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Spinal and bulbar muscular atrophy, also known as Kennedy’s disease, is an adult-onset hereditary neurodegenerative disorder

caused by an expansion of the polyglutamine repeat in the first exon in the androgen receptor gene. Pathologically, the disease

is defined by selective loss of spinal and bulbar motor neurons causing bulbar, facial and limb weakness. Although the precise

disease pathophysiology is largely unknown, it appears to be related to abnormal accumulation of the pathogenic androgen

receptor protein within the nucleus, leading to disruption of cellular processes. Using a mouse model of spinal and bulbar

muscular atrophy that exhibits many of the characteristic features of the human disease, in vivo physiological assessment of

muscle function revealed that mice with the pathogenic expansion of the androgen receptor develop a motor deficit character-

ized by a reduction in muscle force, abnormal muscle contractile characteristics, loss of functional motor units and motor neuron

degeneration. We have previously shown that treatment with arimoclomol, a co-inducer of the heat shock stress response,

delays disease progression in the mutant superoxide dismutase 1 mouse model of amyotrophic lateral sclerosis, a fatal motor

neuron disease. We therefore evaluated the therapeutic potential of arimoclomol in mice with spinal and bulbar muscular

atrophy. Arimoclomol was administered orally, in drinking water, from symptom onset and the effects established at

18 months of age, a late stage of disease. Arimoclomol significantly improved hindlimb muscle force and contractile charac-

teristics, rescued motor units and, importantly, improved motor neuron survival and upregulated the expression of the vascular

endothelial growth factor which possess neurotrophic activity. These results provide evidence that upregulation of the heat

shock response by treatment with arimoclomol may have therapeutic potential in the treatment of spinal and bulbar muscular

atrophy and may also be a possible approach for the treatment of other neurodegenerative diseases.

doi:10.1093/brain/aws343 Brain 2013: 136; 926–943 | 926

Received May 15, 2012. Revised October 30, 2012. Accepted November 6, 2012. Advance Access publication February 7, 2013

� The Author (2013). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/136/3/926/317060 by guest on 16 M

ay 2023



Keywords: polyglutamine expansions; motor neuron disease; heat shock protein; protein aggregation; neuroprotective agents

Abbreviations: AR20 = androgen receptor with 20 polyglutamine repeats; AR100 = androgen receptor with 100 polyglutamine
repeats; HSF1 = heat shock factor 1; Hsp = heat shock protein; SOD1 = superoxide dismutase 1 enzyme

Introduction
Spinal and bulbar muscular atrophy, otherwise known as

Kennedy’s disease, is an X-linked, late-onset progressive neuro-

muscular disease that predominantly affects males. Clinically, the

disease is characterized by atrophy, fasciculation and weakness of

the facial, bulbar and proximal limb muscles, together with mild

sensory impairment and manifestations of androgen insensitivity

(Chahin et al., 2008; Suzuki et al., 2008; Banno et al., 2009;

Rhodes et al., 2009). Molecularly, the disease results from an ex-

pansion in the glutamine repeat tract in the androgen receptor

(AR) gene which encodes a polyglutamine tract in the translated

protein (La Spada et al., 1991; Fischbeck, 2001). The polymorphic

trinucleotide CAG repeat normally ranges from 9 to 36, but an

expansion of 438 repeats results in disease (La Spada et al.,

1991). Although the expanded androgen receptor protein is ubi-

quitously expressed, the precise mechanistic basis for the selective

death of bulbar and lower motor neurons remains unknown.

Spinal and bulbar muscular atrophy belongs to a family of nine

polyglutamine repeat expansion diseases including Huntington’s

disease, dentatorubral pallidoluysian atrophy and six spinocerebel-

lar ataxias, which share many common features and underlying

pathological mechanisms (Ross, 2002; Gatchel and Zoghbi, 2005).

Several mechanisms, acting either independently or as a part of a

more complex pathway, have been suggested to play a role in the

pathogenesis of spinal and bulbar muscular atrophy. Considerable

evidence now indicates a role for ligand-dependent translocation

into the nucleus (Takeyama et al., 2002; Walcott and Merry,

2002) and nuclear accumulation of the pathogenic protein

(Adachi et al., 2005), misfolding of the expanded protein

(Stenoien et al., 1999; Li et al., 2007; Rusmini et al., 2011),

impaired clearance of the androgen receptor protein (Montie

et al., 2009) and transcriptional dysregulation (Sopher et al.,

2004; Katsuno et al., 2006, 2010a). Importantly, no effective

treatment that has acceptable side effects is currently available

to counteract the pathology or control the progression of symp-

toms in spinal and bulbar muscular atrophy.

The androgen receptor is a steroid hormone receptor that is

restricted to the cytoplasm in a complex with the heat shock pro-

teins Hsp90 and Hsp70. Binding of the ligand permits dissociation

from this complex, allowing translocation of the androgen recep-

tor to the nucleus, resulting in activation of target genes (Heinlein

and Chang, 2001). However, pathogenic expansion of the poly-

glutamine repeat tract in androgen receptor and other polygluta-

mine proteins may result in a conformational change in the

aberrant protein, facilitating its aggregation into inclusions

(Perutz et al., 1994; Williams and Paulson, 2008). In spinal and

bulbar muscular atrophy, although the polyglutamine-expanded

androgen receptor accumulates into nuclear and cytoplasmic

inclusions in both neural and non-neural tissues, the disease is

primarily characterized by the presence of nuclear inclusions of

aggregated protein within motor neurons (Adachi et al., 2005).

These inclusion bodies harbour components of the ubiquitin–pro-

teasome system (NEDD8, an ubiquitin-like protein; and PA700,

the 26S proteasome cap), protein chaperones including heat

shock proteins (Hdj2, Hsc70, Hsp70 and Hsp90), and several tran-

scriptional factor co-activators (the steroid receptor coactivator 1,

SRC-1, now known as NCOA1; and CREB-binding protein,

CREBBP) (Stenoien et al., 1999; Abel et al., 2001; Adachi et al.,

2001). However, the precise nature of the inclusions remains con-

tentious, with little direct relationship between the presence of

aggregates and cell death (Simeoni et al., 2000; Taylor et al.,

2003; Takahashi et al., 2008). Indeed there is a greater frequency

of occurrence of diffuse nuclear accumulation of the expanded

androgen receptor that correlates with the CAG repeat length

(Adachi et al., 2005). Nevertheless, nuclear aggregates are a hall-

mark of the disease, which arise through adoption of an abnormal

protein conformation favouring aggregation (Perutz et al., 1994;

Williams and Paulson, 2008). Furthermore, the presence within

these inclusions of proteins involved in refolding and the chaper-

one pathway, suggest an association of these mechanisms with

pathology, even though inclusions themselves may not represent

the primary or earliest toxic species in polyglutamine repeat ex-

pansion disease (Yoo et al., 2003; Arrasate et al., 2004; Bowman

et al., 2005; Li et al., 2007; Hands and Wyttenbach, 2010). In

addition, it has been reported that the formation of nuclear

micro-aggregates that are not microscopically visible, but derived

from soluble oligomeric forms of the pathogenic proteins, may in

fact represent the primary and earliest focus of pathology

(Li et al., 2007; Takahashi et al., 2008). The presence of oligomers

may enhance and lead to the formation of micro-aggregates, not

normally detected with conventional microscopic techniques, but

which nevertheless will be detrimental to motor neurons (Ross and

Poirier, 2005; Williams and Paulson, 2008).

