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Naratriptan mitigates CGRP1-associated motor neuron
degeneration caused by an expanded polyglutamine

repeat tract

Makoto Minamiyamal>3, Masahisa Katsuno!-3, Hiroaki Adachi!, Hideki Doi!, Naohide Kondo!, Madoka Iidal,
Shinsuke Ishigaki!, Yusuke Fujiokal, Shinjiro Matsumoto!, Yu Miyazaki!, Fumiaki Tanaka!, Hiroki Kurihara? &

Gen Sobue!

Spinal and bulbar muscular atrophy (SBMA) is a motor neuron disease caused by the expansion of the CAG triplet repeat
within the androgen receptor (AR) gene. Here, we demonstrated that pathogenic AR upregulates the gene encoding calcitonin
gene-related peptide o (CGRP1). In neuronal cells, overexpression of CGRP1 induced cellular damage via the activation of
the c-Jun N-terminal kinase (JNK) pathway, whereas pharmacological suppression of CGRP1 or JNK attenuated the
neurotoxic effects of pathogenic AR. The depletion of CGRP1 inactivated JNK and suppressed neurodegeneration in a mouse
model of SBMA. Naratriptan, a serotonin 1B/1D (5-hydroxytryptamine 1B/1D, or 5-HT1B/1D) receptor agonist, decreased
CGRP1 expression via the induction of dual-specificity protein phosphatase 1 (DUSP1), attenuated JNK activity and
mitigated pathogenic AR-mediated neuronal damage in cellular and mouse SBMA models. These observations suggest that
pharmacological activation of the 5-HT1B/1D receptor may be used therapeutically to treat SBMA and other polyglutamine-

related neurodegenerative diseases.

The expansion of a genomic trinucleotide CAG repeat causes heredi-
tary neurodegenerative disorders such as Huntington’s disease, SBMA,
dentatorubral-pallidoluysian atrophy and six forms of spinocerebellar
ataxial2. SBMA, or Kennedy’s disease, is a late-onset motor neuron
disease characterized by progressive weakness and atrophy of bulbar,
facial and limb muscles, which is attributable to the degeneration of
lower motor neurons in the spinal cord and brainstem3#. This disease
is caused by an abnormal expansion of CAG repeats encoding the
amino acid glutamine within the gene encoding AR, and it exclu-
sively affects males carrying this type of mutation®®. The pathogenic
AR protein accumulates in the nucleus of motor neurons and causes
several molecular changes, including transcriptional dysregulation,
axonal transport defects, mitochondrial dysfunction and disruption
of the transforming growth factor-p signaling pathway’-17.

Dysregulation of the transcriptional machinery associated with his-
tone hypoacetylation has been reported in cellular and animal models
of polyglutamine diseases!'®1°. In addition to downregulation of genes
that are necessary for the maintenance of normal cellular function,
upregulation of certain molecules has also been observed in affected
tissues in polyglutamine diseases?%-2L. These alterations of the normal
gene expression profile seem to mediate polyglutamine toxicity in
neuronal and non-neuronal cells and are partially reversed by histone
acetylation!4?223, However, it is unknown which genes are dysregu-
lated and directly contribute to neurodegeneration.

Here, we performed a microarray analysis of the spinal cord of a
mouse model of SBMA to identify the changes in gene expression that
play a crucial part in polyglutamine-mediated neurodegeneration. We
also examined whether genetic and pharmacological modulation of
the expression of the identified genes could mitigate the histopatho-
logical and symptomatic effects of motor neuron degeneration.

RESULTS

Calcitonin gene-related peptide is upregulated in SBMA

To identify the gene expression changes that are specific to SBMA,
we prepared total mRNA samples from the spinal cords of transgenic
mice carrying a full-length human AR with 97 CAGs (AR-97Q),
transgenic mice bearing a wild-type allele of AR with 24 CAGs
(AR-24Q) and the wild-type littermates of the AR-97Q mice. Using
microarray analysis, we identified genes with significantly altered
expression among the three types of mice (P < 0.005). The expres-
sion of 124 genes were increased (>150%) or decreased (<67%) in
male AR-97Q mice compared with their AR-24Q counterparts at the
before-onset stage (7-9 weeks old). The expression of 12 of the 124
genes also showed a considerable difference between the AR-97Q
and wild-type littermates but not between the AR-24Q and wild-
type littermates (Fig. 1a and Supplementary Table 1). Among these
candidates, we focused on the gene encoding calcitonin gene-related
peptide 1 (Cgrpl) for the following reasons: (i) this gene, Calca, was

