accumulation of ubiquitin-immunoreactivity is a common pathologic feature of the
Gn.G37R and Gn.L126Z mice (Wong et al. 1995;Wang et al. 2005a). Thus, we asked
whether reducing or eliminating αB-crystallin altered the accumulation of ubiquitin-positive
structures in symptomatic transgenic mice (Gn.G37R and Gn.L126Z). In symptomatic
Gn.G37R and Gn.L126Z mice accumulations of ubiquitin immunoreactivity were observed
in cells that exhibit neuronal morphologies (Fig. 5). Astrocytes were identified by co-
immunostaining with antibodies to glial fibrillary acidic protein (GFAP). There was no
obvious difference in the level of ubiquitin immunoreactivity in comparing mutant mice
with wild-type levels (+/+) or no (−/−) αB-crystallin (Fig. 5A–F). Notably, in the Gn.L126Z
mice which show a robust induction of αB-crystallin in astrocytes (see Suppl. Fig. 7), there
was no obvious accumulation of ubiquitin immunoreactivity in astrocytes in mutant mice
lacking αB-crystallin. We conclude that eliminating the expression of αB-crystallin in cells
of the spinal cord has no effect the severity or distribution of ubiquitin immunoreactive
pathology in Gn.G37R or Gn.L126Z mice.

Discussion
This study examines the role of αB-crystallin as a modifier of mutant SOD1 misfolding and
toxicity. In cultured cells, co-expression of αB-crystallin dramatically reduced the formation
of detergent-insoluble aggregates of mutant SOD1. Eliminating αB-crystallin in the
Gn.G37R and Gn.L126Z mice modestly shortened the interval (statistically validated) to
which these mice reach humane endpoints (obvious paralysis), however we did not observe
a dose-dependent effect on survival. In the Gn.G37R mice that were heterozygous for the
targeted αB-crystallin allele, life expectancy was similar to that of the mice that were null
for αB-crystallin, whereas the Gn.L126Z mice that were heterozygous for αB-crystallin
developed paralysis at the same age as mice with normal levels of αB-crystallin. The lack of
a consistent dose-dependent effect could indicate that the change in age at which paralysis
develops in mice lacking one or both functional alleles of αB-crystallin is not entirely due to
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an effect of the chaperone. Notably, the background strain of Gn.G37R and Gn.L126Z mice
is the same but it is possible that some variation in the inheritance of some factor in the
background strain of the αB-crystallin KO mice is also influencing the course of disease in
these mice. Overall, only the complete elimination of αB-crystallin has an impact on the
course of disease in both of the symptomatic mouse models.

Eliminating αB-crystallin in mice that express G37R SOD1 at levels below the threshold for
inducing disease was not sufficient to produce fALS-like symptoms. Similarly, the absence
of αB-crystallin did not alter the amount of detergent-insoluble, sedimentable SOD1 that
accumulated in the spinal cord; or produce an obvious change in the distribution of SOD1
immunoreactivity that accumulated in spinal cords of mutant mice lacking αB-crystallin.
Because of the high level of αB-crystallin expression in muscle (Dubin et al. 1989;Iwaki et
al. 1990), we had anticipated that this tissue would be most affected by the loss of this
chaperone. However, somewhat surprisingly, the muscle of mice expressing mutant SOD1
did not accumulate mutant SOD1 aggregates. Together, this study illustrates that eliminating
a component of the protein homeostasis network with a demonstrated ability to reduce
mutant SOD1 aggregation does not result in a robust change in the pathogenesis of disease
in mutant SOD1 mouse models.

Myopathy associated with ALS disease course
Muscle pathology has been described early in the disease course in mutant SOD1 transgenic
mice (Fischer et al. 2004). The αB-crystallin KO mice we used develop a profound
myopathy (Brady et al. 2001), which may result in part, or whole, from the loss of
overlapping gene for HspB2. We anticipated the myogenic muscle atrophy that occurs in
these mice could synergize to hasten the onset of disease or otherwise change disease
course. Dobrowolny and colleagues recently demonstrated that the specific expression of
mutant SOD1 in muscle resulted in myopathy without motor neuron disease (Dobrowolny et
al. 2008). Deletion of αB-crystallin in the Gn.G37R and Gn.L126Z mice resulted in mice
reaching humane endpoints at significantly, albeit modestly, younger ages. Although we did
not specifically assess the age at which symptoms first appeared, the antecedent appearance
of disease in these animals did not appear to be obviously different from what is expected of
these mouse models. The interval between the first noticeable abnormality in gait and
complete hindlimb paralysis was not obviously different. Thus, we do not find evidence that
an underlying myogenic degeneration of muscle dramatically alters the course of motor
neuron degeneration caused by mutant SOD1.