Several treatment strategies for spinal and bulbar muscular

atrophy have therefore focused on decreasing nuclear accumula-

tion, diminishing protein misfolding and augmenting the clearance

of the expanded androgen receptor by either genetic or pharma-

cologically induced overexpression of heat shock proteins (Bailey

et al., 2002; Waza et al., 2005; Adachi et al., 2007; Tokui et al.,

2009). In an AR-97Q spinal and bulbar muscular atrophy mouse

model, treatment with Hsp90 inhibitors and inducers of heat shock

proteins, which may enhance the removal of misfolded protein,

has been shown to improve the neuromuscular phenotype of

these mice (Waza et al., 2005; Tokui et al., 2009). However,

the anti-cancer agents used in these studies may be associated

with significant adverse effects (Banerji et al., 2005). We have

previously used an alternative approach to upregulate the expres-

sion of heat shock proteins in the mutant superoxide dismutase

1 enzyme (SOD1) mouse model of amyotrophic lateral sclerosis,

an aggressive and usually fatal adult motor neuron disorder.

Treatment of SOD1 mice with arimoclomol, a novel co-inducer
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of the heat shock response, was successful in ameliorating path-

ology and extending lifespan of SOD1 mice, even when adminis-

tered after symptom onset (Kieran et al., 2004; Kalmar et al.,

2008). Arimoclomol is currently in clinical trials in patients with

amyotrophic lateral sclerosis in the USA (Cudkowicz et al., 2008;

Lanka et al., 2009). An important characteristic of arimoclomol is

that it selectively targets cells undergoing a stress response,

thereby acting as a co-inducer rather than an inducer of the

heat shock response, resulting in significantly fewer of the side

effects associated with direct activation of the heat shock response

(Kieran et al., 2004; Kalmar et al., 2008). Arimoclomol has been

shown to prolong the activation of heat shock transcription factor

1 (HSF1) (Hargitai et al., 2003), and thereby upregulate heat

shock protein expression both in vitro (Vigh et al., 1997; Kalmar

et al., 2008) and in vivo (Kieran et al., 2004; Kalmar et al., 2008),

effects that are likely to facilitate the refolding and removal of

non-native toxic proteins. Therefore, in this study we examined

whether arimoclomol may provide an effective and safe therapy

for spinal and bulbar muscular atrophy. Using the AR100 mouse

model of spinal and bulbar muscular atrophy which recapitulates

the course and pathology of disease observed in humans (Sopher

et al., 2004; Chahin et al., 2008; Malik et al., 2011), we tested

the ability of arimoclomol to ameliorate disease progression. In

these mice, the expanded androgen receptor is expressed at en-

dogenous levels and importantly, male mice carrying the ex-

panded androgen receptor with 100 polyglutamine repeats

(pathogenic AR100 mice) develop significant motor neuron de-

generation, leading to a progressive late-onset neuromuscular

phenotype (Sopher et al., 2004; Chahin et al., 2008; Malik

et al., 2011). Control mice expressing the androgen receptor

with 20 polyglutamine repeats (non-pathogenic AR20 mice) do

not manifest any phenotype, as 538 polyglutamine repeats in

humans are not linked with spinal and bulbar muscular atrophy

(La Spada et al., 1991; Gatchel and Zoghbi, 2005).

Our results show that treatment with arimoclomol from the time

of symptom onset dramatically delayed progression of the neuro-

muscular phenotype in AR100 spinal and bulbar muscular atrophy

mice. In particular, our findings reveal the neuroprotective effects

of arimoclomol in enhancing the survival of motor neurons, the

loss of which is fundamental in the development of spinal and

bulbar muscular atrophy (Fischbeck, 1997; Sopher et al., 2004;

Adachi et al., 2005; Malik et al., 2011), may well be mediated

by upregulation of the neurotrophic factor, vascular endothelial

growth factor.

Materials and methods

Breeding and maintenance of mutant
androgen receptor spinal and bulbar
muscular atrophy mice
All experimental procedures were carried out under licence from the

UK Home Office (Scientific Procedures Act 1986), and following ap-

proval by the Ethical Review Panel of UCL Institute of Neurology.

Yeast artificial chromosome mice containing the mutant human

androgen receptor transgene, expressed at endogenous levels and

described previously (Sopher et al., 2004; Thomas et al., 2006;

Malik et al., 2011), were bred and maintained at UCL Institute of

Neurology Biological Services. Heterozygote males carrying the andro-

gen receptor with 100 polyglutamine repeats (pathogenic AR100

mice) or 20 polyglutamine repeats (non-pathogenic AR20 mice)

were mated with wild-type C57BL/6J females. In keeping with the

gender specificity of the disease, only male offspring showed a disease

phenotype and so only male mice were used in this study. The mice

were genotyped by PCR amplification of ear notches using a for-

ward (50-catctgagtccaggggaacagc-30) and reverse primer (50-gcccag

gcgctgccgtagtcc-30). PCR products were digested with BglI (New

England Biolabs) and analysed using agarose gel electrophoresis and

visualized using GelRedTM stain (Sigma-Aldrich). In addition, in some

experiments, male age-matched wild-type littermates were also used

as controls.

Treatment of mice with arimoclomol
Following genotyping, male mice were randomly assigned to a treat-

ment or vehicle arm of the study. From 12 months of age to the time

of examination at 18 months, male AR100 mice were treated with

either 120 mg/kg/day arimoclomol dissolved in drinking water (n = 10)

or water alone (vehicle; n = 10). The body weight of arimoclomol and

vehicle-treated AR100 mice was recorded monthly. All mice used in

this study were littermates and were housed in a controlled tempera-

ture and humidity environment with a 12-h light/dark cycle and had

access to drinking water and food ad libitum. To examine the induc-

tion of heat shock proteins, arimoclomol was given by daily intraper-

itoneal injection at a dose of 120 mg/kg for a period of 16 days, while

control mice received vehicle (saline).

Western blot
Western blot was performed to determine protein levels as described

(Malik et al., 2008a, b). Briefly, proteins were separated by SDS-PAGE,

transferred onto nitrocellulose membrane, incubated with indicated

primary antibodies (Hsp70, Stressgen; Hsp90, Santa Cruz; b-actin,

Abcam; �-tubulin DM1A, Sigma) followed by either anti-mouse

Alexa Fluor� 680 (Invitrogen) or anti-rabbit IRDye800� (Rocklard)

secondary antibodies. Blots were analysed using the Odyssey detection

system (Licor), and densitometry was performed using the Odyssey

software.

Real-time quantitative polymerase
chain reaction
Total RNA was extracted from tissue using the guanidine

isothiocyanate-based method (Chomczynski and Sacchi, 1987) using

TRIzol� solution (Invitrogen) according to the manufacturer’s instruc-

tions. Complementary DNA was prepared using 1 mg total RNA primed

with oligo(dT) and SuperScript� III reverse transcriptase, according to

the protocol supplied by the manufacturer (Invitrogen). Real-time

quantitative PCR was performed as described (Malik et al., 2012),

using SYBR� Green PCR master mix (Applied Biosystems), template-

and gene-specific primers in a total volume of 20 ml. After an initial

denaturation at 95�C for 10 min, templates were amplified by

40 cycles of 95�C for 15 s and 60�C for 1 min in an Applied

Biosystems 7500 Real-Time PCR System. A dissociation curve was

generated to ensure there was amplification of a single product and

absence of primer dimers. Reactions were performed in triplicate, and
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gene expression values were normalized using the geometric mean of

the housekeeping genes, b-actin and hypoxanthine guanine phosphor-

ibosyl transferase 1 (Hprt1) (Vandesompele et al., 2002). Gene

expression was calculated by the comparative threshold cycle (ddCt)

method (Livak and Schmittgen, 2001), and an unpaired t-test was

used to determine statistical significance.