1Department of Neurology, Nagoya University Graduate School of Medicine, Nagoya, Japan. 2Department of Physiological Chemistry and Metabolism, Graduate School of
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Figure 1 Upregulation of CGRP1 in AR-97Q mice and patients with SBMA.
(a) Number of genes with expression levels that were significantly altered
before the onset of symptoms. The overlap represents genes commonly up-
or downregulated. (b) The relative levels of Calca mRNA to Gapdh

mRNA in the spinal cord of the AR-24Q and AR-97Q mice measured using
RT-PCR before the onset of disease and at the advanced stage (n = 3 per
group). (c) The concentrations of Cgrpl protein in the spinal cord of
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wild-type, AR-24Q and AR-97Q mice, as measured by ELISA (n= 3 per &b, 4 = gg ‘?; 204 £
group). (d) Cgrpl immunohistochemistry (left) and the intensity of the % R ;*Q 15 gx 1B
Cgrpl immunoreactivity (right) in the spinal cord from the wild-type, AR-24Q Yoy g0 8g 12

and AR-97Q mice at the before-onset stage (n = 6 per group). (e) CGRP1 B R ) 2 g £ 5
immunohistochemistry of the spinal cords from subjects with SBMA and control L SR = @*‘,}eﬁ’ (\@%6
subjects. (f) Cgrpl immunohistochemistry (left) and the intensity of o &

immunoreactivity to Cgrpl (right) in spinal cords from sham-operated and castrated AR-97Q mice (n = 3 per group).
(g) The levels of Calca mRNA in spinal cords of sham-operated and castrated AR-97Q mice at the advanced stage (n = 3 per group). The scale bars
indicate 20 um (d,e) or 50 um (f). The error bars indicate the s.e.m. *P < 0.05 by analysis of variance (ANOVA) and Dunnett's test (c).

significantly upregulated in the AR-97Q mice compared with the
other types of mice; (ii) the expression of this gene showed a further
increase at the advanced stage (13-15 weeks old) (Supplementary
Table 1); and (iii) this gene is expressed chiefly in lower motor
neurons and dorsal root ganglion sensory neurons, not in glial or
vascular endothelial cells?4. We confirmed the results of the microarray

using RT-PCR, which also showed strain- and stage-dependent
upregulation of Calca mRNA (Fig. 1b).

The concentration of Cgrpl in spinal cord tissue measured by
ELISA was significantly higher in AR-97Q mice compared with
AR-24Q or wild-type counterparts (Fig. 1¢). Inmunohistochemistry
with Cgrpl-specific antibodies showed that Cgrpl immunoreactivity
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cells stably expressing AR-24Q

or AR-97Q. (c) Luciferase activity transcriptionally regulated by the CALCA promoter in SH-SY5Y cells stably expressing AR-24Q or AR-97Q (n = 6 per
group). (d) The concentrations of CGRP1 protein in SH-SYBY cells transfected with a mock or CGRP1 vector (n = 3). (e) The viability as measured by
cell viability WST-1 assay (left) and LDH release (right) of SH-SY5Y cells transfected with mock or CGRP1 vector (n = 6 per group). (f) The levels of
CGRP1 protein in SH-SY5Y cells stably expressing AR-97Q transfected with control or CALCA siRNA (n = 3 per group). (g) The viability, LDH release
and cell death (measured by Trypan blue dye exclusion) of SH-SY5Y cells stably expressing AR-97Q that were transfected with control or CALCA siRNA
and treated with or without DHT (n = 6 per group). (h) The viability of SH-SY5Y cells treated with or without synthetic CGRP1 (n = 6 per group). (i) The
viability of SH-SY5Y cells stably expressing AR-97Q treated with or without CGRP8-37, a CGRP1 receptor antagonist (n = 6 per group). *P < 0.05 and
**P < 0.01 by ANOVA with Dunnett’s test (h,i). The error bars indicate the s.e.m. NS, not significant.
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