The role of heat shock proteins in the ALS disease course
In ALS, motor neurons are less capable of inducing heat shock proteins (Batulan et al.
2003). In mouse models of fALS, Hsp40, Hsp60. Hsp70, and Hsp90 remain unchanged
throughout the disease course (Wang et al. 2008a). Only the small heat shock proteins
Hsp25 and αB-crystallin are upregulated in symptomatic SOD1 transgenic mice (Wang et
al. 2005a;Wang et al. 2008a). Previous studies investigating the effects of heat shock
proteins on ALS have shown little, if any, effect on disease course and progression when
expression of Hsp27 or Hsp70 is artificially elevated in motor neurons (Batulan et al.
2003;Krishnan et al. 2008;Sharp et al. 2008). Hsp25, which is the murine homologue of
human Hsp27, is normally relatively abundant in the motor neurons of mice (Wang et al.
2005a). By contrast, based on immunohistochemical data, it appears that αB-crystallin
protein is not detected in motor neurons under normal conditions nor in symptomatic fALS
mice (Wang et al. 2005a)(see Suppl. Fig. 7). However, in situ evidence from the Allen Brain
Atlas indicates that αB-crystallin mRNA is expressed in the majority of α-motor neurons
throughout the spinal cord, leaving open the possibility that some level of αB-crystallin is
present in motor neurons.
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In our cell culture model of mutant SOD1 aggregation, the co-expression of high levels of
αB-crystallin is capable of slowing the formation of large, detergent-insoluble, sedimentable
aggregates of the mutant protein. Interestingly, in the cell model we use, HEK293FT cells, it
appears that Hsp70 and Hsp40 are constitutively induced (see Suppl. Fig. 2). We presume
that the high levels of mutant protein overexpression that are achieved in this cell model
overwhelm the activities of these chaperones. However, whether the effects of αB-crystallin
over-expression that were observed in this model require the co-expression of these other
chaperones is unknown. Because of the high levels of expression of both mutant SOD1 and
αB-crystallin in our cell model, we think it likely that the effect of αB-crystallin on
aggregation is a direct effect.

With one exception (Bruijn et al. 1997), SOD1 immunoreactive inclusion pathology, when
detected, is largely confined to motor neurons (reviewed in (Turner and Talbot 2008)). A
recent study of mice that express SOD1-G85R fused to YFP has provided compelling
evidence that the majority of aggregates formed by G85R-SOD1-YFP occur in motor
neurons (Wang et al. 2009). Thus, the fact that we do not observe a dose-dependent or
robust change in disease course in fALS mice lacking αB-crystallin could be viewed as a
predictable outcome if this chaperone is not expressed in the cells most affected by the
disease. More surprising to us was the absence of an effect on SOD1 aggregation in muscle
when αB-crystallin expression was eliminated. This finding indicates that a significant
perturbation to the protein homeostasis network of muscle is not sufficient to induce the
aggregation of misfolded mutant SOD1. These outcomes have implications regarding the
role of αB-crystallin in modulating the tissue specific accumulations of misfolded SOD1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
αB-crystallin reduces mutant SOD1 aggregation in cell culture. HEK293FT cells were
transfected with mutant SOD1 (4 μg) alone, with mutant SOD1 (2 μg) and αB-crystallin (2
μg), or with mutant SOD1 (2 μg) and GFP (2 μg). Cell lysates were extracted in non-ionic
detergent and analyzed in 18% Tris-Glycine gels as described in Supplemental Information.
Immunoblots were probed with m/hSOD1 antiserum. A. Detergent-insoluble (20 μg). B.
Detergent-soluble (5 μg). C. Quantification of aggregation propensity measured as a ratio of
detergent insoluble to soluble SOD1 and graphed with error bars representing the SEM. *,
significantly different from mutant SOD1 (p<0.05). °, significantly different from WT
SOD1 (p<0.05). The image shown is representative of 3 repetitions of the experiment. Data
from at least 3 experiments were used to quantify aggregation propensities in panel C. Note,
cells expressing G37R, G37R/αB, and G37R/GFP were harvested 48 hours after
transfection; all others were harvested 24 hours post-transfection.
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Figure 2.
Reduction or elimination of αB-crystallin in mutant SOD1 transgenic mice modestly alters
the age at which mice reach end-stage criteria. Kaplan-Meier survival curves of mutant
SOD1 transgenic mice with WT (black), heterozygous (red), or homozygous null (blue) αB-
crystallin. A. Gn.G37R mice. B. Gn.L126Z mice. Note: PrP.G37R mice did not develop
symptoms (n=10 per condition).
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Figure 3.
SOD1 aggregation is absent in muscle tissue. Muscle tissues from hindlimbs (gastrocnemius
and soleus) were isolated from mice and extracted in non-ionic detergent and analyzed by
SDS-PAGE in 18% Tris-Glycine gels. Immunoblots were probed with hSOD1 antiserum. A.
Detergent-insoluble (20 μg). B. Detergent-soluble (5 μg). The image shown is representative
of 2 repetitions of the experiment.
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Figure 4.
Reduction or elimination of αB-crystallin in SOD1 transgenic mice does not alter
aggregation in spinal cord tissue. Spinal cords were extracted in non-ionic detergent and
electrophoresed in 18% Tris-Glycine gels. Immunoblots were probed with hSOD1
antiserum. A. Detergent-insoluble (20 μg). B. Detergent-soluble (5 μg). The image shown is
representative of 3 repetitions of the experiment.
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Figure 5.
Ubiquitin-positive structures do not change in location or abundance in the absence of αB-
crystallin. Mice were perfused with 4% paraformaldehyde and spinal cord tissue was
immersed in sucrose prior to cryostat sectioning. Sections were stained with ubiquitin (A, D,
G, J) and GFAP (B, E, H, K), followed by staining with secondary fluorescent antibodies:
anti-rabbit-AlexaFluor 568 (A, D, G, J) and anti-mouse-AlexaFluor 488 (B, E, H, K).
Ventral horn of spinal cord is shown at an original magnification of 40x. The image shown
is representative of at least 3 repetitions of the experiment. Scale bar – 40 microns.
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