Physiological assessment of muscle
function and motor unit survival
The primary characteristic phenotype of spinal and bulbar muscular

atrophy is a loss of muscle function as a result of motor neuron de-

generation. The neuromuscular phenotype of heterozygote AR100

male mice, which either carry the pathogenic androgen receptor

(AR100 mice) or non-pathogenic androgen receptor transgene

(AR20), was therefore characterized at a late stage of disease, when

the mice were 18 months old, and compared with age-matched male

wild-type littermates. In the experiments to investigate the effects of

arimoclomol, AR100 mice treated with arimoclomol or vehicle were

also examined at 18 months. In addition, mice homozygote for AR100

were examined at 13 months of age when they showed a similar

disease phenotype to that observed in 18-month heterozygote

AR100 mice.

The mice were prepared for in vivo assessment of muscle function

as previously described (Kieran et al., 2004; Bilsland et al., 2006;

Kalmar et al., 2008). The mice were deeply anaesthetized using iso-

flurane inhalation delivered through a Fortec vaporizer (Vet Tech

Solutions Ltd) by placing the animals in an induction chamber contain-

ing 1.5–2.0% isoflurane in oxygen. Anaesthesia was maintained with

the same mixture delivered through a facemask and adjusted to main-

tain depth of anaesthesia. The distal tendons of the tibialis anterior and

extensor digitorum longus muscles in both hindlimbs were dissected

free and attached to isometric force transducers (Dynamometer UFI

Devices). The sciatic nerve was exposed, sectioned and all branches

cut except for the deep peroneal nerve that innervates the tibialis

anterior and extensor digitorum longus muscles. Experiments were

carried out at room temperature, with the length of the muscles ad-

justed for maximum twitch tension and the muscles and nerves kept

moist with saline throughout the recordings. Isometric contractions

were elicited by stimulating the nerve to extensor digitorum longus

and tibialis anterior muscles using square-wave pulses of 0.02 ms dur-

ation at supra-maximal intensity using silver wire electrodes.

Contractions were elicited by trains of stimuli at frequencies of 40,

80 and 100 Hz for 450 ms and the maximum twitch and tetanic ten-

sion was measured using the force transducers, which were connected

to a Picoscope 3423 oscilloscope (Pico Technology) and analysed using

Picoscope Software v5.16.2 (PicoTechnology).

Following recording of isometric tension, the contractile and fatigue

characteristics of extensor digitorum longus muscles were determined.

The time to peak contraction was calculated by measuring the time

taken (ms) for the muscles to elicit peak twitch tension and the half

relaxation time (the time taken for the muscles to reach half relaxation

from peak contraction) was also calculated.

The number of motor units innervating the extensor digitorum

longus muscles in both hindlimbs was determined by stimulating the

motor nerve with stimuli of increasing intensity, resulting in stepwise

increments in twitch tension due to successive recruitment of motor

axons. The number of stepwise increments was counted to give an

estimate of the number of motor units present in each extensor

digitorum longus muscle.

In addition, the resistance of the extensor digitorum longus muscles

to fatigue was assessed by repeated stimulation at 40 Hz for 250 ms/s

for 3 min. The tetanic contractions were recorded on a Lectromed

Multitrace 2 recorder (Lectromed Ltd). The decrease in tension after

3 min of stimulation was measured and a fatigue index was calculated,

with a fatigue index approaching a value of 1.0 indicating that a

muscle is highly fatigable (Sharp et al., 2005).

Motor neuron survival
Following removal of the muscles, the mice were perfused and the

lumbar spinal cord was removed for determination of motor neuron

survival, as previously described (Kieran et al., 2004; Malik et al.,

2011). The mice were terminally anaesthetized with pentobarbitone,

transcardially perfused with 4% paraformaldehyde and the lumbar

region of the spinal cord was removed. Serial 20-mm transverse sec-

tions were cut on a cryostat, stained with gallocyanin (a Nissl stain)

and the number of positively stained motor neurons in the sciatic

motor pool of every third section between the L2 and L5 levels of

the spinal cord was counted, as previously described (Kieran et al.,

2004; Malik et al., 2011). Only large polygonal neurons with a clearly

identifiable nucleus and nucleolus were included in counts. This proto-

col avoids the possibility of counting the same cells twice in consecu-

tive sections.

Statistical analysis
Statistical analysis was performed using SPSS v15 (SPSS Inc), with

the Mann–Whitney U test, Kruskal–Wallis or one-way ANOVA with

post hoc analysis to evaluate significance of data. A P-value of 50.05

was considered statistically significant.

Results

The expression levels of heat shock
proteins in spinal and bulbar muscular
atrophy mice
We first set out to examine the expression of several cytoprotec-

tive heat shock proteins in the AR100 mouse model of spinal and

bulbar muscular atrophy, as levels of these proteins have been

reported to be reduced in mouse models of polyglutamine

repeat expansion diseases, including spinal and bulbar muscular

atrophy (Adachi, 2003; Katsuno, 2005; Labbadia et al., 2011).

The expression levels of the stress-induced form of Hsp70, as

well as Hsp90, were examined in the spinal cord of presympto-

matic (Fig. 1A), symptomatic (Fig. 1B) and mice late in the disease

stage (Fig. 1C). Presymptomatic mice displayed a slight decrease in

the levels of Hsp70 in AR100 spinal and bulbar muscular atrophy

mice compared with wild-type, although this did not reach signifi-

cance (Fig. 1A). Interestingly, in symptomatic mice the Hsp70

expression levels increased again and were comparable with

wild-type (Fig. 1B), perhaps as a reflection of the induced stress

of the onset of disease. By late stage, Hsp70 was significantly

reduced in AR100 mice (Fig. 1C). No change in Hsp90 was

observed at any age.
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Arimoclomol upregulates Hsp70 in
the spinal cord and hindlimb muscles
of spinal and bulbar muscular
atrophy mice
We have previously shown that treatment with arimoclomol, a

novel heat shock protein co-inducer, delays disease progression

and improves the neuromuscular deficit in a mutant SOD1

mouse model of amyotrophic lateral sclerosis (Kieran et al.,

2004; Kalmar et al., 2008). Therefore, to investigate the effects

of arimoclomol on mice with spinal and bulbar muscular atrophy, a

daily intraperitoneal injected dose of 120 mg/kg/body weight was

given after the onset of symptoms in AR100 mice, at 12 months

of age, for a period of 16 days. Arimoclomol was shown to sig-

nificantly upregulate the levels of Hsp70 both in spinal cord (a

2.3-fold increase) and the hindlimb tibialis anterior muscles

(a 3-fold increase) of AR100 mice (Fig. 2A and B). The levels of

Hsp90 were modestly increased but were not statistically signifi-

cant. Interestingly, in tibialis anterior muscles, unlike the spinal

cord, vehicle-treated symptomatic AR100 mice at 12 months of

age displayed a higher level of Hsp70 compared with wild-type

mice, which may be a reflection of a dissimilar response to stress

present in the two tissues. In contrast, upregulation of Hsp70 or

Hsp90 was not observed in either the cortex or the liver, tissues

that are largely unaffected in spinal and bulbar muscular atrophy

(Fig. 2C).

Figure 1 Examination of expression levels of heat shock proteins in mice with spinal and bulbar muscular atrophy. The expression levels

of Hsp70 and Hsp90 were analysed in spinal cord of (A) presymptomatic (3 month), (B) symptomatic (12 month) and (C) late stage

(18 month) wild-type (WT) and AR100 mice. Densitometric analysis of bands was performed using values normalized to actin. Data are

displayed as mean � SEM and are representative of three independent experiments. Statistical analysis was performed using a two sample

t-test (n53, *P50.05). AU = arbitrary units.
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Arimoclomol treatment upregulates
vascular endothelial growth factor
in mice with spinal and bulbar
muscular atrophy
The messenger RNA levels of vascular endothelial growth factor

(Vegf), and in particular the Vegf164 splice variant, have previ-

ously been shown to be decreased in AR100 mice (Sopher et al.,

2004). We hypothesized that arimoclomol in conjunction with its

effect on the heat shock response may impart its beneficial effect

by influencing other pathways. Therefore, the messenger RNA

levels of several genes were examined using quantitative PCR.

We assessed the levels of the transcription factor hypoxia inducible

factor 1 (Hif1a), Vegf, sirtuin 1 (Sirt1), insulin-like growth

factor (Igf1) and peroxisome proliferator-activated receptor-�

co-activator 1�, (Ppargc1a). Our results show that arimoclomol

treatment significantly upregulated the levels of vascular endothe-

lial growth factor, both in the spinal cord and hindlimb muscles

of AR100 mice (Fig. 3A and B)

Physiological characterization of
the neuromuscular phenotype of
mice with spinal and bulbar
muscular atrophy
The disease phenotype in the AR100 mouse model has been

shown to closely follow the pattern of disease observed in patients

with spinal and bulbar muscular atrophy, with a loss of motor

neurons in the sciatic motor pool in the spinal cord in diseased

mice accompanying the decline in neuromuscular function

Figure 2 Arimoclomol induces heat shock proteins in spinal and bulbar muscular atrophy mice. To investigate the effects of arimoclomol,

an intraperitoneal injected dose of 120 mg/kg/body weight was given daily to 12-month-old AR100 mice after the onset of symptoms for

a period of 16 days. Arimoclomol significantly upregulated the expression of Hsp70 in (A) spinal cord and (B) hindlimb tibialis anterior (TA)

muscles in comparison with vehicle-treated (WT) mice. Furthermore, no increase was observed in (C) cortex or liver of AR100 mice. Data

are displayed as mean � SEM and are representative of three independent experiments. Statistical analysis was performed using either a

two sample t-test or one-way ANOVA followed by the Student–Newman–Keuls and Tukey’s Honestly Significantly Different post hoc

tests (n53, *P50.05). Arim = arimoclomol; V = vehicle; AU = arbitrary units.
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(Sopher et al., 2004; Malik et al., 2011). Although these mice

have been previously evaluated using behavioural analysis

(Sopher et al., 2004), in order to fully characterize the motor

deficits, in this study we undertook an in vivo physiological exam-

ination of muscle function of specific hindlimb muscles in un-

treated heterozygote AR100 male mice at a late stage of disease

(18 months), as well as male control AR20 mice that carry

non-pathogenic 20 polyglutamine androgen receptor repeats and

compared the findings with age-matched wild-type littermates. In

addition, we also examined the phenotype of homozygote AR100

mice at 13 months of age, when these mice appeared to show a

similar disease phenotype to that observed in 18-month heterozy-

gote AR100 mice.

In vivo assessment of muscle force characteristics of the hind-

limb muscles demonstrated that in heterozygote AR100 mice by

18 months of age, the twitch force in the tibialis anterior muscles

was reduced by �70% (12.40 � 0.96 g, n = 11; P50.05) in com-

parison with wild-type mice (41.85 � 4.24 g, n = 8). Tibialis anter-

ior muscles remained unaffected in control AR20 mice

(43.61 � 2.01 g, n = 11; Fig. 4A). There was also a significant re-

duction in tibialis anterior muscle maximal tetanic force in AR100

mice, representing a decline of 450% (70.31 � 3.30 g; P50.05)

relative to wild-type mice (131.68 � 4.97 g). No reduction in tibi-

alis anterior muscle tetanic force was observed in AR20 mice

(112.60 � 7.19 g; Fig. 4B). Muscle force was also reduced in ex-

tensor digitorum longus muscles of 18-month-old AR100 mice, so

that twitch force was 60% less (4.46 � 0.45 g, P50.05) than

extensor digitorum longus in either wild-type (10.88 � 0.55 g) or

AR20 mice (13.09 � 1.40 g; Fig. 4E), and extensor digitorum

longus tetanic force was 35% less in AR100 mice

(20.31 � 1.28 g, P50.05) than wild-type (30.67 � 1.43 g) and

AR20 mice (35.54 � 2.29 g; Fig. 4F).

Figure 3 Arimoclomol upregulates vascular endothelial growth factor (Vegf) in spinal cord and muscles of mice with spinal and bulbar

muscular atrophy. The expression of several genes was investigated using quantitative PCR after treatment with arimoclomol, with an

intraperitoneal injected dose of 120 mg/kg/body weight given daily to 12-month-old AR100 mice after the onset of symptoms for a

period of 16 days. There was a significant increase in levels of vascular endothelial growth factor both in (A) spinal cord and (B) hindlimb

tibialis anterior muscles after administration of arimoclomol compared with vehicle-treated AR100 mice. Data are displayed as

mean � SEM and are representative of three independent experiments. Statistical analysis was performed using a two sample t-test

(n53, *P50.05).
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Figure 4 Deterioration of muscle force in hindlimb muscles of mice with spinal and bulbar muscular atrophy. In vivo assessment of

hindlimb muscle force revealed a reduction in (A) maximal twitch and (B) tetanic tension in tibialis anterior (TA) muscles of 18-month-old

AR100 mice (n = 11) compared with AR20 (n = 11) and wild-type (WT) mice (n = 8). Analysis of twitch contraction and relaxation rates of

hindlimb muscles showed significant slowing of (C) tibialis anterior muscle time to peak contraction and (D) tibialis anterior muscle half

relaxation time, indicative of muscle deterioration. In extensor digitorum longus (EDL) muscles, a similar loss of (E) twitch and (F) tetanic

tension was also observed in AR100 mice, as well as a slowing of (G) the time to peak contraction and (H) half relaxation time. Values are

expressed as mean � SEM. Statistical analysis was performed using the Kruskal–Wallis test, *P50.05.
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The contractile characteristics of fast
twitch muscles change in spinal and
bulbar muscular atrophy mice
Fast twitch muscle fibres normally contract and relax rapidly.

However, this characteristic has been shown to change in mouse

models of motor neuron degeneration such as SOD1 mice, in

which fast twitch muscles begin to show contractile characteristics

that resemble those of slow twitch muscles (Kieran et al., 2004;

Kalmar et al., 2008). We therefore examined the contractile

characteristics of fast twitch muscles in 18-month-old AR100

mice. Recording of twitch contraction and relaxation rates of

tibialis anterior and extensor digitorum longus muscles demon-

strated a significant slowing in the time to peak contraction

in AR100 mice, but not AR20 mice, in comparison with

wild-type mice (Fig. 4C and G). Similarly, the half relaxation

time was also markedly reduced in tibialis anterior and extensor

digitorum longus muscles of AR100 mice, but not AR20 mice

(Fig. 4D and H).

Fast twitch muscles such as extensor digitorum longus normally

fatigue rapidly and cannot maintain force when repeatedly stimu-

lated. We therefore examined the fatigue characteristics of exten-

sor digitorum longus muscles in 18-month-old AR100 mice, by

undertaking a fatigue test in which the muscles were repeatedly

stimulated. Typical fatigue traces from extensor digitorum longus

muscles of wild-type, AR100 and AR20 mice are shown in Fig. 5A,

which shows that in AR100 mice, there was a clear shift in the

fatigue pattern of extensor digitorum longus, which became

fatigue resistant. From traces such as these, a fatigue index was

calculated for each muscle, where a fatigue index of 1.0 indicates

that a muscle is completely fatigable. Our findings show that

in AR100 mice the extensor digitorum longus fatigue index

was reduced by 63% (0.30 � 0.05, P50.05) in comparison

with extensor digitorum longus in wild-type (0.82 � 0.02) and

AR20 mice (0.73 � 0.06; Fig. 5A). These results show that

in AR100 animals, extensor digitorum longus muscles are sig-

nificantly more fatigue-resistant than those of wild-type or AR20

animals, a characteristic more usually observed in slow twitch

muscles.

Loss of functional motor units in
mice with spinal and bulbar
muscular atrophy and progressive
nature of disease
The number of functional motor units innervating the extensor

digitorum longus muscles was determined by stimulating the sci-

atic nerve with stimuli of increasing intensity, resulting in stepwise

increments in twitch tension due to successive recruitment of

motor axons. Typical examples of motor unit traces from extensor

digitorum longus muscles of wild-type and AR100 mice are shown

in Fig. 2B. In 18-month-old AR100 mice, there was a 31% reduc-

tion in the number of motor units in extensor digitorum longus

muscles of AR100 mice (25.6 � 0.8, P50.05) than in age

matched wild-type (37.2 � 1.2) and AR20 mice (35.8 � 2.5;

Fig. 5B), indicative of significant motor neuron degeneration.

In addition, we evaluated physiological muscle function in pre-

symptomatic mice and found no impairment in hindlimb muscle

function in 3-month-old mice with spinal and bulbar muscular

atrophy compared with age matched wild-type littermates

(Fig. 5C–F). In contrast, 18-month-old mice with spinal and

bulbar muscular atrophy show significant neuromuscular deficits

and therefore demonstrate the presence of a progressive neuro-

muscular phenotype in AR100 mice.

Loss of muscle weight and changes in
muscle fibre phenotype of fast twitch
muscles in mice with spinal and
bulbar muscular atrophy
At the end of the acute physiological experiments, the hindlimb

muscles were removed, weighed and processed for histochemical

analysis. In 18-month-old AR100 mice, tibialis anterior muscles

weighed significantly less (31.39 � 1.3 mg, P50.05) than in

wild-type (58.27 � 1.48 mg) and AR20 mice (53.73 � 2.9 mg;

Fig. 6A). Similarly, extensor digitorum longus muscle weight

was markedly reduced in AR100 mice (7.18 � 0.34 mg, P50.05)

relative to wild-type (12.03 � 0.38 mg) and AR20 mice

(11.59 � 0.69 mg; Fig. 6A). Interestingly, no change was observed

in the weight of the slow twitch soleus muscle (Fig. 6A), a muscle

that is known to be more resistant to disease in the mutant SOD1

mouse model of amyotrophic lateral sclerosis (Kieran et al., 2004;

Sharp et al., 2005). Furthermore, physiological assessment of

muscle force characteristics was also assessed at an earlier presymp-

tomatic stage of the AR100 mice. No perturbation of hindlimb

muscle physiology was found in these mice, which therefore high-

lights the slowly progressive nature of the disease in spinal and

bulbar muscular atrophy AR100 mice (Fig. 6C–F).

Therefore, fast twitch muscles in AR100 mice develop fatigue

characteristics normally observed in slow twitch muscles. A similar

switch in the phenotype of fast twitch muscles has previously been

reported in mutant SOD1 amyotrophic lateral sclerosis mice

(Kieran et al., 2004).

Motor neuron survival
Following removal of the hindlimb muscles, the mice were termin-

ally anaesthetized, perfused with fixative and the lumbar spinal

cord was removed and processed for analysis of motor neuron

survival. An example of a ventral horn of a spinal cord section

from an 18-month-old AR100 mouse in which degenerating

motor neurons are visible, is shown in Fig. 3B. As we have

previously reported (Malik et al., 2011), in AR100 mice by

18 months of age, 40% of motor neurons have died in the sciatic

motor pool of the spinal cord compared with age-matched

wild-type mice or AR20 mice, in which no motor neuron

death was detected (Fig. 6C). Thus, in heterozygote AR100

mice, the decline in muscle function is associated with a signifi-

cant degeneration of spinal motor neurons, a phenotype that

mirrors that observed in patients with spinal and bulbar muscular

atrophy.
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Figure 5 Development of a progressive neuromuscular phenotype in mice with spinal and bulbar muscular atrophy, manifested by a loss

of motor units and the development of abnormal muscle fatigue characteristics. (A) The fatigue characteristics of extensor digitorum

longus (EDL) muscles in 18-month-old AR100 mice (n = 11) compared with AR20 (n = 11) and wild-type (WT) mice (n = 8) were

examined. As can be seen in the fatigue traces, in AR100 mice, the extensor digitorum longus muscles become resistant to fatigue and can

maintain force when repeatedly stimulated. From such traces, a fatigue index was calculated for each muscle, where a fatigue index of

1.0 indicates that a muscle is completely fatigue resistant. The bar chart shows that there a significant decrease in the fatigue index

of AR100 extensor digitorum longus muscles. (B) The number of functional motor units innervating extensor digitorum longus was

established. Typical motor unit traces from extensor digitorum longus muscles of 18-month-old wild-type, AR20 and AR100 mice are

shown. Motor unit numbers were significantly reduced in extensor digitorum longus muscle of AR100, but not AR20 mice. Analysis

of muscles was also performed in presymptomatic 3-month-old mice, which showed no pathological alteration in (C) maximal twitch and

(D) tetanic tension, or (E) the time to peak contraction and (F) half relaxation time in tibialis anterior muscle (TA). Values are expressed as

mean � SEM. Statistical analysis was performed using the Kruskal–Wallis test, *P5 0.05.
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Disease progression in AR100
homozygote mice
We also examined yeast artificial chromosome AR100 mice

homozygous for the expanded polyglutamine androgen receptor.

These mice exhibited signs of hindlimb dysfunction at a signifi-

cantly earlier age than heterozygote AR100 mice. Physiological

analysis of muscle function showed that 13-month-old homozy-

gote AR100 mice demonstrated a pathology comparable with that

observed in 18-month-old AR100 mice, with a dramatic reduction

in twitch and tetanic muscle force, as well as impaired hindlimb

muscle contractile properties (Supplementary Fig. 1). AR100

homozygotes also showed a significant reduction in motor unit

number, aberrant muscle fatigue profiles and muscle atrophy,

similar to that observed in 18-month heterozygote AR100 mice

(Supplementary Fig. 2). Therefore, an extra copy of the mutant

expanded AR gene in homozygous mice resulted in an accelerated

disease phenotype, which likely stems from increased expression

of the mutant protein. These results highlight the pathogenic

and toxic gain of function properties of the expanded androgen

receptor.

Collectively, these results show that AR100 mice develop severe

atrophy of fast hindlimb muscles and additionally demonstrate a

deficit in fatigue resistance associated with loss of innervating

motor units. Therefore, the AR100 mice develop a polyglutamine-

dependent neuromuscular phenotype characterized by a decline in

the number of functional motor units and muscle atrophy.

Upregulation of the heat shock response
improves neuromuscular function and
rescues motor neurons in mice with
spinal and bulbar muscular atrophy
We have previously shown that targeting of the heat shock re-

sponse by treatment with arimoclomol, a novel heat shock protein

co-inducer, delays disease progression and improves the neuro-

muscular deficit in a mutant SOD1 mouse model of amyotrophic

lateral sclerosis (Kieran et al., 2004; Kalmar et al., 2008), a disease

in which motor neuron degeneration is the defining characteristic.

Since arimoclomol acts by augmenting the heat shock response

and upregulating the expression of several cytoprotective heat

shock proteins, it is possible that upregulation of this ubiquitous

cellular defence pathway may also be beneficial in spinal and

bulbar muscular atrophy. Therefore, treatment of heterozygote

AR100 mice with arimoclomol at a daily oral dose of 120 mg/

kg/body weight was commenced after the onset of symptoms

in AR100 mice, at 12 months of age, and continued until the

designated end point of the study, at 18 months, the stage

where untreated AR100 mice are severely affected and manifest

a serious impairment of neuromuscular function.

As a general measure of disease progression, body weight was

recorded throughout the study. After initially gaining weight,

untreated AR100 diseased animals showed a gradual, but signifi-

cant, decline in body weight concurrent with disease progression

(Fig. 7A). However, treatment with arimoclomol significantly

reduced the decline in body weight of AR100 mice, and even at

18 months, they were still 15% heavier (P5 0.05) than untreated

AR100 mice (Fig. 7A). Furthermore, the muscle wasting and overt

kyphosis of the vertebral column observed in AR100 mice at

18 months (Sopher et al., 2004) was less apparent in arimoclomol-

treated mice.

Figure 6 Pathological changes in muscle and spinal cord of

mice with spinal and bulbar muscular atrophy. (A) The mean

weight of tibialis anterior muscles (TA), extensor digitorum

longus (EDL) and soleus muscles of wild-type, AR20 and AR100

mice shows a significant decrease in the weight of fast twitch

muscles in 18-month-old AR100 mice, but not in slow twitch

muscles such as soleus. (B) The presence of degenerating motor

neurons can be observed in the ventral horn of 18-month-old

AR100 mice (arrow indicates degenerating neuron). (C)

Surviving motor neurons in the ventral horn sciatic motor pool

were counted and the results shown in the bar chart, with values

expressed as a percentage of wild-type surviving motor neurons.

By 18 months of age, a significant number of motor neurons

have died in AR100 mice compared with wild-type (WT),

whereas no motor neuron death occurs in AR20 mice. For each

genotype, n5 7, with one-way ANOVA and post hoc analysis

performed to test for significance, with *P5 0.05 and

***P50.001; error bars represent SEM.
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Figure 7 Treatment with arimoclomol delays disease progression in mice with spinal and bulbar muscular atrophy. (A) Body weight was

recorded monthly from 4–18 months of age in arimoclomol and vehicle-treated AR100 mice. Body weight begins to decline from

13 months in vehicle-treated AR100 mice, but is maintained in mice treated with arimoclomol. Arimoclomol increased the maximal

(B) twitch tension and (C) maximal tetanic force in tibialis anterior (TA) muscles of AR100 mice (n = 10) compared with vehicle-treated

mice (n = 8) at 18 months of age. (D) Arimoclomol prevents the change in the fatigue characteristics and (E) increases motor unit survival

in extensor digitorum longus muscles of AR100 mice. (F) There is a significant increase in the weight of tibialis anterior and extensor

digitorum longus muscles (EDL) in arimoclomol-treated AR100 mice, but no change in the soleus muscle, which is unaffected in AR100

mice at this stage. (G) These improvements in muscle function in arimoclomol-treated AR100 mice are reflected in a significant increase in

motor neuron survival. Values are expressed as mean � SEM. Statistical analysis was performed using the Mann–Whitney U test,

*P5 0.05, **P50.01 and ***P50.001.
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To establish the effects of arimoclomol on the neuromuscular

phenotype of AR100 mice, at 18 months of age, arimoclomol-

treated AR100 mice (n = 10) and vehicle-treated controls (n = 8)

were prepared for in vivo examination of muscle force. In AR100

mice treated with arimoclomol, there was a 40% improvement in the

twitch force of tibialis anterior muscles compared with untreated

AR100 mice (17.07 � 1.12 g and 12.15 � 0.65 g, respectively,

P5 0.01; Fig. 7B). There was also a significant improvement in the

maximal tetanic force of tibialis anterior muscles in arimoclomol-

treated AR100 mice, which were 26.9% stronger than tibialis anter-

ior muscles in untreated AR100 mice (69.57 � 4.76 g and

54.83 � 2.69 g, respectively, P50.01; Fig 7C).

Furthermore, we show that treatment with arimoclomol has

no effect on muscle force of wild-type mice, which do not show

any pathology (Supplementary Fig. 3). This observation suggests

that beneficial effects of arimoclomol are likely to be due to ameli-

oration of the pathogenic process occurring in the spinal cord and

not as a result of indiscriminate improvement of muscle force.

There was a similar improvement in twitch and tetanic force of

extensor digitorum longus muscles in arimoclomol-treated AR100

mice. Thus twitch force was 39% greater in arimoclomol-treated

compared with untreated AR100 mice (4.99 � 0.45 g and

3.59 � 0.25 g, respectively, P50.05; Supplementary Fig. 4A),

and tetanic force was 18.9% greater in arimoclomol-treated

mice than in control subjects (20.80 � 1.72 g and 17.50 �

1.74 g, respectively; Supplementary Fig. 4B), although this

improvement was not statistically significant (P = 0.18).

Despite the improvements in muscle force observed in

arimoclomol-treated AR100 mice, there was no improvement in

the contractile characteristics in either the extensor digitorum

longus or tibialis anterior muscles, which were significantly

reduced in AR100 mice (Supplementary Fig. 4C–F). Furthermore,

the fatigue pattern of extensor digitorum longus muscles in

arimoclomol-treated AR100 mice indicated that these muscles

were slightly fatigable (Supplementary Fig. 4G). However, calcu-

lation of the fatigue index showed that although the fatigue index

in arimoclomol-treated extensor digitorum longus muscles

resembled that of wild-type mice and represented a clear improve-

ment of 43% from vehicle-treated AR100 mice, it was not statis-

tically significant (P = 0.083; Fig. 7D).

To assess the effect of arimoclomol on the survival of functional

motor units, the number of motor units innervating the extensor

digitorum longus muscles of arimoclomol-treated and vehicle con-

trol animals was determined. As shown in Fig. 4E, there was a

23% improvement in motor unit survival in arimoclomol-treated

AR100 mice, in which 33.5 � 0.9 motor units survived compared

with 27.3 � 1.1 in untreated AR100 mice (P50.001; Fig. 7E).

At the end of the physiological assessment of neuromuscular

function, the hindlimb muscles were removed and weighed.

In arimoclomol-treated AR100 mice, there was a significant

increase in the weight of both extensor digitorum longus and

tibialis anterior muscles. Thus, in treated mice, tibialis anterior

muscles weighed 33.48 � 1.10 mg compared with 28.93 �

0.68 mg in untreated AR100 mice (P5 0.01) and extensor digi-

torum longus weighed 8.36 � 0.36 mg in treated mice compared

with 7.27 � 0.30 mg in untreated AR100 mice (P50.05; Fig. 7F).

As observed in untreated AR100 mice, soleus muscles in

arimoclomol-treated mice weighed the same as soleus muscles

of wild-type mice (Fig. 6A).

Since we have previously shown that there is a significant loss of

motor neurons in 18-month-old AR100 mice (Malik et al., 2011),

we also examined the effects of arimoclomol on motor neuron

survival. The number of motor neurons surviving in the sciatic

motor pool was established, and the results showed that in

arimoclomol-treated AR100 mice, 28.4% more motor neurons

survived (304.8 � 29.1) than in untreated AR100 mice (237.3 �

39.3; P50.01; Fig. 7G).

Taken together, these results show that in mice with spinal and

bulbar muscular atrophy, long-term treatment with arimoclomol,

between 12–18 months of age, is not only safe and well-tolerated

but also results in a significant improvement in neuromuscular

function and motor neuron survival, the hallmark pathology in

patients with spinal and bulbar muscular atrophy.

Discussion
Our results show that AR100 transgenic mice develop a progres-

sive hindlimb paralysis, caused by motor neuron degeneration, and

thus recapitulate human spinal and bulbar muscular atrophy.

AR100 mice therefore represent an excellent animal model in

which to test novel therapeutic strategies for spinal and bulbar

muscular atrophy. We found that treatment of AR100 mice with

an oral dose of arimoclomol significantly delayed disease progres-

sion by preventing motor neuron degeneration, thereby improving

the survival of functional motor units, reducing atrophy of hind-

limb muscles and attenuating the deterioration in body weight.

Importantly, these beneficial effects of arimoclomol were observed

even though treatment with arimoclomol commenced after symp-

tom onset. In addition, arimoclomol upregulated the expression

level of the neurotrophic factor, Vegf, both in the spinal cord

and hindlimb muscles. Therefore, our study provides compelling

evidence that treatment with arimoclomol, a novel co-inducer of

the heat shock response that we have previously shown to be

effective in delaying disease progression in a mouse model of

amyotrophic lateral sclerosis (Kieran et al., 2004; Kalmar et al.,

2008), may also be a potential therapeutic strategy in the treat-

ment of spinal and bulbar muscular atrophy.

We first evaluated the expression of heat shock proteins in the

AR100 mouse model of spinal and bulbar muscular atrophy

because the levels of these proteins have been reported to be

decreased in polyglutamine repeat expansion diseases (Adachi,

2003; Katsuno, 2005; Labbadia et al., 2011). Our results show

that there is a decrease in Hsp70 expression in the spinal cord of

mice with late stage disease spinal and bulbar muscular atrophy.

Furthermore, treatment with arimoclomol results in a significant

increase in the expression of Hsp70 in both the spinal cord

and hindlimb muscles, but importantly arimoclomol treatment

does not alter heat shock protein expression in tissues unaffected

by pathology in spinal and bulbar muscular atrophy, such as the

cortex or liver.

To fully assess the effects of arimoclomol in the AR100 mouse

model of spinal and bulbar muscular atrophy, we undertook

a comprehensive physiological characterization of hindlimb
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neuromuscular function in AR100 mice. Although AR100 mice

have previously been shown to exhibit a slowly progressive

phenotype without a dramatic reduction in lifespan (Sopher

et al., 2004), this study did not include a detailed physiological

analysis of hindlimb muscle function. Our findings show that in

AR100 mice, neuromuscular function is severely compromised, in

a polyglutamine-dependent manner. We found a significant

decrease in muscle force in fast twitch hindlimb muscles coupled

with an abnormal pattern of muscle contractile and fatigue char-

acteristics, loss of functional motor units innervating the hindlimb

muscles and muscle atrophy. These deleterious changes manifest

significantly earlier in AR100 mice homozygous for the expanded

polyglutamine androgen receptor than in heterozygote AR100

mice. Degeneration of motor neurons in the lumbar spinal cord

is a fundamental feature of spinal and bulbar muscular atrophy

(Katsuno et al., 2004; Adachi et al., 2005) and importantly, this

defining characteristic of spinal and bulbar muscular atrophy is

recapitulated in AR100 mice, which show a significant loss of

motor neurons in the sciatic motor pool (Katsuno et al., 2002;

Chevalier-Larsen et al., 2004; Sopher et al., 2004; Yu et al.,

2006; Malik et al., 2011).

Using the AR100 mouse model of spinal and bulbar muscular

atrophy, we have shown that treatment of AR100 mice with an

oral dose of arimoclomol significantly delayed disease progression.

This is accordingly reflected in a reduction in motor neuron de-

generation, an improvement in motor unit survival, a reduction in

hindlimb muscle atrophy and an attenuation in the deterioration in

body weight. These may be as a result of arimoclomol’s beneficial

effects both in the periphery in muscles under stress, as well as in

motor neurons within the CNS. Additionally, treatment with ari-

moclomol had no impact on muscle physiology of unaffected

wild-type mice. Taken together these observations suggests that

beneficial effects of arimoclomol are likely to be due in part to the

amelioration of the pathogenic process occurring in spinal cord

and not as a result of indiscriminate improvement of muscle

force. Arimoclomol is an attractive therapeutic candidate for

spinal and bulbar muscular atrophy, as it has already been

shown to be safe and well tolerated in healthy volunteers and

patients with amyotrophic lateral sclerosis (Cudkowicz et al.,

2008), a more aggressive and usually fatal motor neuron disease,

and is currently undergoing a phase II/III trial in the USA in

SOD1-positive patients with amyotrophic lateral sclerosis (www.

ClinicalTrials.gov). Furthermore, the outcome of two recent ran-

domized placebo-controlled studies evaluating therapies for spinal

and bulbar muscular atrophy yielded mixed results (Katsuno et al.,

2010b), highlighting the urgent need for an effective

disease-modifying therapy for spinal and bulbar muscular atrophy

with limited side effects.

There is now a significant body of evidence that indicates

that manipulation of the heat shock response, a well characterized

cellular defence mechanism, should be an effective strategy for

the treatment of both polyglutamine repeat expansion diseases

and other more aggressive motor neuron disorders such as amyo-

trophic lateral sclerosis (Lanka et al., 2009; Ranganathan and

Fischbeck, 2010). Components of the heat shock response includ-

ing chaperones, as well as members of the ubiquitin–proteasome

system degradative machinery, are present in polyglutamine

nuclear inclusions and in inclusions in both SOD1-positive patients

with amyotrophic lateral sclerosis and mutant SOD1 mice, sug-

gesting a possible failure of these mechanisms in these disorders

(Stenoien et al., 1999; Watanabe et al., 2001; Adachi et al., 2003;

Crippa et al., 2010; Prudencio et al., 2010). Although aggregate

formation is a common feature of several neurodegenerative dis-

eases (Wood et al., 2003; Ross and Poirier, 2004), evidence sug-

gests that the toxic species may in fact be oligomeric soluble forms

of the mutant protein rather than aggregates of insoluble protein

themselves. Thus, in spinal and bulbar muscular atrophy, the major

polyglutamine pathogenic toxic species is thought to be an oligo-

meric soluble form of the androgen receptor. Therefore, diffuse

nuclear accumulation of polyglutamine mutant proteins may be

an early event that occurs prior to inclusion formation, with the

presence of oligomeric micro-aggregates being toxic to motor

neurons (Li et al., 2007; Takahashi et al., 2008). Interestingly, in

the AR100 mice used in this study, no microscopically visible

nuclear inclusion bodies can be detected in motor neurons,

but rather a pattern of diffuse staining within the nucleus is

observed (Sopher et al., 2004). This is similar to the diffuse nuclear

accumulation found in human patients, the presence of which is

one of the defining histopathological hallmarks of spinal and

bulbar muscular atrophy (Adachi et al., 2005). Notably, oligomeric

species have also been found in other mouse models of spinal

and bulbar muscular atrophy as well as other polyglutamine

repeat expansion disease models (Li et al., 2007; Takahashi

et al., 2008).

Heat shock proteins are thought to reduce polyglutamine-

mediated cytotoxicity by refolding and solubilizing the pathogenic

proteins (Wyttenbach, 2004). Heat shock proteins prevent the

initial conformational change of the abnormal polyglutamine-

containing protein from a random coil to a b-sheet, leading to a

decrease in toxic oligomer formation (Wyttenbach, 2004;

Muchowski and Wacker, 2005). Therefore in spinal and bulbar

muscular atrophy, activation of the heat shock response, either

through genetic overexpression of heat shock proteins or by

pharmacological induction, may prevent misfolding of pathogenic

proteins and offer protection against the polyglutamine repeat

expansion-linked toxicity (Kobayashi et al., 2000; Adachi et al.,

2003; Katsuno et al., 2005; Fujikake et al., 2008). Polyglutamine

repeat expansion proteins can also have a detrimental effect

on the heat shock response, with truncated polyglutamine andro-

gen receptor causing the failure of Hsp70 induction following

heat shock (Cowan et al., 2003). Levels of heat shock proteins

have also been reported to be reduced in mouse models of

polyglutamine repeat expansion diseases, including spinal and

bulbar muscular atrophy (Adachi, 2003; Katsuno, 2005;

Labbadia et al., 2011). Thus, beneficial effects of heat shock

proteins have been reported in cellular models of spinal and

bulbar muscular atrophy, with overexpression of Hsp70 and

Hsp40 resulting in a reduction in toxicity (Kobayashi et al.,

2000), and increased Hsp70 was found to facilitate proteosomal

degradation of mutant androgen receptor protein (Bailey et al.,

2002). Furthermore, in an AR-97Q mouse model of spinal and

bulbar muscular atrophy, overexpression of human Hsp70 mark-

edly improves the phenotype of the pathogenic mice (Adachi

et al., 2003). Over-expression of the C terminus of Hsc70 (heat
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shock cognate protein 70-interacting protein, CHIP), which inter-

acts with Hsp90 and Hsp70, also alleviates the neuromuscular

phenotype of AR-97Q spinal and bulbar muscular atrophy mice

by reducing nuclear localization of pathogenic androgen receptor

through enhanced degradation of the protein (Adachi et al.,

2007).

However, these studies largely involved upregulation of individ-

ual or specific combinations of heat shock proteins, and it is

possible that activation of multiple heat shock proteins and

co-chaperones in a coordinated fashion may prove to be more

effective in alleviating pathology in complex progressive disorders

such as spinal and bulbar muscular atrophy. One compound that

has been shown to have such broad effects on heat shock protein

expression is geranylgeranylacetone, which has been reported to

upregulate the levels of Hsp70, Hsp90 and Hsp105 via activation

of HSF1 (Katsuno et al., 2005). In an AR-97Q mouse model of

spinal and bulbar muscular atrophy, treatment with geranylgera-

nylacetone has been shown to inhibit mutant androgen receptor

nuclear accumulation, resulting in amelioration of the neuromus-

cular phenotype of these mice (Katsuno et al., 2005). Targeted

inhibition of Hsp90 has also proved effective in reducing the

pathogenic phenotype in spinal and bulbar muscular atrophy

mice (Waza et al., 2005). Hsp90, along with Hsp70, functions

in a multi-chaperone complex and facilitates folding and assem-

bly of its client proteins including the androgen receptor (Pratt,

1998). Treatment with 17-allylamino-17-demethoxygeldanamycin

(17-AAG), an Hsp90 inhibitor, resulted in dissociation of the

Hsp90–androgen receptor complex and directed degradation of

the pathogenic androgen receptor by the proteasomal pathway

in spinal and bulbar muscular atrophy (Waza et al., 2005).

In addition, 17-dimethylaminoethylamino-17-demethoxygelda-

namycin (17-DMAG), a more potent version of 17-AAG, has

also been shown to have beneficial effects in a mouse model of

spinal and bulbar muscular atrophy (Tokui et al., 2009).

Mechanistically, Hsp90 inhibitors may also function to activate

HSF1, by dissociation of HSF1 from the Hsp90 complex.

However, there is documented evidence of adverse reactions

after the administration of 17-AAG (Banerji et al., 2005), with

an increased incidence of tumours (Price et al., 2005), likely due

to disruption of interaction of Hsp90 client proteins other than

androgen receptor.

Arimoclomol is a hydroxylamine derivative shown to result in

the upregulation of a broad range of heat shock proteins via

activation of HSF1 (Hargitai et al., 2003). However, in contrast

to drugs previously tested in models of spinal and bulbar muscular

atrophy, arimoclomol acts like a ‘smart-drug’ and only enhances

the heat shock response in cells already under stress and in which

the heat shock response is already activated (Vigh et al., 1997;

Kalmar et al., 2008). Arimoclomol therefore selectively targets

only cells exhibiting a stress response, significantly reducing the

likelihood of non-specific side effects in otherwise unstressed

cells, which have been observed following the use of direct acti-

vators of the heat shock response (Kalmar et al., 2008). Our data

therefore show that arimoclomol treatment increased expression

of Hsp70 only in affected tissue (spinal cord and muscle) and not

in unaffected regions (cortex and liver). As a consequence of its

ability to upregulate the heat shock response and thereby increase

expression of several heat shock proteins and co-chaperones, ari-

moclomol can potentially target several pathological features of

spinal and bulbar muscular atrophy, including the formation of

the toxic oligomeric species of androgen receptor and its accumu-

lation into micro-aggregates, as well as the formation of aggre-

gates of misfolded proteins (Gabai et al., 1997; Wyttenbach,

2004; Ruchalski et al., 2006). Heat shock proteins can also

target several other pathways that have been implicated in the

degeneration of motor neurons in spinal and bulbar muscular at-

rophy, including the apoptotic pathway, by inhibition of cyto-

chrome c release (Marfe et al., 2009) and the p38 MAP kinase

pathway (Yamagishi et al., 2010), suppression of NF-�B-induced

cell death (Bao and Liu, 2009) and reduction of oxidative stress

(Qu et al., 2011).

Since arimoclomol acts by prolonging the activation of HSF1

(Hargitai et al., 2003), a transcription factor with several down-

stream targets (Page et al., 2006), it is possible that upregulation

of heat shock proteins may not be the only mechanism underlying

the beneficial effects of arimoclomol observed in models of motor

neuron disorder. The neurotrophic factor, vascular endothelial

growth factor, previously shown to be deficient in presymptomatic

AR100 mice and which is linked to survival of motor neurons in

both spinal and bulbar muscular atrophy (Sopher et al., 2004) and

amyotrophic lateral sclerosis (Lambrechts et al., 2003; Azzouz

et al., 2004; Storkebaum et al., 2005), and most recently to cere-

bellar neuron survival in spinocerebellar ataxia type 1 (SCA1,

Cvetanovic et al., 2011), is regulated by the HIF1A transcription

factor. HIF1A has been shown to interact with heat shock proteins

(Isaacs et al., 2002; Huang et al., 2009). In this study, we show

that administration of arimoclomol selectively upregulates the ex-

pression levels of Vegf both in the spinal cord and hindlimb mus-

cles but interestingly not other genes linked with motor neuron

and muscle perturbation in motor neuron disorders and polyglu-

tamine diseases. It therefore suggests that arimoclomol may exert

a neuroprotective effect by upregulation of the neurotrophic

factor, vascular endothelial growth factor.

In conclusion, following a thorough physiological characteriza-

tion of the decline in neuromuscular function in hindlimb muscles

of AR100 mice, we established that long-term administration of

arimoclomol is well tolerated without any appreciable side effects,

and results in a significant amelioration in the disease phenotype

of mice with spinal and bulbar muscular atrophy. The ability of

arimoclomol to reduce the polyglutamine length-dependent

neuromuscular phenotype as well as the motor neuronopathy

observed in AR100 mice suggests that this co-inducer of the

heat shock response may be of benefit in treating the pathology

and symptoms underlying human spinal and bulbar muscular

atrophy and potentially other neurodegenerative diseases.
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